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Among the available materials used for preimplant bone 
reconstruction, autologous bone is currently the gold standard 
since it does not need any resorption/substitution process. 
However, it requires a graft harvested far from the operation 
site, which makes the initial operation more complicated. 
Furthermore, implant failure occurs frequently when an implant 
is placed in a grafted area rather than in a nongrafted site. To 
overcome the autograft limits, many substitution biomaterials 
have been proposed. Materials from human and animal origins 
have the disadvantages of limited supply and potential risk of 
cross contamination. Consequently, products of synthetic origins 
were developed, among which is biphasic calcium phosphate 
(4BONE), an association of hydroxyapatite (HA) and beta-
tricalcium phosphate (ß-TCP). 4BONE offers great potential for 
bone reconstruction since it has a chemical composition close 
to that of biological bone apatites. 4BONE has already proven 
its efficiency as bone substitution material in different human 
clinical applications. 4BONE, the MIS label of the MBCP, was 
used for all research and posters presented in this brochure.  

In this brochure we will present an update of research and posters that have 
presented the 4BONE to international congresses and meetings all over the world.
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Five year clinical follow-up bone 
regeneration with CaP bioceramics
Clemencia Rodríguez M1, Jean A.2, Sylvia Mitja3, Guy Daculsi4

Abstract

To overcome autograft use for dental implantation, 
it is important to prevent bone loss after tooth 
extraction or to restore alveolar bone level 
after pathological diseases. Biphasic calcium 
phosphate (BCP), a mixture of HA and ß -TCP, 
has proven its performance in orthopaedics, 
but few studies have been reported in dentistry. 
We reported 5 year clinical follow-ups on bone 
regeneration after immediate dental root filling. 
MBCP 60/40 and MBCP 20/80 are biphasic 
CaP intimate mixtures of HA/TCP 60/40 and 
20/80. with interconnected macroporosity and 
microporosity. Forty cases have been distributed 
in two groups for alveolar pocket filling. Seven 
cases without filling are used as control. X-ray 
at 0, 3, 6, and 12 months and than at 5 year 
follow-ups for some patients were performed. 
In all 40 cases, radio-opacity of the implantation 
area decreased over time, indicating resorption 
and bone ingrowths at the expense of the two 
bioceramics. No difference in the resorption 
kinetics appeared on X-ray. After 1 year, the 
implantation area looked like physiological 
bone and was maintained over time. The newly 
formed bone was preserved after 5 years, 
contrarily to the control cases (without filling), 
in which we observed decreases of 2 to 5 mm. 
This study demonstrates that immediate filling 
of the alveolar pocket after tooth extraction is a 
preventive method of jaw bone resorption. After 
another year  resorption and bone ingrowth 
were demonstrated for both microporous and 
macroporous biphasic calcium phosphate with 
two different HA/TCP ratios.

Introduction

Among the available materials used for 
preimplant bone reconstruction, autologous 
bone is currently the gold standard because 
it is a source of osseous matrix, cells and 
growth-modulating molecules [1]. However, 
second site surgery is required to harvest 

the bone material, which makes the initial 
operation more complicated. To overcome the 
autograft limits, many substitution biomaterials 
have been developed. Materials from human 
and animal origin have the disadvantages 
of limited supply and potential risk of cross- 
contamination[2,3]. Consequently, synthetic 
products were developed [4]. Generally, biphasic 
calcium phosphate (BCP), an intimate mixture of 
hydroxyapatite (HA) and ß-tricalcium phosphate 
(ß-TCP) [5] or pure B-TCP, was proposed in 
dentistry as a reference for synthetic materials. 
BCP offers  great potential for bone reconstruction 
since it has a chemical composition close to that 
of biological bone apatites. Biphasic calcium 
phosphate has already proven its efficiency as 
bone substitution material in different human 
clinical applications [6-11]; however, there are 
only a few published clinical studies that use on 
long term follow-up. Xenograft, such as BioOss 
derived from bovine bone, was largely used 
in dentistry in spite of its animal origin. BCP 
offers the potential for bone reconstruction 
since it has a chemical composition close to 
that of  biologic bone apatites. The concept of 
an HA and -TCP mixture (BCP) with different 
HA/-TCP ratios, demonstrated the bioactivity 
of these bioceramics. Subsequently, focused 
studies on BCP led to a significant increase 
in the manufacture and use of BCP as bone 
substitute material for dental and orthopedic 
applications and for tissue engineering matrix.

The aim of the present study was to asses the 
MBCPTM with two different HA/TCP ratios 40/60 
and 20/80 in dentistry. Five- year clinical follow-
ups report bone regeneration with immediate 
filling of dental sockets.

Methods

MBCPTM 60/40 and MBCP 20/80 are biphasic 
CaP nanoscale mixtures of HA/TCP 60/40 and 
20/80, with similar interconnected macroporosity 
and microporosity (70% total porosity with 75% 

of macropores of 300 to 600µm and 25%.of 
micropores). The 40 cases from 27 patients 
were followed up after tooth extraction and 
immediate socket filling. Nine males and 
18 females with an age range from 24 to 60 
years were selected. The forty cases were 
divided into 2 groups, one for alveolar filling 
and the other for a  control. Seven cases were 
not filled and were selected as controls after 
surgical extraction. After mucosa preparation, 
the sockets were filled with granules of 0.5 to 
1 mm mixed with blood. X-rays were taken at 
0, 3, 6 and 12 months and then at 3 to 5 years. 
Ten biopsies were realized before implantation 
and processed for histomorphometry and 
micro-CT. Briefly, under local anesthesia, 
biopsies were performed; using a cylindrical 
trocard and irrigation 3 mm in diameter, bone 
biopsies were harvested. The biopsies were 
fixed in a formalin solution, dehydrated with 
graded alcohol and embedded in GMMA 
for histological analyses. Before a sectioning 
process using a diamond saw and a hard-
tissue microtome, the blocks were analyzed 
with micro-CT (Skyscann 1072). On thicker 
sections (100ßm), SEM observations using 
back-scattering electrons (BSE) combined with 
image analysis were used for bone ingrowth 
and bioceramic resorption evaluation. Light 
microscopy was performed on 7 µm thick 
sections (Movat’s pentachrome staining) and 
polarized light microscopy on sections of 100µm 
thick without staining.

Results

For all 40 cases, radio-opacity of the implantation 
area decreased over time, indicating resorption 
and bone ingrowth at the expense of the two 
bioceramics. No statistical difference in the 
kinetics of resorption was observed on X-rays 
between the two BCP ratios. After 1 year, the 
implantation area looked like physiological 
bone and was maintained over time. The 
high bone regeneration level remained the 

1Dental Faculty of Bogota, Nacional University of Colombia. 

2University of Nantes, ERT 1051, Dental Faculty, France. 

3Biomatlante France, Vigneux de Bretagne. 

4INSERM CIC, Bordeaux Hospital France.

Fig 2a. Fig 2b. Fig 2c.MBCP 60/40, 56 months MBCP 20/80, 36 months MBCP 20/80, 31 months
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same after 5 years. The newly formed bone 
was preserved contrarily to that in the control 
cases (those without filling) in which the bone  
decreased by 2 to 5 mm. In light microscopy, 
bone ingrowth was observed into all the biopsies. 
Bone trabeculae appeared in both samples 
between the residual granules, and a large 
degree of osteoconduction was noticed in 
close contact to the granules (Fig2).

A high standard deviation was observed for 
the resorption and bone ingrowth in the MBCP 
20/80; some samples were fully resorbed after 
31 months, while others revealed residual 
granules as MBCP 60/40 (Fig. 2b ,2c). However, 
more resorption over time with a significant 
difference was measured for MBCP 20/80, 
when time of implantation and residual granules 
were compared. The density of the granules 
decreased over time after implantation, traducing 
changes in the mineral content (re-absorption of 
calcium and phosphate ions, and precipitation 
of biological apatite). This phenomenon was 
largely known and published for biphasic 
calcium phosphate [12,13]. In all samples, little 
woven bone was observed; the newly formed 
bone was well mineralized with essentially 
a lamellar architecture. Evidence of bone 
remodeling was observed in all samples. Not 
yet resorbed granules of both MBCP HA/TCP 
ratios were entirely covered by lamellar bone, 
and macropores were filled with architectured 
bone. 

Micro-CT confirms the bone ingrowth and 
bone architecture at the expense of the residual 
bioceramics. Also, the density of the granules 
appears lower after implantation (Fig.3a,3b). 
Quantitative analysis of the newly formed bone 
and residual ceramic was performed by micro-
CT. Table 1 summarizes the data; percentages 
are related to the volume occupied. Kinetics 
of resorption between the 2 bioceramics was 
significant, but not for bone ingrowth and bone 
marrow content. Histology reported active 
osteoclasts on both BCP granules, with more 
organized bone in the deep part of the implant 
compared to the bottom, closer to soft tissue 
and mucosa.

Discussion

After an avarage of 4.5 years from implantation 
time, the resorption of the MBCP 60/40 was 
78% and was 87% for 20/80 (difference not 
significant) and bone ingrowth was 38% and 
32%, respectively. If a slight difference was 
observed in resorption and bone ingrowth 
between the 2 BCP types, no statistical difference 
can be reported either for resorption or bone 

ingrowth. Bioceramics resorption (this was not 
limited to calcium phosphate but applies to all 
osteogenic/osteoconductive biomaterials) will 
be performed when the surfaces are accessible 
to macrophages and/or osteoclasts. After bone 
ingrowth, particularly for high osteogenic/
osteoconductive bioceramics, the surface 
and the macropores are protected by the 
newly formed bone. The resorption of the 
bioceramic, will be achieved only with secondary 
resorption due to bone remodeling of the 
initial bone formation. Bone remodeling was 
different from one patient to another, it is sex 
and age dependant and also depends on the 
mechanical stresses applied to the bone. This 
bone physiopathology explains the kinetics of 
bone ingrowth and bioceramic resorption. The 
higher percentage of bioceramic resorption was 
obtained in the early months of implantation;after 
that, the resorption process was slower.

In spite of long- term implantation, some 
bioceramics granules remained. This could be 
explained by the bone physiopathology (bone 
remodeling), which was preserved by high 
osteogenic bioceramics. In complement, the 
change of density of the granules observed in 
microscopy and micro-CT indicates dissolution 
of CaP at the crystal level and changes in the 
mineral content by formation of biological apatite 
[13]. Differences in bone ingrowth between the 
two types of MBCP are not significant. in spite 
of the higher rate of resorption of the MBCP 
20/80. The higher rate of resorption was due to 
the higher b-TCP content being more soluble 
than HA. From this study we cannot conclude 
of differing clinical efficiencies of MBCPs with 
different ratios. It is known that pure TCP as 
RTR®, for example, has a greater resorption 
over time, but the architecture of the newly 
formed bone was different, due to differences in 
bone ingrowth at the expense of the granules 
and osteoconduction process. For xenograft 
like BioOss, no resorption and bone ingrowth 
were noticed, confirming previous reports 
comparing synthetic calcium phosphate and 
other bone substitutes [14]. Strategies for 
bone reconstruction must take into account  
the kinetics of bioceramics resorption and 
simultaneous bone ingrowth at the expense of 
the implants, as well as architectured regenerated 
bone, including residual unresorbed granules 
able to support strengths required by dental 
implantation.

Conclusion

The immediate filling of the alveolar pocket 
after tooth extraction is a preventive method 
to alveolar bone resorption. After another year  
resorption and bone growth was demonstrated 

for both micro and macroporous biphasic 
calcium phosphate with two different HA/
TCP ratios  (40/60 and 20/80). This data 
confirms the resorbability over time of MBCP 
and the scaffold effect of the HA content and 
high osteoconduction property. These two 
properties involved a balanced resorption and 
bone ingrowth at the expense of the micro 
macroporous bioceramics. 
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Table 1

Implantation time in 
months Mean ±SD

MBCP 20/80
MBCP 60/40

34 ± 7
56 ± 3

6.7 ± 5.1
11.4 ± 14.8

32.2 ± 23.9
38 ± 6.7

61.1
50.6

% residual 
Bioceramic

Bone marrow% new bone

Fig 3. A. MBCP 60/40          B. MBCP 20/80



Case 1

Figure 1

A 54 year old female presented a non-restorable 
fractured lower molar.

Figure 2

Preoperative view of the tooth.

Figure 3

The ex t rac t ion socke t  was debr ided 
thoroughly.

Figure 4

A circumferential socket was filled with BCP 
20/80*, post surgical view.

Figure 5

BCP 20/80* Biopsy. 

Figure 6

Bone ingrowth at the expense of BCP 20/80*

Figure 7

Light microscopy. Movat’s coloration. 

Figure 8

Postsurgical radiograph.

Figure 9

Radiograph at 3 months.

Figure 10 

Radiograph at 6 months.

Figure 11

Radiograph at 12 months.

Figure 12
Panoramic at 5 years.

Fig 1.

Fig 4.

Fig 7.

Fig 10.

Fig 8

Fig 11.

Fig 9.

Fig 12.

Fig 2. Fig 3.

Fig 5. Fig 6.
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Case 2

Figure 1

A 41- year- old healthy male presented 
severe cronic periodontitis in the central 
and lateral incisors.

Figure 2

Frontal view.

Figure 3

Preoperative radiograph.

Figure 4

MBCP* Biopsy.

Figures 5 and 6

Bone ingrowth at the expense of MBCP* 
and its partial resorption.

Figure 7

Light microscopy. Movats coloration.

Figure 8 

Light microscopy. Movats coloration.

Figure 9

Radiograph at 3 months.

Figure 10 

Radiograph at 6 months.

Figure 11

Radigraph at 12 months.

Figure 12

Panoramic at 5 years.

Fig 1.

Fig 4.

Fig 7.

Fig 10.

Fig 8

Fig 11.

Fig 9.

Fig 12.

Fig 2. Fig 3.

Fig 5. Fig 6.
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Biphasic calcium phosphate MBCPTM 
for maxillofacial bone filling before 
dental implantation
Kimakhe S1, W. Elwady2, S.Chbicheb2, Himmiche M2, F. Moreau3, Daculsi G.1,4

1Nantes University ERT 1051, France.
2Faculté de Médecine dentaire, University Mohamed V. 
Rabat Marocco.

3Biomatlante France.
4INSERM CIC, Bordeaux Hospital, France.

Introduction

In early 1980, HA and ß-TCP became 
commercially available as bone substitutes. 
The concept of the mixture of HA and 
ß-TCP. (BCP) with varying HA/ß-TCP ratios 
demonstrated the bioactivity of these 
ceramics. Subsequently, focused studies 
on BCP led to a significant increase in the 
manufacture and use of BCP as a bone 
substitute material for dental and orthopedic 
applications.

The prevention of bone loss after tooth 
extraction can be realized after immediate 
alveolar filling. Thes surgical technology have 
been tested in various dental centers, however 
neither clinical evaluation have been treated 
according a clinical trial. Clinical trials using 
good clinical practice must be promoted for 
the evaluation of the performance of bone 
reconstruction. to support further dental 
implantation. The aim of this study is to report 
the results of such a clinical trial.

Materials and Methods

Micro macroporous biphasic calcium 
phosphate (MBCPTM Biomatlante ,France) 
is an intimate mixture of HA and TCP with 
a ratio of 60/40. The total porosity is 70%. 
constituting 30% micropores and 70% 
macropores.

Eleven human patients have been included in 
the protocol. After dental surgical extraction, 
granules were implanted into the alveolar 
cavity. Radiographic follow-up was done  
from 0 to 1 year and in the case of dental 
implantation, after 6 months, a bone 
prelevment was performed, and the bone 
was processed by micro-CT, SEM and 
histology. 

Results and discussion

Radiography revealed newly formed bone 
with higher density, traducing residual 
bioceramics. After 6 months granules  are 
still present; however, the radiodensity looked 
different, traducing peripheral resorption 

and bone ingrowth and physicochemical 
transformation (the dissolution precipitation 
of biological apatite classically described 
in preclinical studies in animals). During 
drilling, bone density was high without 
interference from residual granules. Micro-CT 
demonstrates 3D bone ingrowth. Over 50% 
granule resorption was observed. In SEM 
and light microscopy, organized and well- 
mineralized bone ingrowth is observed. The 
residual granules look different in density and 
structure than granules before implantation. 
confirming previous preclinical studies of 
transformation by dissolution precipitation 
at a microscale level.

Conclusion

Bone ingrowth at the expense of micro 
macroporous biphasic calcium phosphate 
after human implantation was confirmed 
at 6 months by micro-CT, SEM and 
light microscopy. Bone architecture is 
re-established and can support dental 
implantation.

SEM showing bone ingrowth at the 
expense of the MBCP granules

Fig. 1
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Micro Macroporous Biphasic Calcium 
Phosphate 4BONE  for maxillofacial bone filling 
before dental implantation, previous data.
Daculsi G.1,4, Himmiche M2, F. Moreau3, LeGac V. 3, Kimakhe S.1

Introduction

In the early 1980, synthetic HA and ß-tricalcium 
phosphate ß-TCP became commercially 
available as bone substitute materials for 
dental and medical applications. The term 
biphasic calcium phosphate (BCP) was 
first used to describe the bioceramic, that 
consisted of a mixture of HA and ß-TCP. The 
first studies on BCP with varying HA/ß-TCP 
reported by LeGeros and Daculsi and co 
workers  (1) demonstrated the bioactivity of 
these ceramics. 

Subsequently, focussed studies on BCP led 
to the significant increase in manufacture 
and use of commercial BCP bioceramics 
as bone substitute materials for dental and 
orthopaedic applications [2-5]. However 
scare clinical studies for bone reconstruction 
to support further dental implantation have 
been published using this concept of bone 
substitute based on mixture of HA and TCP 
associated to a micro and macroporous 
structure contrarily to orthopaedic application. 
The purpose of this paper was to present 2 
first clinical data.

Materials and Methods

The micro macroporous biphasic calcium 
phosphate (4BoneTM MIS Israel, Biomatlante 
France manufacturer) is an intimate mixture 
at the atomic level of HA and TCP with a ratio 
of 60/40. The total porosity is 70% constituted 
of 30 % micropores and 70% macropores.

After surgical extraction, and mucosa 
preparation, granules of 0.5 to 1mm in diameter 
were mixed with blood to achieve a paste and 
immediately gently implanted into the alveolar 
cavity. After 6 months, dental implantation 
(implant SevenTM, MIS) was performed 
and the bone of the implantation site was 
retrieved and processed for X- rays micro 
CT, image analysis using SEM (scanning 
electron microscopy) and light microscopy 
to evaluate bioceramics resorption and newly 
formed bone. 

Results and discussion

On clinical radiograph, newly formed bone with 
higher density appears on the implantation 
site, traducing residual not yet resorbed 
bioceramics. During drilling, bone density 
was high and there is no interference with 
the residual granules. Micro CT demonstrates 
3D bone ingrowth at the expense of the 
granules. Large but not complete resorption 
of the granules (over 50% of the initial amount 
at 6 months) involved residual particles with 
lower density and size than granules before 
implantation. In SEM and light microscopy, 
organized and well mineralized bone ingrowth 
is observed at the expense of the residual 
granules. The granules look very different in 
density and structure than implanted 4BoneTM.

The residual granules are largely transformed 
comparing to non implanted bioceramics, 
confirming previous pre-clinical study of 
physico-chemical transformation by dissolution 
precipitation at a microscale level (6). Bone 
ingrowth at the expense of Micro Macroporous 
Biphasic Calcium Phosphate after human 
implantation at 6 months was confirmed in 
micro CT, SEM and light microscopy.
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Bone ingrowth for sinus lift augmentation 
with Micro Macroporous Biphasic Calcium: 
Human cases evaluation using micro-CT 
and histomorphometry
Nicolas Mailhac1, Daculsi G.2,3

Abstract

The development of implantology requires 
enough bone support and sufficient bone 
architecture. The use of autograft remains the 
gold standard; however, the surgeons use 
cortica l bone from mandibular or craniofacial 
sites, involving severe anesthetic bone loss.

The strategy of bone substitutes in place of 
autograft can be an efficient method. Sinus lift 
augmentations using both MBCP and BioOss 
have been performed on human patients, and 
bone biopsies were performed during the 
preparation of the sites for dental implantation. 
Biopsies were analyzed in classical histology, 
without decalcification, and by 3D reconstruction 
using micro-CT.

Both techniques revealed bone ingrowth and 
MBCP resorption. For BioOss, no bone ingrowth 
and resorption processes were observed in 
spite of stability of the implant and of clinical 
efficiency. These case reports confirm the 
performance of bone substitutes for sinus lift 
augmentation.

Introduction

Among the available materials used for 
preimplant bone reconstruction, autologous 
bone is currently the gold standard because 
it is a source of osseous matrix, cells, and 
growth-modulating molecules[1].

However, it requires the graft to be harvested at a 
distance from the operation site, which makes the 
initial operation more complicated. To overcome 
the autograft limits, many substitution biomaterials 
have been proposed. Materials of human 
and animal origin have the disadvantages 
of limited supply and potential risk of cross 
contamination.[5,6]. Consequently, synthetic 
products were developed.[4]; generally biphasic 
calcium phosphate (BCP), an intimate mixture of 
hydroxyapatite (HA) and ß-tricalcium phosphate 
(ß-TCP) [5] or pure B-TCP was proposed in 
dentistry as a reference for synthetic materials. 
However, xenografts of  BioOss® (derived from 
bovine bone) were largely used in dentistry, in 
spite of the animal origin material. BCP offers 
the best potential for bone reconstruction since 
it has a chemical composition close to that 
of biological  bone apatites, and has already 
proven its efficacy as a bone substitute material 
in many human clinical applications.[6,13].

The concept of HA and ß-TCP mixture (BCP) 
with varying HA/ß-TCP ratios demonstrated the 
bioactivity of these bioceramics. Subsequently, 
focused studies on BCP led to a significant 
increase in the manufacture and use of BCP 
as a bone substitute material for dental and 
orthopedic applications and for matrices for 
tissue engineering. However, few human 
clinical studies for bone reconstruction to 
support further dental implantation have been 
published to compare synthetic bioceramics 
and bone substitutes of animal origin.

Materials and Methods

The micro macroporous biphasic calcium 
phosphate (MBCP ) is an intimate mixture of 
HA and TCP with a ratio of 60/40. The granule 
size is 0.5 to1mm. The total porosity is 70%, 
constituted of 30 % micropores and 70% 
macropores over 300µm and BioOss  (no 
micro and macroporosity) used in the same 
sinus lift augmentation procedure in humans.

Patients were treated under local anesthesia 
by para-apical and palatin infiltration. Crestal 
incision, followed by vertical discharge were 
associated to the displacement of all the total 
thickness mucosa. The bone window was 
created by drilling using a diamond bur: then, 
the Schneider membrane was displaced slightly. 
Using classical techniques for sinus lift, 1 to 
2 cc of 0.5 to 1mm of granules were used. 
After wetting the granules with sterile water 
the granules were gently packed under the 
mucosa with care so as not to inflict mucosa 
lesion. Amoxicilline 2g/d were realized during 8 
days and Ibuprofène 1200mg/d during 4 days.

Before dental implantation, under local 
anesthesia biopsies were performed, using 
a cylindrical   trocard and irrigation, 3 mm in 
diameter(Fig 1.).Two MBCP, and 1 BioOss®, 
bone biopsies were harvested. The biopsies 
were fixed in a formalin solution, dehydrated 
with graded alcohol and embedded in GMMA 
for histological analyses. Before the sectioning 
process using a diamond saw and a hard 
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tissue microtome, the blocks were analyzed 
by micro-CT (Skyscann 1072).

On thicker sections (100µm), SEM observations 
using backscattering electron (BSE) combined 
with image analysis were used for bone ingrowth 
and bioceramic resorption evaluation.

Light microscopy was performed on a 7µm thick 
section (using Movat’s pentachrome staining) 
and polarized light microscopy was performed 
on a 100µm thick section without staining.

Results and discussion

After 6 to 8 months,radiographs of all patients 
revealed newly formed bone with higher density, 
but  indicated residual unresorbed grains of 
bioceramics (MBCP or ß-TCP), whereas X-rays 
were unable to differentiate the BioOss® material 
from the natural bone. During drilling, bone 
density was high without interference from 
residual granules (Fig.2). Dental implants have 
good mechanical stability according to classical 
tess performed after the surgery.

Dental implants have good mechanical stability 
according classical test performed after the 
surgery.

Micro-CT demonstrates 3D bone ingrowth, 
and radiodensity changes of the unresorbed 
granules for MBCP (Fig. 3). The residual granules 
look different in density and structure than do 
granules before implantation.

This observation confirms the physicochemical 
modification of the mineral synthetic phases 
of HA and b-TCP into biological apatite. Over 
30% granule resorption was observed in one 
patient and over 80% in a second patient. In 
SEM and light microscopy, organized and 
well- mineralized bone ingrowth wasobserved. 
In some parts of the biopsy, total resorption of 
the MBCP was observed and it was replaced 
by bone trabeculae (Fig.4).

This data confirms the resorbability in time 
of MBCP®, and the scaffold effect of the HA 
content and its high osteoconduction property. 
These two properties involved a balance of 
resorption and bone ingrowth at the expense 
of the micro macroporous bioceramics. This 
achieved an architectured bone regeneration 
required for physiological bone reconstruction. 
For BioOss, no newly formed bone can be 
observed between the granules (Fig. 5). A 
fibrous tissue is observed between the granules 
without any osteoid or newly formed bone. No 

resorption process can be evidenced. (Fig. 6).

In humans, these results are in contradiction to 
the biofunctionality of the implanted area with 
regard to implant stability. It was necessary 
to have additional human biopsies, and a 
more representative sample, to understand 
why, without granules resorption and bone 
ingrowth at the expense of BioOss®, clinical 
efficacy was reported by the surgeons during 
their clinical practices.

Bone ingrowth at the expense of micro 
macroporous biphasic calcium phosphate after 
human implantation for sinus lift augmentation 
at 6 and 8 months was confirmed in micro-
CT, SEM and light microscopy. It is known 
that pure TCP as RTR® for example has a 
greater resorption in time, but the architecture 
of the newly formed bone was different, due to 
differences in bone ingrowth at the expense 
of the granules and osteoconduction process. 
For xenografts like BioOss®, no resorption 
and bone ingrowth were noticed confirming 
previous reports comparing synthetic calcium 
phosphate and other bone substitutes [10].

Micro-CT calculation indicates that during the 
6 initial months, 53% of MBCP granules were 
resorbed and 22% of newly formed bone was 
intimately associated both to the surface of 
residual granules and between them. SEM and 
polarized light microscopy revealed a decrease 
in the density of the granules.This will be due to 
physicochemical changes of the BCP crystals, 
a classical process previously described of 
dissolution of the BCP and precipitation of 
biological apatite into the micropores [11].
Light microscopy shows osteoid and bone 
formation between the granules and closely 
associated to the surface. Hematopoietic cells 
and new vascularization demonstrates the 
high osteogenic property and the vitality of 
the newly formed bone (Fig 4).

Polarized light microscopy indicates that newly 
formed bone was constituted of lamellar bone 
surrounding the particles and, in some parts of 
trabeculae of woven bone. Bone remodeling 
appears clearly in some biopsies, without regular 
distribution. This will be due to nonbearing area 
before dental implantation.

Conclusion

It appears that the bone fillings of sinus realized 
with micro macroporous biphasic calcium 
phosphate granules MBCP after 6 to 8 months, 
have enough bone ingrowth to support a dental 

implant. Histology and micro-CT performed 
on the biopsy before the dental implantation 
revealed high bone ingrowth and the bone 
architecture suitable for mechanical stability 
during the osteointegration. For BioOss®, in 
spite of good clinical efficacy, nonresorption and 
bone ingrowth were observed after 6 months 
of implantation. Additional human biopsies are 
in progress to provide a more representative 
sample of the differences in bone regeneration 
observed during sinus lift augmentation using 
different types of bone substitutes. 
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Abstract

While skeletal development can occur by 
either intramembranous or endochondral 
bone formation, all current tissue engineering 
approaches for bone repair and regeneration 
try to mimic intramembranous ossification. In 
this study, we propose to create an in vitro 
cartilage template as the transient model for in 
vivo endochondral bone formation. The goals 
of this study are to (1) establish a method of 
growing chondrocytes in a well-characterized 
macroporous biphasic calcium phosphate 
(MBCP®) scaffold and (2) induce maturation 
of chondrocytes grown in the MBCP scaffold. 
Chondrocytes isolated from chick embryonic 
tibia were grown on MBCP particles and 
treated with retinoic acid to induce chondrocyte 
maturation and extracellular matrix deposition. 
Chondrocytes were observed to attach and 
proliferate on the MBCP scaffold. The thickness 
of the chondrocyte and extracellular matrix 
layer increased in the presence of the retinoid. 
Alkaline phosphatase activity and expression, 
proteoglycans synthesis, cbfa1 and type 
I collagen mRNA levels also increased in 
the presence of retinoic acid. These results 
demonstrated for the first time the proliferation 
and maturation of chondrocytes and matrix 
deposition on MBCP, suggesting the potential 
for such scaffold in tissue engineering via the 
endochondral bone formation mechanism. 

Introduction

Bone grafting has been used for many years 
to repair bone defects caused by trauma 

or pathology. Autografts (bone harvested 
from the same patient) are considered the 
gold standard because of their osteogenic 
potential and absence of rejection. However, 
autografts have some disadvantages, including 
unpredictable degrees of resorption and contour 
changes, possible donor site morbidity, increased 
surgery time, and expense. Allografts (bone 
taken from the same species) and xenografts 
(materials derived from other species, e.g., 
bovine bone or coral) also have osteogenic 
potential but present serious shortcomings 
including variation in properties and quality, 
risk of disease transmission, and ecological 
concerns about the destruction of coral reefs.1,2 
Advancements in biomaterials for medical 
applications led to the development of synthetic 
bone grafts or alloplasts.

These materials include inorganic (e.g., alumina, 
zirconia, calcium phosphates, calcium sulfates, 
calcium carbonate and bioactive glasses)3,4 
and organic or polymeric materials (e.g., 
collagen, chitin, agarose, hydroxyesters and 
polylactic/ polyglycolic acid).5,6 Growth 
factors have been combined with some 
biomaterials and/or osteoprogenitor cells 
incorporated into these scaffolds to induce 
osteogenesis. Current attempts to repair or 
regenerate bone have been geared toward 
intramembranous bone formation, disregarding 
the fact that there are two distinct mechanisms 
of skeletal development: intramembranous and 
endochondral. Intramembranous bone forms 
by differentiation of mesenchymal cells directly 
into osteoblasts, while endochondral ossification 
involves gradual and partial replacement of 
a cartilage model by bone.The long bones, 

pelvis, vertebral column, base of the skull, and 
mandible are formed through the endochondral 
mechanism.7 The objective of our study is to 
mimic the natural process of endochondral 
bone formation by creating a cartilage template 
in vitro that after in vivo implantation could 
remodel into the required bone.

This alternative approach in bone tissue 
engineering presents significant advantages, 
including the resistance of chondrocytes to 
low oxygen,8 and the fact that these cells can 
induce vascular invasion and osteogenesis.9,10 
We expect that new bone formed through this 
mechanism will be indistinguishable from 
natural bone: that is, it will present the same 
properties, respond to loading, and, more 
importantly, have the potential to grow just 
as would the patient’s own bone. We have 
established a method of growing growth plate 
chondrocytes in a well-characterized calcium 
phosphate scaffold, and inducing chondrocyte 
maturation and extracellular matrix deposition.

Materials and Methods

Scaffold characteristics

The material used is macroporous biphasic 
calcium phosphate (MBCP®, Biomatlante, 
France), consisting of 60% hydroxyapatite 
(HA) and 40% ß-tricalcium phosphate (ßTCP). 
Porous biphasic calcium phosphate biomaterials 
have been extensively characterized and 
shown to be an adequate scaffold for bone 
replacement(4,11,12). The total porosity of the 
MBCP is about 70%, with macropore size 
similar to that observed in trabecular bone.

1Department of Basic Science and Craniofacial Biology, New York University College of Dentistry, New York, New York.
2Department of Biomaterials and Biomimetics, New York University College of Dentistry, New York, New York.

A. B. C.

Chondrocytes growing on MBCP scaffold. SEM micrographs show chondrocytes at the end of first week (A), second week (B), and third week in culture 
(C). At the end of each week chondrocytes/MBCP particles were collected, fixed, dehydrated, sputter coated with gold, and viewed with SEM.

Fig 1.
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Chondrocyte culture

Chondrocytes were isolated from 18-day-old 
chick embryo tibias, using the method of 
Rajpurohit et al.(8) and plated for 1 week. 
During this period, fibroblasts and osteoblasts 
(if present) attached to the culture dishes. 
The cultures were discarded if fibroblast/
osteoblast contamination was observed. 
Suspended chondrocytes were subcultured 
(0.125 million cells/well) into plates containing 
the MBCP particles. No attempt was made to 
seed the cells into the scaffold. These cells 
were characterized previously and present a 
well-defined chondrocyte phenotype(13,14). 
Chondrocytes were grown continuously, without 
further subculturing, for 3 weeks at 70 C and 
in a 5% carbon dioxide atmosphere. Cultures 
were fed every day with Dulbecco’s modified 
Eagle medium containing 10% Nu serum (Fisher 
Scientific, Fairlawn, NJ), 2mM L-glutamine, 50 
µg/mL of ascorbic acid (Sigma, St. Louis, MO), 
and 100 U/mL of penicillin-streptomycin (Cellgro, 
Herndon, VA). After the first week, chondrocyte/
MBCP particles were transferred into fresh 
culture dishes and treated daily with 100nM 
all-trans retinoic acid (RA) in 95% ethanol to 
induce chondrocyte maturation and matrix 
synthesis. Control cultures were treated with 
vehicle (95% ethanol). At the end of each week, 
MBCP particles were collected and analyzed.

Solubilization procedure and protein analysis

The chondrocyte/MBCP particles were 
collected and the cells extracted with 0.1% 
triton X-100 (Fisher Scientific). The extract 
was gently vortex-mixed for 10 to 20s, 6 
times, and centrifuged at 2000 rpm. Alkaline 
phosphatase (AP) activity and protein content 
of the supernatant were measured. Protein 
measurements were performed using a DC 
ProteinAssay (BioRadLaboratories, Hercules, 
CA) according to the manufacturer’s instructions 
in a ectrophotometer.

AP activity

AP activity was measured using the method 
described by Leboy et al.(15), which is based 
on the hydrolysis of nitrophenylphosphate.

Optical microscopy analysis

Chondrocyte/MBCP particles were washed 
with phosphate-buffered saline (PBS), fixed in 
Karnovsky fixative 4% paraformaldehyde and 
5% glutaraldehyde and dehydrated in ethanol. 
The samples were then embedded in glycol 

methacrylate, and 2-µm sections were cut, 
stained with toluidine blue, and examined via 
optical microscopy (Nikon E 600).

Scanning electron microscopy (SEM) analysis

Chondrocyte/MBCP® particles were washed 
with PBS, and fixed with 2% glutaraldehyde. 
The particles were then dehydrated in a graded 
series of ethanol at room emperature, mounted 
on aluminum stubs with graphite paint, sputter 
coated with gold-palladium, and analyzed 
using SEM ( Jeol JSM 5400, Tokyo, Japan).

AP staining

AP staining was carried out using a naphthol As-
Bi phosphate solution as described by Iwamoto 
et al(16). The chondrocyte/MBCP® particles 
were washed twice with PBS, incubated with 
this solution for 15 min at 370 C, washed with 
PBS,and then fixed with 3.7% paraformaldehyde 
in PBS.

Alcian Blue Staining

The chondrocyte/MBCP® particles were rinsed 
twice with PBS, and stained with 1% Alcian 
blue (Sigma, St. Louis, MO) solution in 3% 
acetic acid for 45 min at room temperature. 
After rinsing with 3% acetic acid for 2 min, and 
washing with PBS, the particles were fixed with 
3.7% paraformaldehyde in PBS. 

mRNA isolation and reverse 
transcriptasepolymerase chain reaction 
(RT-PCR)

To characterize the gene expression profile 
of chondrocytes grown on the MBCP® 
particles, semiquantitative real-time RT-PCR 
was performed on mRNA isolated at the end 
of the 3-week culture period. mRNA was 
isolated using RNeasy mini kit (Qiagen Inc., 
Valencia, CA) according to the manufacturer’s 
recommendations. RT-PCR was conducted using 
primers specific for chick genes. Type I collagen: 
forward: GCCGTGACCTCAGACTTAGC, reverse 
- TTTTGTCCTTGGGGTTCTTG; type II collagen: 
forward GACCTCGTGGTGACAAAGGT, reverse-
CATGCCGTT AGAGCCATCTT; type X collagen: 
forward-AGTGCTG TCATTGATCTCATTGGA, 
reverse-TCAGAGGAATAGA GACCATTGGATT; 
AP: forward-CCTGACATCGAGGTG ATCCT, 
reverse-GAGACCCAGCAGGAAGTCCA; 
cbfa1: forward-CTTAGGAGAAGTGCCCGATG, 
reverse-CCATC CACCGTCACCTTTAT. 
Acidic ribosomal protein mRNA was used 
as a reference for quantification (forward 

- AACA TGTTGAACATCTCCCC, reverse-
ATCTGCAGACAGAC GCTGGC). All primers 
were purchased from Qiagen Inc. Real-time 
RT-PCR was performed using QuantiTect SYBR 
Green RT-PCR kit (Qiagen Inc.) and a DNA 
Engine Optican 2 system (Roche Molecular 
Systems, Pleasanton, CA).

Relative transcript levels were presented as ‘‘fold 
change’’ in gene expression and calculated 
using the threshold cycle (Ct) and the formula 
below, where ‘‘ctl’’ refers to chondrocytes 
cultured in the absence of RA, ‘‘exp’’ refers 
to the cells treated with RA for 2 weeks, and 
‘‘rib’’ refers to the acidic ribosomal protein: 
x=2ΔΔCt, in which ΔΔ Ct = ΔΔE-  ΔΔC, and ΔΔE= 
Ctexp - Ctrib, and ΔΔC=Ctctl - Ctrib. A negative 
ΔΔCt was considered an increase while a 
positive ΔΔCt was considered a decrease in 
gene expression.

Statistical analysis

All experiments were repeated 3-4 times and 
the mean and standard error of the mean were 
determined. Significant differences between 
test groups and respective controls (cells 
grown in the absence of RA) were assessed 
by ANOVA. A p-value refers to a comparison 
of a measured parameter in the experimental 
group with that of the appropriate control; 
significance was set at p<0.05.

Results

Chondrocyte attachment and proliferation 
SEM showed that chondrocytes attached and 
proliferated on the MBCP® scaffold (Fig. 1). At 
the end of the first week, chondrocytes formed 
an almost confluent layer on the scaffold. During 
the following 2 weeks, the cell layer became 
more compact. A continuous sheet of polygonal 
chondrocytes can be observed at the end of 
the third week in culture, completely covering 
the MBCP® surface and its pores (Fig. 1C).

Chondrocyte maturation

RA treatment caused a marked increase in 
AP activity as evidenced by deep red color 
(Fig. 2B, particles on the left). An increase in 
proteoglycan deposition in the extracellular 
matrix was indicated by the presence of 
an intense blue staining (Fig. 2B, particles 
on the right). The levels of AP activity were 
also quantified  spectrophotometrically. In 
the presence of RA, there was a significant 
increase in AP enzymatic activity dependent 

A. B.

RA modifies AP activity and proteoglycan synthesis. Tibial chondrocytes 
were grown on MBCP particles for 1 week until confluent (A). RA 
was added to the media every day for 2 additional weeks (B). 
Control cultures receive vehicle (A). Images of chondrocytes/
MBCP particles were obtained after staining for visualization of 
AP activity (red) and proteoglycan levels (blue). Initial cell density 
was the same on control and RA-treated cultures. Color images 
available online at www.liebertpub.com/ten.

1 Week 2 Week 3 Week 1 Week 2 Week

Fig 1.
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on the duration of the treatment (Fig. 3). By 
3 weeks, differences between RA-treated 
and untreated chondrocytes were evident. 
In the absence of RA, the cells attached and 
proliferated on the MBCP®, completely covering 
the surface and pores of the scaffold by 3 weeks 
(Fig. 4A). SEM analysis showed a confluent 
chondrocyte layer over the MBCP® surface 
(Fig. 5A), with a polygonal and flat cellular 
morphology. The addition of RA to the culture 
media induced the deposition of  a visibly thicker, 
more abundant extracellular matrix over the 
surface of the particles (Fig. 4B). Hypertrophic 
chondrocytes were observed bulging out of 
the matrix deposited on the MBCP® surface 
(arrowheads in Fig. 4B). The RA-induced 
changes were also detected by SEM. Figure 
5B shows an elaborate extracellular matrix 
completely covering the particle surface and 
over the pores (arrow in Fig. 5B). Chondrocytes 
are surrounded by numerous fibers creating 
an intricate net (Fig. 5C). To characterize the 
gene expression profile of chondrocytes 
grown on the MBCP® particles, RT-PCR was 
performed on mRNA isolated after 3 weeks in 
culture. RA treatment significantly increased 
type I collagen and AP transcript levels in 
comparison to untreated controls (Fig. 6), while 
cbfa1 transcripts showed a smaller increase 
(Fig. 6B). In contrast, the mRNA levels of 
type II and type X collagen decreased with 
RA treatment (Fig. 6A)and type II and type X 
collagen decreased with RA treatment (Fig. 6A).

Discussion

Attempts to create an in vitro cartilage scaffold 
have been geared towards articular cartilage 
replacement therapies(17). In our study, we 
propose the creation of an in vitro calcified 
cartilage scaffold as a bone replacement 
material with potential for growing. MBCP® has 
been used as a scaffold for bone formation 
before but with osteoblasts as the precursor 

cells(11,18). While calcium phosphate materials 
such as HA and ß-TCP are generally described 
as osteoconductive but not osteoinductive(19,20), 
some porous HA has been reported to have 
osteoinductive properties associated with 
their porosity(4,21,22),which allows binding 
of endogenous bone morphogenetic protein 
(BMP). In fact, the macroporosity of the MBCP® 
used in this study is within the range of optimum 
size (200-400 µm) required for BMP carriers 
to induce direct bone formation(21,22). In 
addition, the composition of MBCP® and the 
preferential dissolution of the ß-TCP component 
compared to the HA component may also favor 
osteogenesis(23,24). Our choice of MBCP® as 
a suitable template for endochondral bone 
formation was based on these and other 
studies that show that such materials support 
and induce osteoblast ingrowth(11,18) and even 
osteoclastic resorption(25)Our studies showed 
that chondrocytes can attach and proliferate 
on MBCP® particles. We then treated cells with 
RA to determine if chondrocytes grown in a 
mineral surface can undergo maturation. RA 
induced increases in AP gene expression and 
enzymatic activity, which is an important marker 
of maturation, in agreement with other studies(16). 
In addition, we observed an increase in cbfa1, a 
common positive regulator of both chondrocyte 
and osteoblast differentiation(26,27).Interestingly, 
RA treatment also reduced the expression of 
type II and type X collagen, and increased the 
expression of type I collagen. The expression 
of genes characteristic of the osteoblastic 
phenotype by growth plate chondrocytes 
has been reported earlier(28).Both in vivo 
and in vitro studies provide evidence that the 
hypertrophic chondrocyte may undergo further 
differentiation and express bone cell markers, 
(29,30),suggesting a role for chondrocytes 
at the initial stages of endochondral bone 
deposition. To the best of our knowledge, this 
is the first report of chondrocytes being grown 
on MBCP scaffold. A previous study showed 

that articular chondrocytes can attach and 
proliferate on collagen foam containing calcium 
phosphate crystals for increased stability(31),but 
the chondrocyte phenotype was not reported. 
Another study showed that chondrocytes from 
the iliac crest of rabbits, cultured on HA blocks 
and implanted into bone defects, promoted 
a significant increase in bone deposition 
compared to that on HA blocks alone(32).
As opposed to articular chondrocytes, our 
chondrocytes were removed from growth plates 
and have the potential to undergo hypertrophy 
and terminal differentiation, modifying the scaffold 
and creating an improved osteoinductive 
material. Further, hypertrophic cells have the 
ability to secrete vascular endothelial growth 
factor (VEGF), an inducer of vascular invasion, 
essential for endochondral bone formation(9,10). 
Indeed, when articular chondrocytes were mixed 
with calvaria osteoblasts, embedded in alginate, 
and implanted into immunodeficient mice, 
endochondral bone formation was observed. 
The cotransplanted cells, organized into their 
original tissue type (cartilage, chondroosseous 
junction, and bone), provided the stimuli for bone 
development(33).Whereas these experiments 
suggest that cells secrete growth/differentiation 
factors that affect each other’s spatial organization 
and activity, Gerstenfeld et al. have confirmed 
that hypertrophic chondrocytes express soluble 
factors that selectively promote osteogenesis(34). 
While current research aims at clarifying some 
of these factors and their signaling pathways, 
approaches such as ours, which introduce the 
source of the differentiation factors, have great 
potential. Our ultimate objective is the creation 
of an intermediate scaffold for endochondral 
bone formation, which will have the potential 
to grow.In conclusion, we have successfully 
established a method of growing and inducing 
chondrocyte maturation on a mineral template, 
MBCP®. Further studies will be conducted 
to test the suitability of this template as an 
intermediate in endochondral bone formation.
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RA increases AP enzyme activity. Tibial chondrocytes were grown 
on MBCP particles for 1 week until confluent. For the following 2 
weeks, chondrocytes were cultured in the absence or presence of 
RA (100 nM). At the end of each week, cells were collected, and AP 
activity measured spectrophotometrically. Results were derived from 
3 experiments. *Significantly different from respective control (RA 0 
nM at the same time point), p<0.05.

Fig 3.

Chondrocytes grown on the MBCP scaffold. Chondrocytes were grown on MBCP particles for 1 week until confluent. 
During the last 2 weeks, chondrocytes were cultured in the absence or presence of RA (100 nM). At the end of the 3-week 
culture period, samples were fixed with glutaraldehyde, dehydrated with ethanol, and embedded in methylmethacrylate. 
Sections were stained with toluidine blue, examined via light microscopy, and photographed. In the absence of RA (A), 
chondrocytes formed a thin continuous cell layer (arrowhead in A). When cultures were treated with RA for 2 weeks (B), 
the extracellular layer became markedly thicker, and hypertrophic chondrocytes could be observed (arrowheads in B). 
Color images available online at www.liebertpub.com/ten.

Fig 4.
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SEM of maturing chondrocytes grown on MBCP surfaces. Chondrocytes were grown to 
confluence for 1 week, and then cultured in the absence or presence of RA for 2 additional 
weeks. At the end of the 3-week culture period, the samples were fixed and dehydrated, 
sputter coated with gold, viewed using SEM, and photographed. In the absence of RA 
(A), chondrocytes presented the characteristic polygonal shape and formed a thin cellular 
layer. Cells grown in the presence of 100nM of RA (B, C) secreted a matrix rich in fibers 
(arrow in C) that even covered the MBCP pores (arrow in B).

Gene expression profile of maturing chondrocytes grown on 
MBCP surfaces. Chondrocytes were grown to confluence 
for 1 week, and then treated in the presence or absence 
of RA for 2 additional weeks. mRNA was extracted from 
chondrocytes at the end of the 3-week culture period. Real-
time semiquantitative RT-PCR was performed using primer 
specific for cbfa1, AP, and type I, type X, and type II collagen 
genes. Expression levels are presented as “fold change” 
in mRNA levels of chondrocytes cultured in the presence 
of RA when compared to cells grown in the absence of 
RA (control). Results were derived from 4 experiments. 
*Significantly different from control ( p<0.05).
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High performance of micro macroporous 
biphasic calcium phosphate matrices 
for bone tissue reconstruction and bone 
tissue engineering.
*Daculsi G.

Introduction

The development of CaP ceramics for 
bone graft involved a better control of the 
process of biomaterials resorption and bone 
substitution particularly to optimize calcium 
phosphate matrices for tissue engineering and 
biuoactive factor carrier. Bone graft materials 
biomaterials are largely represented by calcium 
hydroxyapatite,HA;tricalcium phosphate, TCP; 
and macroporous biphasic CaP, MBCP.

The concept based on biphasic CaP ceramics 
is achieved by an optimum balance of the 
more stable phase of HA and more soluble 
TCP. The material is soluble and gradually 
dissolves in the body, seeding new bone 
formation as it releases Ca and P ions into 
the biological medium. 

These bioceramics are largely used for bone 
reconstruction and will be specially optimized 
for combination with bone marrow during 
surgery or for bone tissue engineering using 
STEM cells. We have optimized matrices in 
terms of their physico-chemical and crystal 
properties; to improve cell colonization and 
to increase kinetic bone ingrowth The fast cell 
colonization and resorption of the material are 
associated to the interconnected macropores 
structure that enhanced the resorption bone 
substitution process. The micropore content 
involved biological fluid diffusion and suitable 
absorption surfaces for circulating growth 
factors.

Materials and Methods

Interconnected micromacroporous biphasic 
CaP (MBCPô,CE123,Biomatlante manufacturer) 
was an improvement of the technology of 
macropores developed long time ago9 to 
replace classical naphthalene use. Shortly, 
CaP deficient apatite CDA, were associated to 
a mixture of selected particles of naphthalene 
and sugar. After isostatic compaction, the block 
was sintered according a specific process 
of sublimation/calcination.The obtained 
bioceramics was characterized using X-rays, 
FTIR,X-rays microtomography, permeability, 
Hg microporosimetry, BET specific surface 
area, mechanical test, and SEM.

Cylindrical samples of 6 mm in diameter and 
8 mm in length were implanted in femoral 

epiphysis of New Zealand rabbits and compared 
to classical MBCPô as reference (12 rabbits, 
24 implantation sites). After 6 and 12 weeks, 
implants were processed for histology and 
SEM using image analysis.

Results and discussion

The density was 0.75 for MBCP 2000 and 0.83 
for MBCP. The crystal size was 0.5 to 1.5m 
and the specific surface area was 1.6 and 
1.7m²/g for MBCP 2000 and MBCP respectively. 
Compression tests showed 4MPa and 6MPa for 
MBCP 2000 and MBCP. Mercury porosimetry 
gives 73% and 69% of total porosity respectively 
.The interconnections were evidenced by 3D 
reconstruction using qualitative and quantitative 
microscanner.

Permeability was twice higher for MBCP 2000, 
and after incubation with bovine serum,30% 
absorption increased with the MBCP 2000 
was observed. The low difference of total 
porosity between the 2 types cannot explain 
higher permeability, the performance is due to 
distribution of pore size particularly mesopores.

The HA/TCP ratio was 20/80 for MBCP 2000 
and 60/40 for MBCP and FTIR confirms high 
purity of HA and TCP without carbonate. After 
implantation bone ingrowth is observed in the 
2 types of bioceramic,and newly-formed bone 
progressively replaced the bioactive material, 
followed by haversian bone remodeling.

Faster bone ingrowth into the macropores 
was observed at 6 weeks for MBCP 2000. 
After 12 weeks no statistical difference was 
noticed between the 2 implants type. The 
rate of resorption however is higher for MBCP 
2000:17% versus 12% at 6 weeks ,and 19% 
versus 17% after 12 weeks,(no significiant 
difference).

The in vivo experiment indicated higher cell 
colonization by osteogenic cells in MBCP 2000 
due to this interconnected and microporous 
structure associated to higher solubility. 
However,due to bone ingrowth at the expense 
of the implant this phenomena is less evident 
after long term implantation. MBCP 2000 is a 
more suitable matrice for tissue engineering. 
The HA/TCP ratio of 20/80 is also more efficient 
for combination with STEM cell cultivation and 
expansion then implanted in non bony sites 
compared to classical MBCP².

The kinetic of bone ingrowth by the osetogenic 
cells colonization need to develop inside 
the macropores. Without macropores and 
mesopores the bioactive processes are unable 
to develop in the depth of the implants

The association of dissolution at the crystal 
levels, the diffusion of the biological fluid into the 
micropores,and the resorption by macrophages 
and osteoclastic cells of the materials at the 
surface and inside the macropores,involve a 
progressive bone substitution of the materials 
by true bone. This is the common process 
of resorption/bone substitution of the micro 
macroporous biphasic calcium phosphate 
ceramics. 

Conclusion 

Advanced technologies for macroporous 
calcium phosphate bioceramics manufacturing 
involved higher efficacy of such matrices 
for further relevant surgical technologies as 
persurgery combination with bone marrow of 
expanded STEM cells in vitro for bone tissue 
engineering.
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Abstract

Calcium phosphate (Ca-P) ceramics are 
currently used in various types of orthopaedic 
and maxillofacial applications because of 
their osteoconductive properties. Fibrin glue 
is also used in surgery due to its haemostatic, 
chemotactic and mitogenic properties and also 
as scaffolds for cell culture and transplantation. 
In order to adapt to surgical sites, bioceramics 
are shaped in blocks or granules and preferably 
in porous forms. Combining these bioceramics 
with fibrin glue provides a mouldable and 
self-hardening composite biomaterial.

The aim of thiswork is to study the osteogenic 
properties of this composite material using 
two different animal models. The formation 
of newly formed bone (osteoinduction) and 
bone healing capacity (osteconduction) have 
been study in the paravertebral muscles of 
sheep and in critical sized defects in the 
femoral condyle of rabbits, respectively. The 
different implantations sites were filled with 
composite material associating Ca-P granules 
and fibrin glue. Ca-P granules of 1-2 mm 
were composed with 60% of hydroxyapatite 
and 40% of beta tricalcium phosphate in 
weight. The fibrin glue was composed of 
fibrinogen, thrombin and other biological 
factors. After both intramuscular or intraosseous 
implantations for 24 weeks and 3,6,12 and 24 
weeks, samples were analyzed using histology 
and histomorphometry and mechanical test. 
In all cases, the newly formed bone was 
observed in close contact and around the 
ceramic granules. Depending on method 
of quantification, 6.7% (with BSEM) or 17% 
(with µCT) of bone had formed in the sheep 
muscles and around 40% in the critical sized 
bone rabbit defect after 24 weeks. The Ca-P/
fibrin material could be used for filling bone 
cavities in various clinical indications.

Introduction

It is estimated that, every year, more than one 
million patients worldwide need bone graft 
surgery [1]. For the reconstruction of large 
skeletal defects, autologous bone graft is the 
gold standard because it combines osteogenic, 
osteoinductive and osteoconductive properties 
[2].However, autograft is often associated with 
complications at the harvesting site and limited 
in quantity [3, 4]. Bone allografts are less 
osteogenic, more immunogenic and have a 
greater rate of resorption than autologous bone 

grafts [5]. In addition, disease transmissions (e.g. 
HIV, hepatitis) have been reported [6]. During 
the last decade, calcium phosphate ceramics 
have been widely used as an alternative to 
these biological grafts in various types of bone 
surgery [7]. These synthetic materials have 
shown good results in many clinical applications. 
In fact, bioceramics made of hydroxyapatite, 
beta tricalcium phosphate and mixtures have 
demonstrated bioactivity and osteoconductivity 
[8]. For specific clinical indications, bioceramics 
blocks could be shaped to the surgical site. 
However, calcium phosphate ceramic granules 
are generally preferred for filling bone defects 
but they are difficult to handle and to maintain 
in the surgical sites leading to a lot of empty 
spaces between the granules and bone tissue 
with a mechanical instability.

In spite of their osteoconductive properties, 
calcium phosphate ceramic granules generally 
lack osteogenic properties for the regeneration of 
mineralized tissue into critical sized bone defects. 
Certain calcium phosphate bioceramics have 
recently been shown to induce ectopic bone 
formation [9-11]. The biological mechanism 
leading to osteoinduction by biomaterials has 
not yet been identified and several hypotheses 
have been proposed [8, 12].Fibrin sealants 
derived from human blood plasma have been 
used in various surgeries (abdominal, thoracic, 
vascular, oral, endoscopic) due to their wound 
healing, tissue adhesion and blood clotting 
properties [13, 14]. Fibrin glues mimic the 
last step of the coagulation cascade through 
activation of fibrinogen by thrombin, resulting 
in a clot of fibrin with adhesive properties. 
Fibrin glues could also be used as scaffolds 
for cell culture and transplantation due to 
their biocompatibility, biological degradation 
and cell attraction properties [15]. Only a few 
publications have reported the osteoinductive 
properties of fibrin glue and these properties 
are subjected to controversy [17, 18].

In the context of bone reconstruction, the 
association of the calcium phosphate ceramic 
granules to a binding agent such as fibrin 
glue may produce an easy-shaped composite 
material without empty spaces [16]. The initial 
mechanical stability of the composite material 
may be achieved through its adaptation and 
adhesion to the walls of the bone defect. 
Nevertheless, the association between calcium 
phosphate granules and a regenerative 
binding agent such as fibrin sealants has 
not yet demonstrated osteogenic properties 
for regenerating large bone defects. In this 

prospect, the extracorporeal association of fibrin 
sealant, biphasic calcium phosphate ceramic 
granules may produce an interesting alternative 
to autologous or allogenous bone grafts [19-23]. 
In this study, we aim to investigate the osteogenic 
and mechanical properties of macro-/micro-
porous biphasic calcium phosphate (MBCP) 
ceramic granules associated with fibrin glue. 
MBCP granules were mixed with fibrin glue 
following two procedures. The fibrin sealant was 
prepared by either simultaneous or sequential 
mixing of the components. Several publications 
have already shown the important role of 
thrombin in the formation of MBC Pgranule/
fibrin composite materials but also onto the 
bone cell biology [24, 25]. Adsorption, at first, 
of thrombin onto the MBCP granules could 
result in a modification of the properties of 
the hybrid/composite material. Composite 
materials were implanted into the paravertebral 
muscles of sheep and into critical sized defects 
of rabbit’s femoral condyle for 3, 6, 12 and 24 
weeks. After explantation, the samples were 
analyzed using histology, histomorphometry 
and micro-indentation. The mechanical and 
biological properties of newly formed bone 
were compared.

Materials and Methods

2.1 Preparation and characterization of materials

Micro- macro- porous biphasic calcium 
phosphate granules (MBCP, TricOs®, Baxter 
BioSciences BioSurgery, Vienna, Austria; 
Biomatlante, France, Manufacturer) measuring 
1-2 mm in diameter were used. The MBCP 
granules were prepared by mixing calcium-
deficient apatite with pore makers, followed 
by compaction and sintering at 10500C. The 
chemical composition of the MBCP ceramic was 
analyzed using X-ray diffraction (XRD, Philips PW 
1830 CuKα radiation, PW 1050 goniometer) and 
Fourier Transform Infrared Spectroscopy (FTIR, 
Nicolet, Magna-IR 550). The MBCP granules 
were composed of hydroxyapatite/β- tricalcium 
phosphate in a 60/40 weight ratio. The microand 
macro- porosity were measured by mercury 
intrusion porosimeter (AutoPoreIII, Micromeritics) 
and scanning electron microscopy (SEM, Leo 
1450VP, Zeiss, Germany). The total porosity of 
the MBCP was approximately 65-70% with 
macropores in the 260-550 µm size range. 
The microporosity was approximately 30-35% 
and corresponded to micropores of less than 
10 µm in size. The MBCP granules (1 g) were 
packaged into a glass vial and sterilized by 
ү radiation (>25 kGy). The specific surface 
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area of the MBCP was determined using the 
Brunauer-Emmett-Teller (BET) method with 
helium adsorption-desorption (Micromeritics). 
The MBCP granules were mixed with fibrin glue 
(TissucolTM Baxter BioSciences BioSurgery, 
Vienna, Austria) using a granules/fibrin glue 
volume ratio of 1:1 and 1:2 for the intramuscular 
and intrafemoral experiments, respectively. 
Typically, granules were humidified with 1.5 ml 
of sterile physiological water and then mixed 
with fibrin glue. The fibrin glue was packaged 
in a frozen kit with two syringes. The first syringe 
contained fibrinogen, fibronectin and factor XIII 
with aprotinin. The second syringe contained 
4 IU of thrombin with CaCl2. Prior to use, the 
fibrin glue kit was thawed at 370C for 30 min. 
Before mixing with fibrin glue, the MBCP 
granules were hydrated with sterile physiological 
solution. The products contained in the two 
syringes were simultaneously or sequentially 
injected onto the ceramic granules. For the 
sequential mixing, the syringe with thrombin 
was first injected onto the granules and then, 
the syringe containing fibrinogen was added. 
Regardless of the mixing method used (direct or 
sequential), the association led to the formation 
of fibrin glue on and between the ceramic 
granules. The MBCP/fibrin glue composites 
were quantitatively and qualitatively analysed. 
Ten samples were prepared for each method 
of association. The cross-linking time was 
determined visually as the onset of clotting 
formation indicated by the opacity of the fibrin 
glue. For SEM observation, the samples were 
dried by the CO2 critical point method (CPD 
010, Balzers Union, Liechtenstein). For the CPD, 
the samples were fixed in a glutaraldehyde 
solution at 3% for 20 min, then rinsed three times 
with cacodylate buffer, and dehydratation was 
performed using graded ethanol series (24 h 
for each grade), followed by pure acetone for 
48 h. Prior to the SEM observations, the blocks 
were coated with gold-palladium at 20 mA 
for 4 min (EM Scope, UK). The porosity of the 
reticulated MBCP/fibrin glue composite was 
measured in triplicate by X-ray micro-computed 
tomography (µCT, SkyScan 1072, Belgium) 
using 20 kV and 100 mA. Fibre thickness in 
the fibrin glue was determined by SEM (Leo 
1450VP, Zeiss, Germany) using back-scattered 
electrons (BSE) at 15 kV. Five SEM images 
per sample (n = 3/group) were taken and 
thickness of 10 fibres in each image were 
measured using a calibrated image analysis 
system (Leica Quantimeter 5501W, Japan). 
The anisotropy depended on the orientation 
of fibres in the fibrin glue. It was determined 
as previously using SEM images and image 
analysis. The anisotropy index was defined 
as the horizontal intercept divided by vertical 
intercept. Horizontal and vertical fibres had 
an anisotropy index of 0 and 50, respectively. 
Intermediate values corresponded to highly 
anisotropic material.

2.2 Surgical procedure, preparation of the 
composite and implantation 

All animal handling and surgical procedures 
were conducted according to the European 
Community guidelines for the care and use 
of laboratory animals (DE 86/609/CEE). The 
study protocol was approved by the ethics 
committee of the National Veterinary School 
in Nantes. Six adult female sheep with an 
average weight of 64 kg and Forty-two female 
New Zealand White rabbits (age: 15 weeks, 
body weight: 3.25-3.5 kg) purchased from a 
professional breeder (Charles River Laboratories, 
L'Arbresle, France) were used in this study. Sheep 
intramuscular implantation were performed under 
general anesthesia induced with intravenous 
diazepam (1 mg/kg) and ketamine (8 mg/kg) 

and followed by volatile anesthesia with oxygen 
and halothane. During surgery, the animals 
received an intravenous saline isotonic solution 
(NaCl 0.9%) and 1 g of amoxicillin through a 
catheter in the jugular vein. Rabbits underwent 
surgery under general anaesthesia performed 
with intramuscular injections of xylazine (5 mg/
kg, Rompun R® , Laboratoire Bayer Pharma, 
Puteaux, France) and ketamine (35 mg/kg, 
Imalg`ene 1000®, Mterial, Lyon, France) For 
the intramuscular implantation, each sheep 
received one implant bilaterally in the erector 
spinae muscles (lugissimus lumborum). Two 
skin and muscle incisions were made on each 
side of the spine, approximately 5 cm from the 
median axis of the spine. After incision of the 
skin and muscular fascia, the lumbar muscles 
were separated to provide an intramuscular 
space with a cranio-caudal direction parallel 
to the spinal axis. The extremity of the syringe 
containing the MBCP/fibrin sealant composite 
was cut and the excess fibrin sealant removed. 
About 2-3 cm3 of composite biomaterials 
were implanted into lumbar muscles. After 
implantation of the materials, the wound and 
skin flaps were immediately closed in two 
layers using resorbable sutures (Vicryl R® 4-0, 
Johnson & Johnson Intl). After surgery, the 
animals received one antibiotic (amoxicillin, i.v. 
injection 2 g/day) for 5 days and clinical follow-
up was performed during the first postoperative 
week. The sheep were housed in stables with 
unlimited food and water.

Twenty-four weeks after surgery, the animals were 
euthanized by intravenous injection of a lethal 
dose of pentobarbital (Dolethal R®, Vetoquinol, 
Lure, France). For the bone implantation, a 
longitudinal skin incision was made to expose 
the distal lateral femoral condyle. A cylindrical 
defect 6 mm in diameter and 10 mm deep was 
created at the epiphyso-metaphyseal junction by 
using a motor-driven driller (Aesculap, Tuttlingen, 
Germany). The drilling process was completed 
in 3 successive steps using burs of 2, 4, and 
6 mm in diameter. During the drilling process, 
the defect site was continuously irrigated using 
a syringe of sterile saline solution. The defects 
were then packed with sterile swabs until the 
bleeding had subsided. The bone defect was 
drilled in the centre of the lateral condyle. The 
defects were filled with the three different 
composite materials. Voids or dead spaces 
in the defect were minimized. The composites 
consisted of (i) the direct mixing group, namely 
the simultaneous application of the components 
of fibrin glue with MBCP or (ii) the sequential 
mixing group, corresponding to the addition of 
thrombin to the MBCP and subsequent addition 
of fibrinogen. The cavity was finally closed with 
an MBCP ceramic plug 6 mm in diameter and 
3 mm in length. The wound was sutured in three 
layers (Vicryl 3-0, Ethicon, Johnson & Johnson 
Intl.). The rabbits were operated on bilaterally. 
The rabbits were housed in individual boxes 
with unlimited food and water. Under general 
anaesthesia, the 42 rabbits were euthanized 
by intracardiac injection of barbiturate (Dolethal 
R®, Vetoquinol, France) at 3, 6, 12 and 24 
weeks following implantation.The femoral 
condyles were harvested and the peripheral soft 
tissue removed. The samples selected for the 
microindentation test were directly frozen and 
conserved at -200C. The other samples were 
fixed in neutral buffered formalin solution for 
7 days, rinsed in water, dehydrated in ethanol 
of increasing concentration (from 70 to 100%) 
and then in pure acetone for 48 h. For statistical 
analysis, each group consisted of 6 implants. 
Three rabbits per group and per time were 
used for histology and histomorphometry. Six 
rabbits were used for microindentation testing 
at 6 weeks for the groups composed of direct 
and sequential MBCP/fibrin mixing.

2.3 Mechanical testing of the bone-filled defects

The mechanical properties of the bone-filled 
defects were measured with micro-indentation 
testing. This non-destructive technique made 
it possible to perform further histological and 
histomorphometrical analyses on the samples 
after the test. The bone specimens were frozen 
at-20oC without fixation. The femoral epiphyses 
were cut in half along the axis of the femur in 
the middle of the trochlea using an Isomet 
diamond saw (Buehler LTD, Germany).

The two halves showed the circular defect 
in the corticospongious bone. The samples 
were progressively unfrozen for 2 h. Both 
the spongious bone surfaces and circular 
defects filled with composite materials were 
then submitted to micro-indentation tests. 
The samples were kept wet during the whole 
mechanical analysis. Micro-indentation tests were 
carried out on a computer-controlled micro-
indentation device (Fisherscope H100, Fisher, 
USA) equipped with a Vickers diamond indenter. 
In this work, ten tests at 100 mN maximum load 
were performed on each sample. The hardness 
tests consisted in a loading stage followed by 
a 20 s holding period (creep) at the maximum 
load and an unloading stage down to 0.4 mN. 
This load was then maintained for another 
creep period of 20 s. For each sample, five 
tests were performed on the trabecular bone 
surface and five tests on the implant. For each 
test, the load, penetration depth and hardness 
were monitored.

2.4 Histological and histomorphometrical analysis

The samples were soaked for 5 days in methyl 
methacrylate (Prolabo) and embedded in 
polymethylmethacrylate (PMMA) resin. Blocks 
were cut in order to eliminate excess PMMA and 
analyzed by X-ray micro-computed tomography 
(µCT, SkyScan 1072, Belgium). The X-ray 
source was operated at a voltage of 100 kV 
and current of 98 µA. The samples were rotated 
through 180o with a rotation step of 0.90o, an 
acquisition time of 5.6 s per scan and a pixel size 
of 11.8 µm. Three-dimensional reconstructions 
were then performed using the software 3D 
Creator SkyScan. The region of interest (ROI) 
was defined inside the limit of the defects. 
The volume of ceramic material, mineralized 
bone and empty space were then measured 
using X-ray micro-computed tomography 
(µCT). The µCT produced a 3 dimensional 
image of the MBCP ceramic granules and 
mineralized bone inside the femoral defect. The 
ceramic granules and mineralized bone were 
distinguished on the basis of their respective 
gray levels. The corresponding volumes were 
measured and averaged. The percentage of 
bone was calculated by dividing the volume 
of bone by the available space in the defect. 
The available space corresponded to the 
total volume of defect minus the volume of 
ceramic. For the osteoinduction experiment, 
the number (Tb.N) and thickness (Tb.Th) of 
the bone trabeculae were measured in the 
sample. The same data were determined in 
the trabecular bone taken from the vertebrae 
of the same sheep. All specimens were then 
radiographed to localize the bone defect. Each 
block was transversally cut in the middle of the 
bone defect with a circular diamond saw (Leica, 
saw microtome 1600, Germany). For each 
implant, a section of 100 µm in thickness was 
made with a diamond circular saw (Isomet® 
, Buehler LTD, Lake Bluff, USA). This section 
was used for bone-labelling. One part was 
processed for histology while the other was 
used for SEM histomorphometry.
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Thin sections (7 µm in thickness) were then 
prepared using a hard tissue microtome 
(Reichert-Jung, Supercut 2050, Germany). 
The thin sections were stained with Movat's 
pentachrome. This stain contained alcian blue, 
Weighert's iron hematoxylin, brilliant crocein, 
acid fushin and saffron. The nuclei were stained 
greyish black, collagen fibres and mineralized 
bone were coloured in yellow. The cartilage 
tissue appeared in green while osteoidwas 
coloured in red. Pictures were taken using a 
light microscope (Zeiss, Axioplan 2, Germany) 
at the magnification x100. The other part of the 
blocks was used for SEM histomorphometrical 
measurements. The cross-sectioned PMMA 
blocks were polished and sputtercoated with 
gold-palladium at 20 mA for 4 min (EM Scope, 
UK). The surfaces of the blocks were observed 
by scanning electron microscopy (Leo 1450VP, 
Zeiss, Germany) using back-scattered electrons 
(BSE) at 15 kV. Contiguous images were 
automatically taken at the same magnification of 
x35. The entire bone defect was reconstructed 
with 9 to 16 continuous images. Quantification 
was performed on these reconstructed pictures 
using a semi-automatic image analysis system 
(Leica Quantimeter 5501W, Japan). The ROI was 
defined as the outer limit of the circular defect. 
The surfaces of mineralized bone, ceramic 
and empty space were distinguished based 
on their respective grey levels and measured. 
The quantity of bone was expressed as a 
percentage by dividing the surface of bone 
by the empty surface. As before, the empty 
surface was defined as the surface available 
for bone growth and thus corresponded to the 
total circular defect minus the ceramic surface.

2.5 Bone-labelling

Two series of oxytetracycline injections 
(Terramycine 50 at 2%, Pfizer, Paris, France) 
were given to the first group of 36 rabbits. 
Fluorochromes were first injected 15 and 14 
days and then 5 and 4 days before euthanasia. 
Intramuscular injections were given at 30 mg/kg.

Two parallel fluorescent lines corresponding to 
the two injections of fluorochrome were observed 
with fluorescent light microscopy (Leica DM 
RXA, Leica®, Switzerland). The measurements 
were performed at the same magnification of 
x20. The images were recorded using a CCD 
video camera (CCD-IRIS, SONY®, Japan) 
and transferred to an image analysis system 
(Q550 MW, Leica®, Switzerland). The image 
analysis system was calibrated beforehand 
at a magnification of x20 with a graduated 
scale (Stage-micrometer B-0550, 4004-602, 
Spectra- Tech, Inc.). For each histological section, 
5 sites of double labelling were selected. On 
each site, five measurements were taken 
and averaged in order to limit experimental 
errors resulting from different cutting angles 
according to the original Frostβs procedure. 
The averaged distances were then divided by 
the number of days (10 days) between the two 
injections. The bone growth rate was obtained 
in micrometers per day [26].

2.6 Statistical analysis

All data were expressed as mean and standard 
deviation. The differences were evaluated 
with variance analysis (ANOVA) with Fisher's 
probability test significant difference (PLSD) 
post hoc test. The differences were considered 
to be significant at p < 0.05.

Results

3.1 Characterization of implant materials

The chemical, physical, biological and ultra 
structural properties of the MBCP/fibrin 
composite are summarizing in Table 1. SEM 
images of the structure MBCP, fibrin glue 
and MBCP/fibrin glue composite material 
are shown in Fig. 1.The MBCP granules have 
both macro- and micro-porosity in the 100-600 
and <10µm range respectively (Fig. 1(a)).The 
polymerization of the fibrin glue formed a 

complex network of fibres shown in Fig. 1(b).

The fibrin glue partially covered the surface and 
penetrated the microstructure of the ceramic 
material as well as providing cement between 
the ceramic granules (Fig. 1(c)). The fibrin clot 
was heterogeneous, with dense and narrowed 
mesh regions. Direct or sequential mixing 
of the fibrin glue with the MBCP ceramic 
demonstrated a similar microstructure of the 
composite material (data not shown).

After mixing, the MBCP/fibrin composites 
were used for implantation into muscles of 
sheep and for filling critical sized bone defect 
in the femoral condyle of rabbits. Figure 1(d) 
shows a three dimensional reconstruction 
using µCT technique of MBCP/fibrin implants 
after intramuscular implantation for 24 weeks. 
In the 3D image, the MBCP ceramic granules 
appeared in orange while the mineralized bone 
was in light gray depending on their respective 
X-ray absorbance. Superposition of mineralized 
bone and ceramic gave a brown color.

3.2 Histological and histomorphometrical 
observations 

In intramuscular sites of sheep, histological 
sections of the MBCP/fibrin implants show 
newly formed bone using both polarized light 
microscopy and Movat's pentachrome staining 
(Fig. 2). Organized collagen fibers with abundant 
osteocytes and osteonal systems were clearly 
visible between the MBCP granules by using 
polarized light (Fig. 2(a)). Mineralized and 
mature bone tissuewas in direct contact and 
bridged the MBCP granules. The ectopic bone 
was surrounded by muscle tissue (Fig. 2(b)). 
Back scattered electron micrographs of the 
MBCP/fibrin material are shown in Fig. 3. Only 
the MBCP ceramic granules and mineralized 
bone were noticeable. These two structures 
can easily be distinguished by their grey levels 
and morphology. Newly formed bone was not 
homogeneous but limited to the implantation 

SEM micrographs of the MBCP granules (a) 
showing a macromicro- pourous surface and 
the fibrin clot formed alone (b) or on the MBCP 
granules (c). Note the fibrin fibers penetrating 
the microporous surface. Micro-computed 
tomography global view image (d) of MBCP/fibrin 
implants after intramuscular implantation for 24 
weeks in sheep back muscles. Orange: MBCP 
granules, grey: bone and yellow: muscle tissue

Fig 4.
A. A.

B. B.
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site (Fig. 3(a)). Bone tissue was well mineralized 
with numerous lacunae. Ectopic bone formation 
appeared in direct contact to the ceramic 
granules andwas observed inside and between 
the calcium phosphate particles (Fig. 3(b)). In 
critical sized bone defect of rabbits, the bone 
ingrowth was observed using histology and 
SEM for the two different materials after 3, 6, 12 
and 24 weeks of implantation (Fig. 4). For both 
group, MBCP/fibrin direct mixing (Figs. 4(a)-(d)) 
and MBCP/fibrin sequential mixing (Figs. 4(e)-

(h)), the MBCP ceramic granules appeared in 
light gray and mineralized bone being more 
greyish. For the two groups, the bone defects 
filled with the composite materials, showed 
mineralized bone tissue growing centripetically 
in between the ceramic granules. Newly formed 
bone tissue was in direct contact with the 
MBCP granules. These SEM observations 
demonstrated the osteoconductive properties 
of the two composite materials prepared by the 
direct or sequential methods. With increasing 

implantation time, the quantity of mineralized 
tissue appeared to be more abundant. Movat's 
pentachrome staining corroborated bone tissue 
apposition previously observed at the surface 
of the MBCP granules with SEM. After 3 weeks 
of implantation, the calcium phosphate ceramic 
granules were homogeneously distributed 
over the bone defect. At this early stage, newly 
formed bone was observed in the groups with 
an osteoid layer. After 6 weeks, the sections 
showed a homogenous mineralized tissue 

Histology pictures of MBCP granules with fibrin 
glue after intramuscular implantation for 24 weeks 
in sheep back muscles. (a) Polarized light images 
showing mineralized bone with osteocytes (O) 
and Haversian (H) structures formed between 
the MBCP granules. (b) Histological images 
showing a bone trabecula between the MBCP 
granules (Movat’s pentachrome stain). 

BSE images ofMBCPgranules after intramuscular 
implantation for 24 weeks into the back muscles 
of sheep. Note ectopic bone trabeculae formed 
between the MBCP granules and inside the 
macropores (a) and the formation of well 
mineralized bone with osteocytes (b) White: 
MBCP granules, grey: bone, black: muscle tissue.

Fig 2.

Fig 3.

A. A.

B. B.

Table 1

Chemical composition

Physical properties

Biological composition

Ultra structural properties

MBCP

HA  
(%wt)(1) 
60 ± 2

Size of granules 
(mm) 
1-2

Fibrinogan concentration 
(mg/ml) 
100

Anisotropy(4) 

Average*

Density(4) 

Very Low*

Pore size(4) 

0.7 ± 0.006

β-TCP 
(%wt)(1) 
40 ± 2

Total porosity 
(%)(3) 
70

Thrombinconcentration 
(Ul) 
4

Size of micropore 
(3)(µm) 
450 ± 49

Global porosity 
(%) 
60

Size of micropore 
(3)(µm) 
0.43 ± 0.2

Reticulation time 
(s) 
60

Thickness of the fibers 
(µm)(4) 
0.10 ± 0.04

Ca/P   
 
40 ± 2

Specific Surface 
area(m2/g)(2) 
1.8 ± 0.1

MBCP

Fibrin glue

MBCP/Fibrin 
glue composite

(1) Analyzed by XRD; 
(2) Analyzed by BET; 
(3) Analyzed by Hg porosimetry; 
(4) Analyzed by SEM with image analysis;

*Comparing to MBCP/fibrin glue composite with 500 or 50 UI of thrombin.

Chemical, physical, biological and ultra structural properties of MBCP granules, fibrin glue and MBCP/fibrin glue composite material
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over the implantation site with most bone 
formation than after 3 weeks of implantation 
(data not shown).

3.3 Quantitative bone analysis

After 24 weeks of implantation into muscles 
of sheep, histomorphometrical analysis was 
performed for the MBCP/fibrin implants using 
two methods, SEM and µCT. The BSE method 
gave a percentage of bone significantly lower 
than the µCT method for the composite implants, 
6.7±3.7 and 17.0±2.2, respectively. The X-ray 
microtomography technique provided with the 
number of trabeculae (NTb, 15.6±3.2X10-3 µm-1) 
and thickness of the trabeculae (216±32 µm) 
for the ectopic bone formed in the MBCP/fibrin 
implants. These data were similar to the number 
(16.1±3.6X10-3 µm-1) and thickness (278±40 µm) 
of the trabeculae measured in the trabecular 
bone of the vertebral body (p < 0.01). Figure 
5 shows the percentage of bone growth in the 
critical sized defects determined by the two 
histomorphometrical methods, SEM and µCT, 
in relation to materials and implantation time.

The SEM and image analysis method provided 
with a two dimensional quantification of 
bone growth while µCT gave a volumetric 
measurement. Regardless of which 
methodwas used, the quantity of bone 
increased with implantation time in both 
groups. The amount of bone was lower at 
3-6 weeks than at 12-24 weeks of implantation 
(p < 0.05). This difference in bone growth might 
be related to bone healing and remodelling 
in the early stages. For the MBCP/fibrin direct 
mixing group, the quantity of bone increased 
similarly with implantation time regardless of 
measurement method.

After initial growth, a plateau was reached at 
6-12 weeks and the quantity of bone increased 
again at 24 weeks. In the case of the MBCP/
fibrin sequential mixing group, the bone growth 
was initially greater at 3 weeks than at 6 weeks. 
After 12 and 24 weeks, the quantity of bone 

measured by the two methods was higher 
than at 6 weeks.

The bone labelling was performed to determine 
the bone growth rate. Two injections of 
oxytetracycline at 10 day intervals prior to 
euthanasia allowed the observation of the 
mineralized fronts under fluorescent microscopy. 
The distance between this two fonts lines 
divided by the number of day between the 
two injections is equivalent to the bone growth 
rate. For both groups and all the implantation 
time, the bone growth rates were between 1.5 
to 2.1 µm/day. After 3 weeks, the sequential 
mixing preparation gave the most important 
growth rate. Nevertheless, after implantation 
for 12 and 24 weeks, the sequential mixing 
group gave again the highest rate of bone 
growth (data not shown). These values were 
comparable to previously published data giving 
1.9 1 0.3 µm/day in rabbit femurs [27]. Table 
2 shows the results of micro-indentation tests 
performed on the two composite materials 
after 6 weeks of implantation, comparing to 
the surrounding trabecular bone.In agreement 
with previously published data, the trabecular 
host bone exhibited a hardness of 180.7±64.1 
N/mm2 and a Young's modulus of 7.4±2.2 
GPa [28]. The values obtained for the MBCP/
fibrin direct mixing group were slightly lower 
but significantly lower for the MBCP/fibrin 
sequential mixing group.

Discussion

Calcium phosphate ceramic are widely used 
in the reconstruction of bone defects. Many 
studies have shown their bioactivity and 
osteoconductive properties. Nevertheless, these 
synthetic materials generally lack osteogenic 
properties to regenerate bone tissue over large 
or critical sized bone defect [29]. Moreover, 
bioceramics in the form of blocks or granules 
are not easy to handle and to maintain in the 
surgical sites while empty spaces between 
bone tissue and filling material are often 
present. The addition of fibrin glue provides 

with a biological liquid matrix that forms a gel 
around the ceramic granules to fit the anatomy 
of the bone defects [30]. In this study, we have 
associated fibrin glue to a bioceramic to improve 
the mouldable and osteogenic properties of 
the synthetic material. Due to the setting time 
of the fibrin (around 10 min), the composite 
materials were easily placed whether in the 
paravertebral muscles of sheep or in the femoral 
defect of the rabbit. Osteogenic properties of 
materials are described by both osteoconductive 
and osteoinductive properties [8- 10, 31, 32]. 
Osteoinduction by materials is a complex 
phenomenon, not yet fully understood and 
being both material- and animal-dependant. 
In our study, a composite made of MBCP 
granules and fibrin glue induced both ectopic 
bone formation in sheep muscles and bone 
healing in critical sized defects in rabbit femurs. 
Ectopic bone formation was observed in direct 
contact to the granules, inside the macropores 
and bridging the particles forming trabeculae. 
Newly formed bone appeared wellmineralized, 
containing osteocytes and exhibiting Haversian 
structures. The quantity of ectopic bone was 
about 6.7% with BSEM method and 17% with 
µCT method. The number and thickness of the 
bone trabeculae were comparable with those 
measured in spongious bone in the same 
animal. The fibrin glue is well known for its 
properties regarding cell attraction, proliferation 
and differentiation in the wound healing process 
[15, 33]. Despite all these biological properties, 
the osteoinductive potential of fibrin glue is 
not clearly understood. After intramuscular 
implantation for 24 weeks, mineralized bone 
tissue, neither exhibited cartilage tissue nor 
chondrocytes. The newly formed bone inside 
the MBCP/fibrin material had probably followed 
the route of intramembranous ossification [36]. 
Surface microstructure of the bioceramics plays 
a key role in bone formation and healing [11]. 
Bone formation may be due to an inflammatory 
reaction produce by the local release of micro 
particles from the surface of the biomaterial [37]. 

The degradation of the blood clot within a 
bone fracture might also provoke a local 

A.

A.

B.

B.

C.

C.
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inflammatory reaction. In our study, the fibrin 
glue mixed with bioceramics might also 
provoke a local inflammatory reaction which 
promotes the proliferation and differentiation of 
mesenchymal stem cells to form bone tissue 
[38]. Vascularization is also considered to be a 
crucial step in osteogenesis.Several studies have 
reported the benefits of fibrin glue onto wound 
healing and even osteogenesis [39, 40]. In the 
present study, blood vessels were observed 
both macroscopically and histologically (data 
not shown). The blood vessels were observed 
in between the MBCP ceramic granules and 
near mineralized bone tissue. Nevertheless 
the results of these works have not made it 
possible to drawconclusions about the effect 
of fibrin glue on bone formation in ectopic 
sites. In fact, the fibrin clot degraded within two 
weeks whereas newly formed bone is usually 
observed after 6-12 weeks in muscles [22, 41]. 
Fibrin glue component (fibrinogen, thrombin, 
fibronectin) may act just after implantation in 
the early stage of ectopic bone formation [42]. 
The fibrin glue also form a similar blood clot as 
it observed after a bone fracture. Degradation 
of this clot generally occurred in a few days 
[34]. The products of degradation and the 
macrophagic cells involved in this pathway 
allow the recruitment of many cell populations, 
like osteoprogenitor cells, in the bone fracture 
site. A neo vascularisation process occurred 
in the bone defect while an abundant extra 
cellular matrix is produced by the osteoblastic 
cells and mineralized in a second time. This 
woven bone is involved in the process of bone 
turn over and remodelled by the synergistic 
action of osteoblastic and osteoclastic cells 
according to the Wolff's law [35].

With these MBCP/fibrin composites, we 
attempted to induce bone formation in the 
muscle of sheep and to mimic the bone healing 
process of fractures. In the rabbit experiment, 
combination between fibrin glue and bioceramic 
was performed whether by direct mixing or 
by a sequential application of the fibrin glue 
component. These two associations aimed to 

show the influence of the adsorption of thrombin 
onto the MBCP granules on the mechanical 
and osteogenic properties of the composite 
material. Bone healing was observed after 
implantation of both materials in a rabbit bone 
defect. As shown in Fig. 5, for both materials, 
after an initial bone growth, the quantity of 
newly formed bone reached a plateau and 
finally increased. The plateau may correspond 
to the period of remodelling process occurred 
between 3 and 12 weeks. Slight differences are 
observed in bone quantity with implantation 
time between the materials. Bone remodelling 
process seems to be observed after 6 weeks 
of implantation, the group of MBCP/fibrin 
glue mixed sequentially while MBCP/fibrin 
direct mixing material produced later bone 
remodelling, between 6 and 12 weeks. These 
differences in the bone healing process can be 
explained by the different osteogenic properties 
of each composite material. This delay may also 
explain the difference in mechanical strength 
observed for the two composite materials 
after 6 weeks of implantation (Table 2). At 
this time, The MBCP/fibrin glue direct mixing 
material exhibits a better mechanical strength 
than the sequential one. A good correlation 
was therefore observed between the quantity 
of bone and the mechanical strength in the 
material-filled femoral defects. The difference 
of mechanical strength between these two 
composite materials could be also explained by 
their mode of preparation: direct or sequential 
mixing method. In the first process, the three 
main components of the composite material, 
fibrinogen, thrombin and MBCP granules, 
were simultaneously mixed. In the second 
one, thrombin component was first adsorbed 
onto the surface of MBCP granules and then 
mixed with fibrinogen. Qualitatively, we noticed 
that the direct mixing provided better initial 
strength for the MBCP/fibrin glue composites 
than the sequential mixing. The direct mixing 
association of the three components may lead 
to the formation of a 3 dimensional network 
of fibrin fibres in which the granules are fully 
incorporated. By using the sequential mixing 

association, the network formation appeared 
with different biophysical properties. The network 
may be weaker with diffuse fibres into the 
composite than for the direct mixing method

Conclusion

The osteogenic property of MBCP/fibrin glue 
composite materials was studied using two 
animal models, intramuscularly in sheep and 
intraosseously in rabbits using a critical sized 
bone defect. Bone tissue had formed ectopically 
in contact with the surface of the ceramic after 
24 weeks. The newly formed bone appeared 
well-mineralized, forming trabeculae between 
the granules, and had characteristics similar 
to those of cancellous bone. Bone growth 
in the femoral defects of rabbits filled with 
the MBCP/fibrin materials increased with 
implantation time. The newly formed bone was 
in direct contact with the MBCP granules and 
progressed centripetally. The sequential mixing 
of the fibrin components seemed to initiate an 
early bone remodeling but resulted in poor 
mechanical properties for the bone defect 
filled with the MBCP/fibrin glue composite. 
In summary, these MBCP/fibrin composite 
materials exhibited interesting biological and 
mechanical properties for filling large bone 
defect. These composites may also be used 
in combination of bone marrow cells for bone 
tissue engineering applications. 
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BSE micrographs of the different MBCP/fibrin materials after 3 (a,e), 
6 (b, f), 12(c, g) and 24 (d, h) weeks of implantation. The MBCP/
fibrin direct mixing group (a, b, c, d) and MBCP/fibrin sequential 
mixing group (e, f, g, h). Newly bone was formed between the 
MBCP granules from the edge towards the centre of the defect. 
(White: MBCP granules, gray: bone and black: connective tissue)

Fig 4.
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Time of implantation(week)

Time of implantation(week)

SEM

CT

Bone growth in the two different materials after 3, 6, 12 and 24 
weeks of implantation into critical sized defects in the femoral 
epiphysis of rabbits. For the SEM technique, bone growth was 
expressed as a percentage by dividing the surface of the bone 
by the surface of the empty space. For the µCT technique, the 
percentage of bone was obtained by dividing the volume of 
bone by the empty volume.

Micro indentation testing of the different MBCP/fibrin materials 
after implantation for 6 weeks in rabbit femoral epiphyses. 
Mechanical testing of trabecular bone was used for comparison. 

Fig 5.

Materials

Trabecular bone
(n = 40)

4.8 ±1 0.9 180.7±64

118.6±60.6

2±1.1

9.7±2.4

53.6 ±11.4

MBCP/fibrin (direct mix.)
(n = 20)

MBCP/fibrin (sequential mix.)
(n = 20)

Penetration 
depth(m)

Hadness 
(N/mm2)

Table 2
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MIS’s Quality System complies with international quality 
standards: ISO 13485:2003 - Quality Management System 
for Medical Devices, ISO 9001: 2008 – Quality Management 
System and CE Directive for Medical Devices 93/42/EEC. MIS’s 
products are cleared for marketing in the USA and CE approved.




