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Developmental pathology, accidents, and tumor resection 
frequently cause bone loss,1,2 which is still a problem in ortho-
pedic and reconstructive surgery. To resolve these problems, au-
tografts and allografts have long been used to fill bone defects 
caused by surgery, trauma or disease.3 Autografts have the ad-
vantage of being biocompatible, osteoconductive and osteoin-
ductive. These tissue grafts require additional surgery, which 
can cause trauma and donor site morbidity that leads to an in-
crease in surgical time and hospital costs.4 Allografts overcome 
these problems, but can potentially introduce the risk of trans-
mission infection or provoke an immunogenic response. To over-
come these problems, a variety of osteoconductive biomaterials 

such as ceramics and titanium alloys have been considered as 
bone graft substitutes.5 Titanium (Ti), which is bioinert, does 
not bond directly but has close contact with bone. Other syn-
thetic bone grafts are made from biphasic calcium phosphates, 
and beta-tricalcium phosphate, calcium polyphosphate, hy-
droxyapatite (HA),6 and carbonated hydroxyapatite (CHA). Re-
cently, osteoconductive biomaterials suggest that they can be 
made in greater quantities and present no immunogenic con-
cerns.7 These biomaterials have gained much attention, not 
only due to its ionic composition similar to bones but also due 
to its functional properties favorable for bone growth such as 
resorbability by living cells.8 Moreover, some investigators have 
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reported that HA is useful as an osteoporosis model. The pres-
ent study was undertaken to evaluate the regenerative effects of 
both CHA and mini external fixator in large cortical defect. The 
utilization of these materials as bone grafts may reduce the need 
for autogenous bone graft, increase stability of the implant, lead 
to faster bone regeneration and facilitate the healing process.

MATERIALS AND METHODS

Animal model

New Zealand White Male rabbits weighing 1.6-1.9 kg and 
bred in the Central Animal House were used in this study. The 
animals were fed on a pellet diet (Sico, Sfax, Tunisia) and water 
ad libitum. The animals were maintained in a controlled envi-
ronment under standard conditions of temperature (22±2˚C) 
and humidity (55±5%) with an alternating light-and-dark 
(12/12 hours) cycle. All rabbits were acclimatized for one week 
prior to the start of the experimentation. They were divided 
into 3 groups, each one containing 5 rabbits: control rabbits (T), 
intact tibias without the surgical creation of bone defects; oper-
ated rabbits with implant (IP), bone defects filled with CHA to 
be tested; operated rabbits without implant (NIP), bone defects 
without any filler.

Surgical and postoperative protocol

CHA powder (particle≤20 μm), was sterilized by γ-irradiation 
from a 60Co Source gamma irradiation at a dose of 25 Gy (The-
ratron external beam teletherapy, Equinox, Ottawa, ON, Cana-
da), and then implanted and stabilized by mini external fixator 

(Fig. 1A). Anesthesia was induced with 10 mg/kg of ketamine 
(KetaminoL, Intervet International GmbH, Unterschleibheim, 
Germany) and 0.1 mg/kg of Xylazine (Rompun, Bayer Health-
care, Puteaux, France). Supplemented local anesthesia was ap-
plied after 15 to 20 minutes using 4 mg/kg carprofen (Rima-
dyl, Pfizer, Paris, France). Cutaneous and under cutaneous inci-
sions on the inner face of the tibia followed by an opening of 
the muscular aponeurose were carried out. A gap (1 cm of di-
ameter) in the mid-diaphyseal level of the tibia was created asep-
tically. CHA filled the loss of osseous substance only for the first 
group (IP) (Fig. 1B). On the other hand, no filling was made for 
the second group (NIP) (Fig. 1C). During a period of 6 weeks, 
the subjects were checked daily for clinical lameness or other 
complications. The handling of the animals was approved by 
the Tunisian Ethical Committee for the care and use of labora-
tory animals.

Scanning electron microscopy (SEM) characterization

Implanted bones were analyzed by SEM, using a JEOL JSM 
6301F (Tokyo, Japan). Polymethylmethacrylate embedded spe-
cimens obtained from the histological preparations were mount-
ed on the SEM. Quantification for calcium (Ca, mol%), phos-
phorus (P, mol%) and magnesium (Mg, mol%) was determined 
by wavelength dispersive X-ray spectroscopic, and named CHA 
(A), bone (B) and interface between the implant and bone (C), 
the ratio of calcium to phosphorus (Ca/P) was calculated by di-
viding the values obtained from calcium (mol%) and phospho-
rous (mol%) at each point.

A B C

Fig. 1. A mini external fixator (A), gap with (B) and without biomaterial (C).
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Radiographic analysis

To assess bone and CHA density, conventional X-ray radio-
graphs (Polymobil III, Siemens AG Wittelsbacherplatz 2 D- 
80333, Muenchen, Germany) were taken following craniocau-
dal views. Radiography evaluated the quality of CHA osteoin-
tegration and the levels of resorption.

Microscopic evaluation

The callus formation of each animal was carefully dissected 
out. The sections were taken on both sides of the implants (CHA- 
bone specimens were cut sagittally or transversally). The unde-
calcified CHA-bone specimens were defleshed and fixed in 10% 
formaldehyde for 24 hours at 4˚C. The next day, the bone sam-
ples were embedded in methylmetacrylate without previous 
decalcification, as previously reported. Seven micrometer-thick 
coronal sections were cut dry in parallel to the long axis of the 
tibia bone samples, using a heavy-duty microtome (Polycut S 
Reichert Jung, Heidelberg, Germany) equipped with tungsten 
carbide kni ves. The sections were stained with a modified Gold-
ner trich rome. Other sections were stained with Giemsa fast 
(10%).9 In addition, the decalcified samples of CHA-bone spec-
imens were examined with hematoxylin and eosin staining. The 
histological observations in the rabbit tibias after 6 weeks per-
mitted us to study the repairing potency of the osseous substi-
tute. The histological features, such as intensity of inflammato-
ry reaction, cellular activity, necrosis, hemorrhage, presence of 
connective tissue, apposition of bone tissue and presence of par-
ticles of biomaterial were recorded in a descriptive way.

Statistical analysis

The statistical analysis of the data was made using the Stu-

dent’s t-test. All values are expressed as means±standard error. 
Differences are considered significant at the 95% confidence 
level (p<0.05).

RESULTS

General features and behavior

The animals were allowed to move freely in their cages after 
surgical operation. All surgical interventions were performed 
without complications. The postoperative healing was unevent-
ful in all rabbits. The rabbits walked without a limp after 5 days. 
The operated rabbits remained healthy and showed no signs of 
discomfort or lameness. Any infection surrounding the fixator 
or the osseous-substitute was detected. No problems occurred 
in the bone defects during surgeries and healing, i.e., no failure 
of any implantation site was observed during the whole study 
period. All the implants appeared to be fixed securely in the ti-
bias.

SEM findings

The results presented by energy-dispersive X-ray analysis (Fig. 
2) in the IP group revealed a high distribution of Ca and P by 
(62.7%) and (38%), respectively (Table 1). The percentage of 
Ca and P determined in this group was similar to those deter-
mined in the T group. Moreover, the Ca/P ratio (1.65) in CHA-
bone interface was close to that determined in the T group (1.63). 
However, Ca/P ratio (1.58) in the surface of the NIP bone tissue 
(Fig. 3) was lower than in the T group (Table 2). In addition, in 
the IP group the Mg quantity (0.94%) was similar to the T 
group (1.20%). This rate of Mg presented only about (0.01%) 
in NIP rabbits.

A B

Fig. 2. (A) Calcium and (B) phosphorus mapping energy-dispersive X-ray data carbonated hydroxyapatite.

Ca Ka1 P Ka1
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Macroscopic and radiographic evaluation

Macroscopically, all experimental bone seemed to be well os-
teointegrated within the bone tissue. No obvious inflammatory 
reaction or bone tissue formation in the adjacent soft tissue was 
observed. The implant was well osteointegrated in IP rabbits. 
Bone defects filled with CHA detected by radiology were slight-
ly radio-opaque. The evaluations of new calli graft materials al-

lowed the checking of the implant position in the IP group (Fig. 
4A), and osseous consolidation for the NIP group (Fig. 4B).

Qualitative histological findings

Clinically and histologically, the implanted biomaterials were 
well tolerated. There were no signs of rejection, necrosis or in-
fection. We noted the presence of mesenchymal stem cells sur-
rounded by amorphous and homogeneous substances (Fig. 5A). 
Gradually, these cells appeared to be transformed into fibroblasts 
resorption which metamorphosed into active osteoblasts at 6 
weeks. Furthermore, we noticed the presence of an array of ran-
domly oriented collagen (Fig. 5B). The newly formed bone show-
ed new blood vessels (cavities of small arteries) (Fig. 5D). Histo-
logical studies also showed the deposition of salts on collagen 
fibres (Fig. 5C). The ossification was set up gradually with pe-
riphery towards the center and thus in a centripetal way (Fig. 
5E, F). The NIP rabbit (empty gap defects) indicated that only 
endochondral ossification formed (Fig. 5I). Moreover, a fibrous 

Table 1. Quantification for Ca, P, and Mg determined from EDX anal-
ysis of an area including bone, CHA bone and the interface

Element (mol%) Ca P Mg Ca/P

Interface 62.7±5 38±2 0.94±0.043 1.65
Bone 60.75±7 37.26±0.2 1.20±0.043 1.63
CHA 65.00±36 38.39±0.4 0.18±0.012 1.69

EDX, energy-dispersive X-ray; CHA, carbonated hydroxyapatite. 

Table 2. Quantification for Ca, P, and Mg determined from EDX anal-
ysis of a new bone area without implant

Element (mol%) Ca P Mg Ca/P

N ew bone without 
implant

60.02±80 37.8±5.1 0.010±0.0023 1.58

EDX, energy-dispersive X-ray.

A B

Fig. 3. Scanning electron microscopy observation of a new bone area without implant. Arrow indicate newly formed bone, arrowhead indi-
cate old bone (A, ×50; B, ×200).

Fig. 4. Radiological image of new callus formed with (A) and with-
out implant (B).

A B
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conjunctive tissue layer with low bone density also appeared 
(Fig. 5J-M). The direction of progression was always of the cen-
tripetal type. We noted that IP rabbits exhibited more inten-
sive bone remodeling when compared to the NIP group. De-
spite the important bone tissue regeneration in the IP group, 
it’s considered as limited when compared to the T group (Fig. 
5N, O). SEM analysis confirmed the biocompatibility (Fig. 5G, 
H) and oseointegraion of CHA (Fig. 6) in the bone tissue.

DISCUSSION

There is currently great interest in the development of mate-
rials capable of helping bone repair. In the present study, the os-
seointegration of CHA with the assistance of mini external fix-

Fig. 5. A-H. Histological pictures of implanted bone with carbonated hydroxyapatite (CHA) specimens: evaluated 6 weeks after implantation. 
Images show mesenchymal stem cells (A), bandage of collagen (B), deposits of salts (C), bone-CHA interface blood vessels (D), centripetal 
ossification (E, F), biocompatibility of implanted CHA (G, H). I-M. Histological pictures of the bone defect without implant: mesenchymal stem 
cells (I), low density of bone mineralization with fibrous tissue (J-M). N, O. Histological pictures of the control rabbits. (A, I) Blue Toluidine Bo-
rax Eosin, (B-H, K-O) Goldner’s.
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Fig. 6. The scanning electron microscopy micrographs of an area 
containing cortical bone (B) and carbonated hydroxyapatite (A), in-
terface (C) from an undecalcified section (×200).
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ator was investigated in a rabbit model over an observation pe-
riod of 6 weeks. The intimate contact between CHA and bone 
was demonstrated by SEM observation. It revealed that new 
bone bound to CHA grew along the surface. A creeping substi-
tution of CHA by bone and a line of calcium phosphate was 
found.10 However, fibrous tissue was observed in the NIP group. 
In fact, the dissolution of CHA leads to the enrichment of the 
microenvironment due to the release of Ca and P ions. The layer 
of Ca-P could be favour cell proliferation, and new bone bond-
ing, as previously demonstrated.11,12 The increase in the concen-
trations of Ca and P ions promotes the formation of carbonate 
apatite intimately associated with organic matrices which are 
similar to the bone apatite. One of the principal effects reported 
for CHA was the inhibition of bone resorption due to reduced 
osteoclast formation.13,14 In elemental analysis, the Ca/P ratio 
(1.65) at the peripheral region of the CHA became gradually 
close to that of normal bone (1.63). Mg was also detected, which 
was one of the essential minerals of the hard tissue and associat-
ed with the calcification and the crystallization processes of bone 
and apatites.15,16 Probably due to these chemical characteristics, 
CHA was efficiently replaced with bone through a normal pro-
cess of osteoblast-osteoclast coupling, which led to good osteo-
conduction. In this study, the NIP (empty bone defects) were 
used as indicative sites of the metabolic profile through sponta-
neous healing of the bone defect. These empty controls provide 
only qualitative data without any further relevance of bone sub-
stitution. However, histology sections in the IP group illustrat-
ed resorption of CHA with a high degree of vascular penetra-
tion and osteoblasts formation. The osteointegration of the CHA 
showed that after 6 weeks, the graft was partially colonized by 
new bone tissue with no interposition of fibrous tissues. How-
ever, NIP bone tissue was considered to be fibrous. The implant 
acts as a support for deposition of newly formed bone demon-
strated bioactive bone-bonding property because only bioactive 
materials show the apposition of osteogenic cells.17,18 In the IP 
group, some parts of the central area of the surgical cavity show-
ed newly formed bone surrounded by connective tissue. How-
ever, it was not possible to observe complete closure of the sur-
gical cavity by bone tissue19 which was in accordance with the 
present results.
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