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Abstract: Background: The use of biomaterials is commonplace in dentistry for bone regeneration.
The aim of this study was to evaluate the performance of a new alloplastic material for bone repair
in critical defects and to evaluate the extent of the inflammatory process. Methods: Forty-five
New Zealand rabbits were divided into five groups according to evaluation time (7, 14, 30, 60,
120 days), totaling 180 sites with six-millimeter diameter defects in their tibiae. The defects
were filled with alloplastic material consisting of poly (lactide-co-caprolactone), beta-tricalcium
phosphate, hydroxyapatite and nano-hydroxyapatite (BTPHP) in three different presentations: paste,
block, and membrane. Comparisons were established with reference materials, such as Bio-ossTM ,
Bio-oss CollagenTM , and Bio-gideTM , respectively. The samples were HE-stained and evaluated
for inflammatory infiltrate (scored for intensity from 0 to 3) and the presence of newly formed
bone at the periphery of the defects. Results: Greater bone formation was observed for the
alloplastic material and equivalent inflammatory intensity for both materials, regardless of evaluation
time. At 30 days, part of the synthetic biomaterial, regardless of the presentation, was resorbed.
Conclusions: We concluded that this novel alloplastic material showed osteoconductive potential,
biocompatibility, low inflammatory response, and gradual resorption, thus an alternative strategy for
guided bone regeneration.
Keywords: bone regeneration; biomaterials; implantology; alloplastic biomaterials

1. Introduction
The use of biomaterials is common practice in dentistry for bone regeneration, especially in
procedures that require bone neoformation [1,2]. Among the materials used, autologous grafting is
regarded the “gold standard” due to its osteogenic, osteoconductive, and osteoinductive properties [3].
Due to donor site morbidity, the loss of temporary function and limitations in the quantity and the
quality of gained bone, other allogeneic, xenogeneic, and alloplastic materials have been widely used
for such procedures [4–6].
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The most commonly used xenograft is deproteinized bovine mineral bone [7]. This material
has demonstrated excellent results in terms of space maintenance and induction of bone formation.
However, inorganic bovine bone particles undergo very slow resorption [8], and the amount of
new mineralized tissue may be lower when compared to other bone substitutes [9–11]. In addition,
an association between xenogenic material and polymers has been proposed in order to modulate not
only mechanical properties but also biological features, including material resorption, tridimensional
morphology, and osteocondutivity [12].
As an alternative to xenografts, some studies have proposed alloplastic materials. In addition
to biocompatibility, immunologic inertness and easy access, no risk of cross-infection and higher
rates of resorption and bone repair have been reported [13]. Although many synthetic materials have
recently been developed with various chemical compositions and structural characteristics to suit
different types of clinical applications, no synthetic material has been able to achieve the biological and
mechanical properties of human bone [14].
In fact, synthetic grafts continue to have limitations, mainly relating to immune response and
foreign body reaction, with an intense inflammatory process [15]. Moreover, most of the alloplastic
materials available in the market are granulated, which limits their use in regions where tissue
scaffolding is required, such as those promoted by block grafts [16]. In this context, synthetic polymers
can represent a promising alternative biomaterial, since this class of materials allows the construction
of scaffolds easily tailored in different shapes that mimic bone tissue in terms of porosity and mechanic
resistance [17,18]. Despite this advantage, the polymers exhibit inferior cell adhesion properties [19].
To overcome this limitation, modifications in the electric charges of polymers’ surfaces favoring the
electronegative potential may catalysis cell signaling, attracting proteins and undifferentiated cells to
the bone regeneration process [20–22].
Thus, the aim of this study was to evaluate the performance of an alloplastic material composed
of poly (l-lactide-co-ε-caprolactone) arranged with electronegative charges, polyethylene glycol,
beta-tricalcium phosphate, hydroxyapatite, and nanohydroxyapatite, available in three different
presentations (paste, block, and membrane), in the process of bone repair in critical defects in
rabbit tibia, as well as to evaluate the extent of the inflammatory process formed in this type of
grafting procedure.
2. Materials and Methods
Forty-five rabbits of the New Zealand lineage (Oryctolagus cunniculus) were obtained from the
CPQBA-Unicamp. The present study was conducted with prior approval of the Ethics Committee for
Animal Use of the State University of Campinas—CEUA/Unicamp (protocol #4058-1). All experiments
were performed in accordance with the guidelines and regulations of the Committee. The animals
were kept under controlled conditions of temperature and illumination with a light-dark cycle of 12 h,
with balanced feed and water ad libitum.
The experiment was performed on animals from both sexes weighing between 2.5 and 3.0 kg,
and minimum three months of age. Animals received pre-anesthetic medication with acepromazine
1 mg/kg intramuscularly. The surgical procedure was performed in animals under general anesthesia,
by application of 3% sodium pentobarbital (30 mg/kg) intravenously. The surgical procedures were
performed respecting the principles of biosafety to prevent infectious processes in the surgical wounds.
2.1. Preparation of Bony Defects
The animals were divided into five groups according to the evaluation time (7, 14, 30, 60,
and 120 days), totaling 180 evaluation sites. The animals were submitted to trichotomy of both pelvic
limbs and posterior antisepsis of the region with PVPI alcohol with 1% active iodine. To access the
bone region, a 4 cm longitudinal incision was made in the skin of the medial aspect of the tibia,
with muscular and periosteal flap raising.
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In each tibia, two surgical cortical defects were made with a 6-mm trephine drill and constant
irrigation with sterile saline for removal of any bone fragments from the artificial defect. The defects were
made approximately 15 mm from the femoro-tibial-patellar joint, approximately 10 mm apart, and filled
with the alloplastic material composed of poly (l-lactide-co-caprolactone) arranged with electronegative
charges and treated with beta-tricalcium phosphate, hydroxyapatite and nano-hydroxyapatite (named
as BTPHP and provided by Bioactive Biomateriais SA, Indaiatuba, São Paulo, Brazil), in three different
presentations: block, paste, and membrane. Each presentation was compared with a reference material
(control, CTRL) by the company Geistlich Pharma AG (Switzerland), such as Bio-Oss collagen, Bio-Oss
and Bio-Gide, respectively. The animals were divided into five evaluation times and each animal was
evaluated in duplicate (two defects for each material and time of analysis, in each tibia), totalizing n = 6
defects per group in each period of analysis. After surgery, the periosteum was carefully repositioned
and sutured, followed by the remaining tissues (muscle layer, subcutaneous tissue and skin) using
5-0 needle-threaded polygalactin. A cutaneous dressing containing 0.2% nitrofurazone ointment and
elastic bandage was placed. The animals were treated with 10% enrofloxacin for 3 days and analgesia
with morphine three times a day for 3 days. The dressing was removed after 24 hours. Rabbits were
monitored daily to ensure behavioral activity level, integrity of the surgical sites, water and food
consumption, as well as stools and urine elimination.
Euthanasia was performed on specific postoperative days, namely the seventh postoperative day
(n = 9), the 14th day (n = 9), the 30th day (n = 9), the 60th day (n = 9) and the 120th postoperative
day (n = 9). The animals were euthanized by deepening the general anesthetic dose, according to the
protocol 90–150 mg/kg of sodium thiopental intraperitoneally. Subsequently, the samples were removed
via cross-sectional cutaneous and muscular incisions that surrounded the femoro-tibial-patellar joint,
facilitating disarticulation of the tibia. Samples were stored in flasks containing 10% buffered formalin
solution for microscopic analysis.
2.2. Preparation for Histological Analysis
The tibiae removed from the five groups were prepared for conventional light microscopy. They
were immersed in 10% buffered formalin solution and then demineralized in 5% formic acid. The pieces
were included in histological paraffin and 4-µm cross-sections were made along the long axis in the
central region of the defects so that two cuts were made per sample.
The samples were stained with Hematoxylin-Eosin and subsequently mounted with resin
and coverslips for photomicrographs, which were taken under light microscopy for the analyses
described below.
2.3. Histological Analysis
For the histological analyses, the osteogenic potential of the materials was described based on
the presence of neoformed bone at the edges of the defects, as well as the presence of inflammation,
including the presence of blood vessels, giant cells, leukocyte infiltrate and phagocytosis of the
evaluated tissues at different times (7, 14, 30, 60, and 120 days). A classification score was adopted,
considering the extent of the inflammatory process within the defect area, ranging from 0 to 3, where 0
meant up to 15%, 1 (15%–50%), 2 (50%–75%) and 3 (>75%).
Images from the slides were captured in a computerized imaging system, AxioVision rel 4.8,
(Carl Zeiss, Oberkochen, Germany) under a light microscope Axioskop 2 plus (Carl Zeiss,
Oberkochen, Germany).
3. Results
Representative images of bone neoformation and description of inflammatory process scores are
shown, respectively, in Figures 1–3. At 7 days of evaluation of the CTRL (Bio-Oss Collagen), a discrete
leukocytic infiltrate (score 0) was observed along with absence of bone neoformation (Figure 1). For the
BTPHP block, a discrete presence of inflammatory cells was observed, including some giant cells.
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However, neoformed bone was detected near the defect margins, which were lined with osteoblastic
cells. At 14 days, a discrete inflammatory process (score 0) and bone neoformation was observed on the
edges of the defects as well as the periphery of the biomaterial in both groups. At 30, 60, and 120 days
of evaluation, no inflammatory process was observed in any of the evaluated groups (score 0), and new
bone formation from the edges of the bony defect was detected along with evident hematopoietic
medullary tissue with vascularization. In the BTPHP group, the defect was completely closed at
30Symmetry
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For BTPHP Paste and Bio-Oss (CTRL), at 7 days of evaluation, the presence of both biomaterials
in the bony defects was observed along with an inflammatory infiltrate occupying more than 50% of
the area of the bony defect (score 2), where the BTPHP Paste material was placed, the presence of
macrophages and refringent biomaterial could be visualized. For both groups, in some specimens,
the presence of immature neoformed bone was observed, highly cellular, close to the edges of the
defect. At 14 and 30 days, a discrete inflammatory process (score 0) and bone neoformation, essentially

Symmetry 2019, 11, 1356

6 of 11

immature bone, very close to the edges of the bony defect was observed. At 30 days, the defect was
completely closed only in the BTPHP Paste specimens, which also showed infiltrates of macrophages
and multinucleated giant cells. At 60 and 120 days, no inflammatory process (score 0) was observed,
but bone neoformation (*) was evident at the edges of the defects for all evaluated specimens,
with complete closure of the bony defect, with histological features of mature bone and Haversian
organization. In addition, remnants of biomaterial were present in the reference group (CTRL, Bio-Oss)
but not in the group filled with BTPHP Paste.
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4. Discussion
In clinical practice, successful bone regeneration is achieved when wound repair occurs based
on appropriate cellular occupation of the defect space, which is necessary for closure of the bony
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Regarding the membrane material at 7 days of evaluation, there was a discrete presence
of leukocytes (score 0) and bone neoformation from the edges of the defect only in the BTPHP
Membrane group.
At 14 and 30 days, a discrete inflammatory process (0 score) and bone neoformation at the edges of
the defects were observed for all the specimens evaluated, being more evident in the BTPHP Membrane
group, which showed bone neoformation on both sides of the membrane (upper and lower) and
complete closure of the defect at 30 days. At 60 days and 120 days, no inflammatory infiltrate was
observed in any of the groups evaluated (score 0), while bone neoformation was evident from the
edges of the bony defect, featuring hematopoietic medullary tissue. In the BTPHP Membrane group,
there was complete closure of the defect with mature bone and Haversian organization histologically
on both sides of the membrane.
4. Discussion
In clinical practice, successful bone regeneration is achieved when wound repair occurs based on
appropriate cellular occupation of the defect space, which is necessary for closure of the bony defect.
Especially for periodontal regeneration, a period of six to eight weeks is suggested for repair to occur
so that grafting materials, when used, should allow bone formation in short periods of time [23].
The xenogeneic materials used as controls in this study were the most widely used and
demonstrated excellent results in terms of space maintenance and induction of bone neoformation [24].
Inorganic bovine bone particles, however, undergo very slow resorption [8], and the amount of
new mineralized tissue may be lower when compared to other bone substitutes [9–11]. In addition,
some xenogeneic and allogeneic materials may induce an immunogenic response or a foreign body
reaction [25–28]. Thus, some alloplastic materials have emerged as an attractive alternative to guided
tissue regeneration (GTR), although their efficacy is debatable in the literature, especially with regards
to the intense inflammatory reaction and large amount of remaining material associated with them [29].
Furthermore, its use is limited since most available materials are found as membranes or granules,
which makes it difficult to use them in procedures that require a great deal of bone gain. Materials
of synthetic origin containing hydroxyapatite (HA) have been an option because of the osteogenic
potential attributed to this compound, which is ideal to promote mineralization within collagen fibrils
acting as a mediator of the binding between the inorganic phase of bone with the fibrils of the organic
phase [30,31]. HA is normally used in polymeric materials since they can be manufactured according
to the desired size and shape, increasing its clinical applicability [32].
In addition to HA advantages, electric charges of polymers’ surfaces may contribute to migration
and cell adhesion. Indeed, this treatment has been used in some surfaces application in order to
improve mesenchymal stem cell recruitment and consequently, bone formation [33]. Considering that
this combination has an osteoconductive potential, in the present study, a new material of synthetic
origin composed of copolymer of lactic acid and caprolactone negatively charged, polyethylene glycol,
beta-tricalcium phosphate, hydroxyapatite and nanohydroxyapatite (BTPHP) was evaluated in three
different presentations (membrane, block, and paste). The membrane is recommended as a biological
barrier in bone reconstruction and repair procedures, the block is indicated for extensive vertical and
horizontal defects when high bone gain is required, whereas the paste is indicated for filling small
bony defects with preserved walls [34].
The results of the present study showed a greater amount of bone formation from the margin of
the defect to the center of the repair area when using the alloplastic material BTPHP, when compared to
the respective reference groups and similar scores of inflammatory infiltrate throughout, independently
of the evaluation time. These results evidenced an osteoconductive, biocompatible, low inflammatory
potential, as well as a gradual capacity of resorption of the evaluated material, thus suggesting an
alternative tool for guided bone regeneration. It is important to highlight that studies using xenogeneic
biomaterial for long periods of time evidenced bone formation with no evidence of remodeling [35,36].
This study was conducted up to 120 days, when it was still possible to observe some remainder of
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the studied biomaterial. In this context, it is not possible to assure that complete remodeling of the
material will occur.
The favorable results are due in part to the polymer-ceramic composition, since the inorganic
fraction of the bone matrix constituted by HA favored cellular recognition and tissue growth, being
integrated in the process of natural bone remodeling. Over the weeks, it was possible to observe new
bone tissue in the defect region, with an incipient inflammatory process sometimes absent, when
compared to the xenogeneic materials used in this study. Together with the osteoconductive potential
of HA [37], the association with the polymeric fraction and tricalcium phosphate (TCP), allows faster
resorption of the biomaterial while allowing bone formation at early stages [38–40], whereas the HA
particles stabilize the healing area [41], maintaining the mechanical and dimensional stability of the
grafted volume and contributing to maintaining the scaffold.
The analysis showed that at 30 days, part of the grafted synthetic biomaterial, regardless
of presentation (paste, membrane or block), had already been resorbed when compared to the
xenograft, eliminating the need for a second surgical procedure which is normally necessary to remove
non-resorbable alloplastic materials.
The evidence of the low immunogenic potential of the alloplastic material BTPHP found in the
present study comes from the low numbers of inflammatory cells and the scarce multinucleated giant
cells. The presentation with the highest inflammatory potential was the paste, especially at seven days
(score 2), however, after 14 days, discrete amounts of inflammatory infiltrate (score 0) were observed
alongside rapid bone neoformation and numerous blood vessels.
For bone repair, adequate angiogenesis is required to provide for metabolic needs, including not
only local nutrition but also recruitment of progenitor cells and various growth factors. One of the factors
that contributes to proliferation and migration of endothelial cells is nanohydroxyapatite [42], present in
the BTPHP biomaterial, which may also be facilitated by adequate pH in the microenvironment [43,44]
due to biomaterial composition [45]. This may suggest an increase of blood vessels observed at the
grafting site when using the alloplastic BTPH material, especially as a paste. This effect may be in
part attributed to the presence of poly (l-lactic acid-co-ε-caprolactone), tricalcium beta phosphate,
and associated with hydroxyapatite and nano-hydroxyapatite in the formulation, which have adequate
physical and mechanical properties that influence not only the rate of degradation, but also contribute
to the creation of a porous scaffold conducive of neovascularization to the site [46], as well as a low
inflammatory potential [45].
Such results bring safety and predictability in bone formation at the required site. It is clear that
mechanical properties, biological behavior and biodegradation mechanisms vary across different graft
materials, and the physico-chemical properties are among the most important factors influencing the
performance of the material in vivo, causing significantly different biological responses [17,19,44,47,48].
The results of the present study evidenced the osteoconductive, biocompatible, and bioactive potentials
of the BTPHP material used in three different presentations, as an alloplastic alternative to manage
bony defects, either for tissue gain or closure of small bony defects in comparison with materials
currently available in the market for tissue and bone regeneration procedures. Such findings denote
the effectiveness and versatility of this material depending on the area of the defect.
5. Conclusions
We concluded that this novel alloplastic material, irrespective of its presentation, showed
osteoconductive potential due to the new bone formation, low inflammatory response, as demonstrated
qualitatively, as well as the gradual resorption evaluated up to 120 days. Altogether, these findings
support the biocompatibility feature of this new alloplastic biomaterial and emphasize its use as an
alternative strategy for guided bone regeneration.
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