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Abstract Hydrogel polymers have many applications in
regenerative medicine. The aim of this study in dogs was to
investigate bone regeneration in dehiscence-type periimplant defects created surgically and treated with
(i) biphasic calcium phosphate (BCP) granules alone; (ii) a
composite putty hydroxypropyl methylcellulose (HPMC)/
BCP (MBCP/putty); and (iii) a polymer crosslinked
membrane of silanized-HPMC (Si-HPMC/BCP) compared
with empty controls. At 3 months, new bone formation was
significantly more important in defects filled with HPMC/
BCP or Si-HPMC/BCP compared with spontaneous healing in control (P = 0.032 and P = 0.046 respectively) and
more substantial compared with BCP alone. Furthermore,
new bone formation in direct contact with the implant
surface was observed in all three groups treated with BCP.
The addition of HPMC to the BCP granules may have
enhanced the initial stability of the material within the
blood clot in these large and complex osseous defects. The
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Si-HPMC hydrogel may also act as an occlusive membrane
covering the BCP, which could improve the stability of the
granules in the defect area. However, the crosslinking time
of the Si-HPMC is too long for easy handling and the
mechanical properties remain to be improved. The composite MBCP/putty appears to be a valuable bone-graft
material in complex defects in periodontology and implantology. These encouraging results should now be
confirmed in clinical studies.

1 Introduction
Dental implant therapy is a widely accepted treatment
modality that improves the quality of life of patients and
shows high success rates and predictability. However, late
failures can occur over time, as a result of peri-implant
disease (peri-implantitis) or biomechanical overload. Periimplantitis has been defined as an inflammatory reaction
associated with loss of supporting bone around the dental
implant [1]. The prevalence of peri-implantitis ranges
between 18–56 % of subjects and 9–40 % of implants [2,
3]. Due to bacterial contamination on the surface of the
implant, treatment of peri-implantitis primarily focuses on
removing the biofilm and decontaminating the implant
surface before subsequent bone regeneration. However, the
results of the adjunctive use of a graft material remain
unpredictable in terms of bone filling and re-osseointegration. Several different biomaterials, i.e., autogenous
bone grafts, bovine bone xenografts or alloplastic bone
grafts, have been proposed in the surgical management of
peri-implant osseous defects. Frequently, the morphology
of peri-implant defects is unfavorable for regenerative
procedures with large circular or dehiscence defects, which
are associated with loose surrounding bone-walls [4].
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Various preclinical models have been described, such as
dehiscence-type defects [5] and critical size supra-alveolar
peri-implant defects [6]. These experimentally created
defects do not regenerate spontaneously and thus allow the
evaluation of biomaterials that may induce bone regeneration around the implants. Alloplastic biomaterials such as
biphasic calcium phosphate (BCP) [7, 8] provide an
alternative to allografts or xenografts [9, 10] with no risk of
viral transmission [11]. BCP is a combination of hydroxyapatite (HA) and tricalcium phosphate (b-TCP) in a variable weight ratio (60/40 or 80/20) and particle size (mainly
80–200 lm or 0.5–1 mm). The major interest of this type
of biomaterials is the combination of a short-term (b-TCP)
with a long-term (HA) absorbable phase. BCP has been
evaluated in various preclinical and clinical studies in
periodontology [12, 13] and implantology [14, 15] and may
be considered a predictable osteoconductive scaffold for
new bone formation [16, 17]. The stability of the wound
and of the blood clot during the first healing phases is
essential to optimize bone regeneration and the final clinical outcomes. The use of granules remains problematic for
surgeons because of the difficulties in handling and maintaining the material into complex osseous defects. Furthermore, a partial loss of material always occurs during
healing, due to the pressure of soft tissues and the
mechanical stress of the muscular activity. Various biomaterials, such as polymers, have been proposed as cohesive granule linkers in order to improve the handling during
the surgical procedure and the stability of the bone-filling
material in the wound. Polymers meet the biological
requirements to serve as valuable BCP granule linkers. An
injectable composite hydrogel/BCP has been tested for use
in orthopedic [18] and dental surgery to prevent alveolar
ridge resorption prior to placement of dental implants [19,
20]. When implanted in osseous defects, hydrogel is resorbed during the initial healing process to promote biomaterial granule colonization by osseous cells [21].
Hydroxypropyl methylcellulose (HPMC) serves as an
excipient vehicle linking BCP granules. In guided bone
regeneration (GBR), absorbable membranes are used to
cover the bone filling material in order to enhance stability
and prevent the loss of granules outside the wound. However, the use of regenerative membranes presents some
limitations due to the significant risk of complications such
as infection or early exposure [22]. A self-reticulating
absorbable polymer based on silanized HPMC (Si-HPMC)
has been developed [23, 24] and shows good biocompatibility. Due to its crosslinking and elastic properties, SiHPMC may serve as a GBR barrier to enhance the stability
of the bone-filling material. The gelation process delays
cell and tissue colonization by slowly degrading the SiHPMC [25] and may prevent the invagination of epithelia
and soft tissues between the BCP granules.
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In a previous pilot study in dogs, we studied the bone
filling and regenerative capacities of injectable Si-HPMC/
BCP in periodontal defects, and obtained encouraging
results [26].
In this present study, using a larger number of animals
and defects, we investigated osteoconduction, new bone
formation, and bone-to-implant contact in surgically created peri-implant defects filled with three different materials: (i) BCP; (ii) BCP mixed with HPMC (MBCP putty);
and (iii) BCP and Si-HPMC used as a membrane for GBR.
We then qualitatively and quantitatively analyzed the
osteoconductive properties of the three biomaterials, the
biodegradation of the ceramic, the bone-to-implant contact,
and the percentage of bone ingrowth, by histology, histomorphometry, and image analysis using scanning electron
microscopy (SEM). The study was designed according to
the ARRIVE guidelines [27] adapted for preclinical in vivo
research in implant dentistry [28–30].

2 Materials and methods
2.1 Study design
Four different groups were evaluated in this preclinical
study in dogs:
–

–

–

–

A control group in which the surgically created periimplant osseous defects were kept empty. Spontaneous
bone healing was expected in this group.
A second group in which the surgically created periimplant osseous defects were filled with BCP granules.
This treatment may be considered the reference in the
management of peri-implant defects.
A third group in which the surgically created periimplant osseous defects were filled with a commercial
combination of BCP granules and polymer derived
from cellulose.
A fourth group in which the surgically created periimplant osseous defects were filled with BCP granules
and covered with a self-crosslinking polymer derived
from cellulose used as a hydrogel membrane of GBR.

2.2 Biomaterial characterization
2.2.1 BCP granules (SBS 60/40Ò)
The BCP granules (SBS 60/40Ò, Biomatlante SARL,
Vigneux de Bretagne, France) were particles ranging from
500 lm to 1 mm in diameter, in a weight ratio of 60 % HA
and 40 % b-TCP. The BCP granules were packaged in
plastic syringes and steam sterilized at 121 °C for 30 min.
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2.2.2 Composite hydrogel/BCP material (MBCP PuttyÒ)

2.4 Surgical procedure

The composite material (MBCP PuttyÒ, Biomatlante
SARL, Vigneux de Bretagne, France) was composed of
BCP granules associated with a cellulosic excipient vehicle
of pharmaceutical-grade quality in aqueous solution
(HPMC, Colorcon-Dow Chemical, France). The HPMC
presented an average molecular weight of 290 g/mol and a
concentration of 4.4 %. The BCP granules ranged from
500 lm to 1 mm in diameter, with a weight ratio of 60 %
HA and 40 % b-TCP. The weight ratio between the HPMC
hydrogel and the BCP granules was 50/50. The composite
product was poured into glass bottles and steam sterilized
at 121 °C for 30 min.

Animal experiments were performed in two separate surgical stages. Dogs received professional scaling 1 week
prior to each surgical stage, under general anesthesia.
Surgeries were performed under general anesthesia using
an intravenous injection of diazepam (ValiumÒ, Roche,
France) 0.25 mg/kg, propofol (RapinovetÒ, Schering
Plough, United Kingdom) 4 mg/kg. A single dose of morphine (Morphine, Cooper, France) 0.1 mg/kg was injected
subcutaneously during surgery as an analgesic. Local anesthesia with bupivacaı̈ne 0.50 % (Bupivacaı̈neÒ, Aguettant,
France) was also administered in mandibular blocks. After
general anesthesia, the gingiva was disinfected with iodine
solution, and the animal was covered with a sterile drape.
During the first surgical stage, the mandibular first and
second molars (M1 and M2) were extracted bilaterally in
the six dogs. Atraumatic surgical procedures (tooth separation) were used to preserve bone. Wound closure was
accomplished using mattress sutures with absorbable
sutures (VicrylÒ 3.0, Ethicon, France) and the sites were
allowed to heal for 3 months. Prophylactic antibacterial
treatment was administrated after surgery (StomorgylÒ,
spiramycin ? Metronidazole, Merial, France). There were
no complications during the healing period.
During the second surgical stage, after 3 months of
spontaneous bone healing, a mucoperiosteal flap was
reflected at the level of the mandibular extraction sites.
Conventional implant site preparation was performed
under saline irrigation, in accordance with the indications
of the manufacturer (Zimmer Dental Incorporated, USA).
Two implants sites were created on each side of the mandible of all dogs.
After implant site preparation, dehiscence-type bone
defects were created as described in the literature [5, 33].
These surgically created bone defects were standardized
using a periodontal probe (PCP12, HU-FRIEDY Co.,
Chicago, IL, USA). The defect sites preparation was performed with a motor-driven drill (Aesculap, Tuttlingen,
Germany) and a fissure carbide bur under intensive saline
irrigation. The defects were 4 mm in height from the
crestal bone, 2 mm in depth and 4 mm in width. Titanium
implants were then placed (Zimmer TSVÒ, diameter
3.7 mm, length 13 mm). All sites showed good primary
stability of the implants. Thereafter, each side of the
mandible was randomly chosen to serve as a test or control
site. All test sites were filled with one of the tested biomaterials and the control sites were kept empty for spontaneous healing (Fig. 1). The flaps were repositioned in a
coronal direction and sutured with absorbable sutures
(VicrylÒ 3.0, Ethicon, France). All surgeries were performed by the same operator (X.S). A total of 24 defects
were available, with 6 defects for each treatment group.

2.2.3 Hydrogel used as a regenerative membrane
(Si-HPMC)
Hydroxypropyl methylcellulose (Colorcon-Dow Chemical,
France) presents an average molecular weight of 290 g/mol.
Silanol groups were grafted onto the HPMC polymer [31].
The silicon percentage (0.46 wt%) grafted onto HPMC was
determined using inductively coupled plasma atomic emission spectroscopy (ICP-AES). The Si-HPMC powder was
dissolved in NaOH (0.2 M) with constant stirring for 48 h.
The resulting viscous solution of Si-HPMC (4 wt%) was
dialyzed in diluted NaOH (0.09 M). The polymer solution
had a pH of 12.9. Finally, it was poured into glass bottles and
steam sterilized at 121 °C for 30 min [27]. The basic viscous
Si-HPMC solution was crosslinked by adding an acidic
buffer to build a hydrogel. The acidic-buffered solution (pH
3.6, 100 mL) was prepared using HEPES (3.1 g), NaCl
(1.46 g), and HCl (0.1 M, 30 mL) to achieve both final
physiological osmotic pressure and pH. The addition of the
acidic-buffered solution to the viscous Si-HPMC solution
was made extemporaneously during surgery, under aseptic
conditions.

2.3 Animals
Dogs are the most commonly used animal model in
research on bone regeneration around implants [32]. Animal handling and surgical procedures were conducted
according to the guidelines of the European Community for
the care and use of laboratory animals (2010/63/UE) and
approved by the Animal Welfare Committee of ONIRIS,
the College of Veterinary Medicine. Six adult beagle dogs
were purchased from a professional stockbreeder (mean
age 48 ± 2 months, mean weight 16 ± 1 kg). During the
experiments, dogs were fed with a soft food diet, with
water available ad libitum, and housed in collective cages.
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Fig. 1 Dehiscence-type surgically created peri-implant defects. The
defects were 4 mm in height from the crestal bone, 2 mm in depth
and 4 mm in width. Four conditions were evaluated: a empty control

with spontaneous bone healing; b defects filled with BCP;
c BCP ? HPMC (MBCP putty); or d BCP covered by Si-HPMC as
a regenerative hydrogel membrane

2.5 Animal sacrifice

ingrowth as well as bone-to-biomaterial contact were calculated based on backscattered SEM (BSEM) images.
Custom-made software with an image analysis system
(QWin, Leica, Germany) was used. The BCP particles,
bone and non-mineralized tissues were easily discriminated
on BSEM images based on their respective grey levels. The
area of interest was manually defined by the bottom of the
defect apically, the implant lingually and a curve joining
the buccal bone to the top of the shoulder of the implant
(Fig. 2). The area of the biomaterial, the newly formed
bone, and the non-mineralized tissue were calculated (in
mm2). The surface (in mm2) of the new bone in contact
with the implant was also measured. SEM analysis through
secondary electrons and backscattered electrons allowed
for a qualitative and quantitative investigation of bone
formation and ceramic degradation.
Histomorphometry and histology were conducted by the
same investigator (L.M.) and validated by a second
investigator (X.S.). A calibration procedure was performed
prior to analysis.

After a healing period of 12 weeks, the animals were
anesthetized and sacrificed by an intravenous overdose of
sodium pentobarbital. Both mandibles were immediately
dissected and placed in a formol solution.
2.6 Histological preparation of the samples
The non-decalcified bone samples were dehydrated in an
ascending series of ethanol (70–100 %) and then in pure
acetone for 24 h. The samples were impregnated in methyl
methacrylate (Prolabo) for 4 days and then embedded in a
polymethyl methacrylate resin. Blocks were cut into
100-lm think slices with a circular diamond saw (Microtome 1600, Leica, Germany) to preserve the bone/implant
interface. The slices were examined by light microscopy
after hematoxylin–eosin staining.
2.7 Histomorphometry
For SEM analysis, samples were sputtered with a thin layer
of gold–palladium alloy (EM Scope, England). SEM
micrographs were taken using the backscattered electron
mode at 15 kV (SEM, LEO 1450 VP). Percentages of bone
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2.8 Statistical analysis
After manual delimitation of the area of interest, the primary outcome variables were the surface (in mm2) of
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3.1 Histological observations

Fig. 2 BSEM pictures of dehiscence-type peri-implant defects filled
with BCP ? HPMC composite material in putty form. After manual
delimitation of the area of interest, newly formed bone appeared in
yellow, the composite material in red and the non-mineralized tissue in
black. Note that BCP granules that have migrated outside of the defect
area into the soft-tissues are not recognized by the software (Color figure
online)

mineralized tissue (biomaterial and new bone) and the
surface of non-mineralized tissue. Bone ingrowth (expressed as a percentage) was defined as the relative ratio of the
surface of new bone and biomaterial to the total surface of
the area of interest. All data were expressed as mean and
standard deviation (SD) together with median values and
95 % confidence intervals for all variables.
Nonparametric statistical tests were used for analysis
because of the relatively small sample size. Intergroup
comparisons were made using the Friedman test for repeated measurements, and the Kruskal–Wallis test for relative
ratios. Then, the Mann–Whitney test was used to evaluate
the differences in measured parameters among groups. In
some cases the ‘exact’ option was performed with the aim
to compensate the limitations of sample size. All statistical
analyses were performed using SPSS v.18.0 (SPSS Inc.,
Chicago, IL, USA) and statistical significance was set at
5 % (P \ 0.05).

3 Results
No complications occurred during the surgeries and postoperative healing was uneventful in all dogs. No infectious
complications or premature exposure of the implants were
observed throughout the entire study period.

At 3 months, wound healing in the four groups was characterized by variable new bone formation in the defect area
(Fig. 3).
In the control group, the newly formed bone was mainly
in direct contact with the existing bone surrounding the
defects. No complete healing or regeneration of these periimplant defects was observed in any of the specimens. In
the apical part of the defects, the newly formed bone was in
direct contact with the implant. However, the bone regeneration never extended to the most coronal thread of the
implant, in any control site. Furthermore, bone regeneration in the buccal direction was quite limited in the medium
and upper part of the defects.
In the BCP group, newly formed mineralized bone was
observed in direct contact with both the BCP granules and
the implant surface. The density of the biomaterial varied
depending on the localization in the defect: a higher
number of BCP granules was observed at the top of the
defect than at the base, where bone formation was more
extensive. In this coronal area, BCP granules were surrounded by a smooth osteoid tissue (a non-mineralized
matrix) and invagination of the gingival tissues between

Fig. 3 Histological micrographs of dehiscence-type surgically created peri-implant defects after 3 months (hematoxylin–eosin).
Defects filled with a BCP and covered by Si-HPMC as a regenerative
hydrogel membrane; and b BCP ? HPMC (MBCP putty). Note the
more significant migration of BCP granules into the soft tissues in the
defect filled with BCP and covered by Si-HPMC compared with the
defect filled with the BCP ? HPMC composite material in putty
form. The newly formed bone extends to the most coronal part of the
defect in the two treatment conditions, with a direct contact to the
implant surface. BCP granules are mainly located on the buccal part
of the defect
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the BCP granules was noticed in some areas. Some BCP
granules were also observed within the soft tissues, outside
the defect area.
In the composite hydrogel/BCP group, new bone formation appeared to be more extensive in the coronal and buccal
directions than in the three other groups (Fig. 3). The newly
formed bone was found to be in direct contact with the
implant surface and invaded the space between two threads
of the implant (Fig. 4). In two defects, almost complete
regeneration of the defect was obtained. The woven bone
was mainly located in the basal and medium parts of the
defects. In the coronal part, osteoid tissue was observed
surrounding the BCP granules, but new bone formation was
rather limited. The BCP granules and osteoid tissue were
surrounded by a non-mineralized matrix. However, the
material remained in place in the defect during the healing
period, and at 3 months, the biomaterial/new bone covered
the entire defect area. When compared to the other groups,
the MBCP PuttyÒ group appeared to be distinctively more
efficient in supporting the bone filling of the defect in all
directions. Only a few BCP granules migrated into the soft
tissues outside the defect area.
In the Si-HPMC/BCP group, bone formation occurred
less extensively in the coronal direction than in the composite hydrogel/BCP test group. As in the others tested
groups, the newly formed bone was observed in direct contact with the implant surface and invaded the spaces between
two threads of the implant. The BCP granules were surrounded by osteoid tissue and new bone formation occurred
between the bone graft particles. In the basal and medium
parts of the defects, new bone formation appeared to be quite
similar to that obtained in the BCP test group. In the most

Fig. 4 Histological micrographs of dehiscence-type peri-implant
defect filled with the composite material BCP ? HPMC in putty
form. New bone formation occurs between the threads of the implant
in a direct bone-to-implant contact. After 3 months, the BCP granules
remain observable, but were never in direct contact with the implant
surface
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coronal part, BCP particles were surrounded by a non-mineralized matrix, as observed in the composite hydrogel/BCP
test group. In the buccal wall, the gingival tissue did not
invade the external superficial part of the defect. However,
some BCP granules were also observed outside the defect
area (Fig. 3).
3.2 Qualitative SEM analysis
Qualitative SEM analysis confirmed the histological results
(Fig. 5). Indeed, in the control group, the newly formed
bone was mainly located in the apical/central parts of the
defect and never extended to the most coronal thread of the
implant. The newly formed mineralized bone was observed
in direct contact with the BCP granules in the three
experimental groups (BCP, BCP ? HPMC, BCP ? SiHPMC). This well-mineralized bone had osteocytes
developed on or between the granules and showed trabeculae bridging the BCP granules. In the BCP ? HPMC
or BCP ? Si-HPMC groups, reconstruction of the buccal
cortical bone was more commonly observed. The central
and coronal parts of the defects were more extensively
filled with bone than was the case in the control group.
3.3 Quantitative SEM analysis
The bone-to-implant contact was more significant in the
MBCP PuttyÒ test group, due to greater coronal extension
of the newly formed bone. However, in the two other
groups (BCP and BCP ? Si-HPMC), the bone-to-implant
contact was quite similar to that observed in the control
group, with spontaneous healing. The results for the control
group and the tested groups were not significantly different
(Table 1).
The mean values of bone ingrowth after 3 months of
healing in the peri-implant surgically created defects in the
lower jaw are presented in Tables 2 and 3. Bone ingrowth was
0.49 ± 0.12 (n = 6) in the BCP ? Si-HPMC group, 0.52 ±
0.16 (n = 6) in the BCP ? HPMC group, 0.42 ± 0.19
(n = 6) in the reference BCP group, and 0.33 ± 0.14 (n = 6)
in the control group. A significant increase in bone ingrowth
values was observed in the BCP ? HPMC group compared
with the control group (P = 0.032) and also in the BCP ? SiHPMC group compared with the control group (P = 0.046).
The results were not significantly different in the reference
BCP group compared with the control group and between all
groups with biomaterial.

4 Discussion
Their high success and survival rates have made dental
implants increasingly used by clinicians and patients to
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Fig. 5 BSEM pictures of dehiscence-type peri-implant defect filled with a BCP; b BCP ? HPMC; and c BCP covered by Si-HPMC. In the three
conditions, note the osteoconductive properties of the material: (a) implant; (b) newly formed bone; (c) BCP granules
Table 1 Bone-to-implant contact between the four groups

Bone-to-implant contact (in %)

BCP ? Si-HPMC as
hydrogel membrane

BCP ? HPMC
(MBCP PuttyÒ)

BCP (SBS 60/40Ò)

Control

16.08 ± 7.94

20.98 ± 10.45

18.79 ± 13.56

16.34 ± 7.33

1–2: P = 0.055**
1–3: P = 0.423**
1–4: P = 0.631**
2–3: P = 0.262**
2–4: P = 0.078**
3–4: P = 0.337**

Values are expressed as mean ± standard deviation
** Non-significant P values (P [ 0.05)
Table 2 Descriptive statistics of measured parameters of new bone formation in dehiscence-type defects
1BCP ? Si-HPMC as
hydrogel membrane
Biomaterial surface
New bone surface
Non-mineralized tissue surface
Bone ingrowth (%)

2BCP ? HPMC
(MBCP PuttyÒ)

3BCP (SBS 60/40Ò)

Control
0.00 ± 0.00

0.64 ± 0.59

0.63 ± 0.23

0.76 ± 1.24

(0.47; 0.02–1.26)

(0.71; 0.38–0.87)

(0.35; 0.53–2.05)

(0)

1.53 ± 0.99

2.23 ± 0.97

2.31 ± 1.81

1.72 ± 0.75

(1.37; 0.49–2.56)

(1.85; 1.20–3.24)

(2.23; 0.40–4.21)

(1.53; 0.92–2.50)

2.39 ± 1.65

2.73 ± 1.15

3.39 ± 1.56

3.32 ± 0.86

(1.61; 0.66–4.12)

(2.64; 1.52–3.94)

(2.82; 1.74–5.03)

(3.25; 2.42–4.22)

0.49 ± 0.12
(0.48; 0.36–0.60)

0.52 ± 0.16
(0.54; 0.35–0.68)

0.42 ± 0.19
(0.42; 0.22–0.61)

0.34 ± 0.14
(0.27; 0.19–0.48)

Values are expressed as mean ± standard deviation and median with confidence interval of 95 %

support fixed or removable prosthodontic rehabilitation.
Millions of dental implants are inserted every year worldwide. As in natural dentition, implants are in contact with
the bacterial biofilm of the oral cavity and the peri-implant
soft tissues form a barrier, which needs to stay healthy for

the long-term stability of the implant’s rehabilitation.
However, inflammatory peri-implant diseases can occur
over years and be limited to the peri-implant mucosa (i.e.,
peri-implant mucositis) or involving the bone support of
the implant. Peri-implantitis is defined as the presence of
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Table 3 Ratio of bone ingrowth in the four groups

Bone ingrowth (ratio)

BCP ? Si-HPMC as
hydrogel membrane

BCP ? HPMC
(MBCP PuttyÒ)

BCP (SBS 60/40Ò)

Control

0.49 ± 0.12

0.52 ± 0.16

0.42 ± 0.19

0.34 ± 0.14

1–2: P = 0.350
1–3: P = 0.242
1–4: P = 0.046**
2–3: P = 0.154
2–4: P = 0.032**
3–4: P = 0.196

Values are expressed as mean ± standard deviation
** P value \0.05

inflamed mucosa and bleeding on probing (BOP), pocket
depth (PD) of more than 5 mm, cumulative bone loss of
more than 2 mm and/or more than three implant threads
[2, 34]. The treatment of peri-implantitis remains a real
challenge for clinicians. As in periodontal disease, the first
goal is to control bacterial infection. Around implants, this
means decontaminating the implant surface exposed to the
oral biofilm. Non-surgical mechanical cleaning, with or
without adjunctive antibacterial treatment, is ineffective as
treatment for peri-implantitis [35]. A surgical approach
with open flap debridement and systematic antimicrobials
appears to be the treatment of choice [36]. Various methods of decontaminating the implant surface have been
suggested, such as local antimicrobial therapy, air powder
flow and lasers [37]. In order to achieve complete and longterm resolution of peri-implantitis, regeneration of the bone
lost during peri-implant disease and re-osseointegration is
thought in conjunction with strict maintenance care [3, 36,
37].
Various bone-filling materials have been proposed for
the management of osseous peri-implant defects, including
autogenous bone grafts, allogeneic decalcified freeze-dried
bone, xenogeneic bone mineral, calcium carbonate, HA,
tri-calcium phosphate and BCP [38, 39]. The additional use
of non-absorbable [(polytetrafluoroethylene (PTFE)] or
absorbable (polylactic/polyglycolic) membranes during the
healing phase has been suggested to cover and maintain the
bone-filling material around implants [39, 40]. As in periodontal intraosseous defects, the morphology of osseous
peri-implant defects appears to be a crucial element of
successful treatment. Large or dehiscent defects show
worse clinical results than circular defects with intact surrounding bone walls [4].
Most bone-filling materials available in dentistry are
packaged as granules with various particle sizes. In the last
years, new composite materials have been introduced.
Their composition is a classical bone filling material (i.e.,
bovine xenograft or silicate) covered with a layer (i.e.,
collagen or polyethylene glycol). The layer is added to
make the material easier to handle during surgery, to
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promote bone regeneration, and to enhance the initial stability of the material into the bone defect during the healing
[41]. New materials have also been proposed to serve as
membranes in GBR procedures. Thus, chitosan, a deacetylated derivative of chitin, has been studied in various
preclinical models [42–44] and may be coated with HA or
alginate to enhance the mechanical strength of the membrane [42, 45, 46]. The placement and adaptation of the
membrane is often difficult during the surgical phase and
complications (especially premature exposure) often occur,
which can dramatically reduce bone regeneration. A novel
approach with the use of crosslinking gel (MembragelÒ,
Institut Straumann AG, Basel, Switzerland) has been suggested in order to facilitate handling during surgery and to
reduce the impact of complications during healing [47].
The aim of the present study was to evaluate new bone
formation, in dehiscence-type peri-implant defects filled
with BCP granules or with the adjunction of two different
derivatives of HPMC (HPMC used as a layer of BCP
granules or Si-HPMC used as an occlusive membrane
injected over the graft material). The buccal dehiscence
type peri-implant defect is a well-documented animal
model exhibiting partial spontaneous bone regeneration
and is thus a valuable model for the evaluation of new
bone-filling materials used in the treatment of peri-implantitis or for GBR [4, 39]. Furthermore, the dehiscencetype defect exhibits clinical conditions similar to those
found around oral implants in humans with peri-implantitis. In these open defects, with the loss of the buccal
osseous wall, the retention of the bone-filling material and
the stability of the clot are unpredictable. This is an
appropriate preclinical model to evaluate new bone-filling
materials designed to enhance surgical handling, initial
stability and bone regeneration.
In the control group, the spontaneous bone regeneration
mainly occurred in the basal and medium part of the
defects and soft tissues collapsed into the wound area in the
coronal and buccal part of the defects. In the group where
defects were filled with BCP granules, new bone formation
was more significant in the buccal part of the defects,
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compared with the control. In the coronal part, new bone
formation never reached the implant shoulder. BCP
exhibited osteoconductive properties with new bone
formed on or between the granules. Furthermore, the newly
formed bone appeared to be in direct contact with the
threads of the implant with osseointegration in the defect
area. Thus, BCP granules may be a valuable bone graft
material around implants in the treatment of peri-implant
osseous defects or in GBR.
However, in the present study, bone ingrowth with BCP
was better than in the negative control group (0.42 ± 0.19
and 0.34 ± 0.14, respectively), although the difference was
not statistically significant. These results may be due to the
instability of the material during the healing phase in these
complex, open osseous defects. In the viscous liquid phase/
BCP test group (MBCP PuttyÒ), the composite material was
very easy to handle during the surgical phase, and showed
good stability in the defect. After 3 months of healing, we
rarely found BCP granules dispersed out of the osseous site.
Furthermore, new bone formation appeared to be more
extensive in the coronal and buccal parts of the defects,
compared with the three other groups. Bone ingrowth was
better compared with the control group (0.52 ± 0.16 and
0.34 ± 0.14 respectively) and the difference was statistically significant. Compared with the two other groups with
BCP, new bone formation was more significant in the
hydrogel/BCP test group, but the difference was not statistically significant (MBCP PuttyÒ/SBS 60/40Ò: P = 0.150;
MBCP PuttyÒ/SBS 60/40Ò ? Si-HPMC: P = 0.350).
These differences in the extent of new bone formation may
be due on one hand to the better stability and handling of the
material during the surgery and the first healing phase, and
on the other hand to the properties of this composite
material. In fact, the bone healing process may be favored
by the washing of the polymer carrier with biological fluids,
leading to the formation of interconnections between the
BCP granules. Thus, the angiogenesis and cell colonization
of the wound area may occur more quickly [48–50], which
is essential for new bone formation and the process of
healing [51]. In periodontal or peri-implant osseous defects,
the stability of the blood clot is an essential factor in bone
and periodontal regeneration [52]. This new composite
material was much easier to place into these complex
dehiscence type defects, compared with the BCP granules
that are seen as the conventional material used for GBR.
The initial stability at the end of surgery was clinically
improved and the use of a membrane to cover the bone
grafting material did not seem necessary. Even if the results
of the bone ingrowth were not statistically different between
the MBCP PuttyÒ and the SBS 60/40Ò groups, new bone
formation was substantially greater with the composite
material. In the two groups, the surgical conditions and bone
defects were similar, and the size and structure of the BCP
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granules were exactly the same. The better results obtained
with the composite material may be attributed to the addition of the polymer carrier which enhanced initial stability
without compromising the osteoconductive properties of the
BCP granules. Previous preclinical and clinical studies have
investigated bone regeneration with an injectable composite
viscous liquid phase/BCP bone substitute used in dentistry
for post-extraction ridge preservation or bone filling of
dental sockets, with encouraging results [19, 20]. However,
in these studies, the osseous defects showed four bone walls,
which is the most favorable clinical situation, and is very far
from the morphology of the dehiscence-type defects created
here. The polymer carrier was also HPMC but, to be
injectable, the BCP granules had to be smaller than those
used in the present study (80–200 lm and 0.5–1 mm
respectively). This viscous liquid phase did not seem adequate in open and complex osseous defects because of the
loss of hardening and lesser initial stability. In a previous
study, we used small BCP particles in periodontal complex
furcation defects [26] and the material was unable to stay in
place in the wound area even during the surgical stage. A
putty form, with larger BCP granules, seemed more adapted
to the specificities of peri-implant complex defects than the
injectable gel form. MBCP puttyÒ does not have initial
mechanical properties like hydraulic bone cements [25, 48],
but the rapid disappearance [25] of the polymer carrier
released space for bone cell migration. In the test group
where BCP ? Si-HPMC was used as a regenerative
hydrogel membrane (SBS 60/40Ò ? Si-HPMC), bone
ingrowth was better than in the negative control group
(0.49 ± 0.12 and 0.34 ± 0.14, respectively) and the difference was statistically significant. Compared with the BCP
group (SBS 60/40Ò), the new bone formation was more
extensive, but the difference was not statistically significant.
Given the results of our previous work on furcation defects
[26], we increased the viscosity of the Si-HPMC viscous
liquid phase from 3 to 4 %. Thus, the crosslinking polymer
was easier to handle during the surgical phase. The SiHPMC acts as an occlusive membrane after gelation [26],
but the mechanical properties remain insufficient. Indeed,
the polymer membrane fails to prevent the partial leakage of
BCP granules outside the defects. After 3 months of healing, more particles could be found in the gingival tissues in
the BCP/Si-HPMC group, compared with the MBCP puttyÒ
form group. This means that the polymer used as a membrane does not have the ability to resist mechanical forces
during healing. However, the improved new bone formation, compared with the use of BCP granules alone
(0.49 ± 0.12 and 0.42 ± 0.19, respectively), indicates that
the use of a membrane enhances bone regeneration. These
results are in agreement with the clinical results available in
the literature [4, 39]. The healing was totally uneventful,
without premature exposure of the BCP granules,
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suggesting that Si-HPMC may be used as a valuable
regenerative membrane to cover a bone-graft material. Even
if this type of polymer shows good biocompatibility and soft
tissue tolerance, the mechanical properties after crosslinking
remain to be improved.
The morphology of the defects surgically created in the
present study represents one of the most difficult challenges
for clinicians in implantology [4]. The loss of buccal osseous
wall dramatically restricts spontaneous bone regeneration.
Thus, the use of bone-graft material (whether associated with
an absorbable membrane or not) is often necessary, with
unpredictable results in wide and open defects [57]. Frequently, difficulty in shaping granules correctly compromises
the stability of the blood clot and limits new bone formation.
Furthermore, the use of a membrane to cover the granules,
may lead to premature exposure and a worse result. New
generations of bone-filling materials are trying to respond to
these clinical challenges in order to make the outcomes of
surgical therapy more predictable [21]. In the present study,
BCP granules showed high osteoconductive properties both
alone and associated with a carrier polymer. They enhanced
bone regeneration and enabled new bone formation in direct
contact with the threads of the dental implants. Therefore,
BCP may be considered as a valuable biomaterial for GBR.
The addition of a HPMC polymer carrier enhances the initial
stability of the bone-filling material in complex defects. Due
to the rapid washing of the excipient vehicle by the biological
fluids, new bone formation can occur between the BCP
granules [25]. After 3 months of healing, bone ingrowth was
better than with BCP alone, especially in the most complex
parts of the defects (coronal and buccal). Composite HPMC/
BCP material (MBCP PuttyÒ) may be considered as a valuable biomaterial for GBR, especially in complex osseous
defects, due to its capacity to enhance the stability of the
wound during healing. Furthermore, this material is very easy
to handle during surgery and no complications were noticed
during the healing phase. The larger BCP granules
(0.5–1 mm) in the putty form seem more adapted to use in
open and complex defects than 80–200 lm BCP granules of
the injectable form previously investigated [19, 20, 53].
However, these encouraging results need to be corroborated
by clinical trials in humans. In the future, the polymer may
also act as a carrier of stem cells, biologically active molecules, or antimicrobials [54–56]. This approach may be of
great interest in the treatment of peri-implantitis, where
decontamination of the exposed part of the implant remains
unresolved. In dehiscence-type or circumferential periimplant defects, the use of a bone-graft material enhances new
bone formation and the extent of bone/implant contact [57].
However, in these complex and open defects, the bone-graft
has to be covered by a membrane for initial stabilization of the
granules [39, 40]. The use of polymers as absorbable membranes for GBR has been suggested [58]. Si-HPMC, when
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used as a hydrogel membrane covering the bone-graft material, enhances new bone formation compared with the use of
the BCP granules alone. Due to the barrier effect of Si-HPMC,
only limited invagination of soft tissues into the wound was
observed. However, the mechanical properties of this polymer hydrogel must be increased further before any clinical
evaluation can be performed in humans.

5 Conclusions
The aim of this study was to evaluate bone regeneration in
dehiscence-type complex peri-implant defects. For the filling of osseous surgically created defects, three biomaterials
were investigated: BCP alone, a composite HPMC/BCP
material in a putty form and BCP covered by a polymer
barrier of Si-HPMC. These last two materials had never been
evaluated around dental implants, even if previous investigations had demonstrated their interest in orthopedic surgery. In peri-implant defects, these three BCP materials
showed osteoconductive properties and re-osseointegration
of the implants in the defect area, with a newly formed bone
in direct contact with the implant surface. New bone formation was enhanced in all groups with biomaterials compared with the spontaneous healing observed in the negative
control group. The difference was statistically significant in
the putty HPMC/BCP group and in the calcium phosphate/
Si-HPMC group. We demonstrated the ability of these
composite liquid viscous phase/BCP materials to promote
new bone formation, 3 months after implantation, in dog
dehiscence-type peri-implant defects. In these unfavorable
defects, the putty material provided the best results and was
very easy to shape during surgery. Due to the lack of adverse
effects during the healing and the encouraging results
regarding new bone formation, the putty material can be
considered as a valuable scaffold to treat peri-implant
defects. However, clinical trials in humans are needed to
validate the results of the present study. The viscosity and
mechanical properties of the hydrogel remain to be improved
before clinical testing in humans.
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