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ABSTRACT

Volumetric bone regenerative efficacy of biphasic calcium 

phosphate-collagen composite block loaded with rhBMP-2 in 

vertical bone augmentation model of a rabbit calvarium

Jin-Woo Kim, D.D.S., M.S.D.

Department of Dentistry

The Graduate School, Yonsei University

(Directed by Professor Kyoo-Sung Cho, D.D.S., M.S.D., PhD.)

Objective: Block-type biphasic calcium phosphate (BCP) carriers are more effective 

at delivering recombinant human bone morphogenetic protein-2 (rhBMP-2) in various 

clinical situations than are particle-type carriers, due to their potential for highly 

successful three-dimensional bone regeneration. The aim of present study was to 

confirm the bone-regenerative capabilities of three-dimensional BCP blocks with a 

low hydroxyapatite/β-tricalcium phosphate ratio (20/80) combined with collagen 

(10%wt) as an rhBMP-2 delivery system in a craniofacial vertical bone augmentation 

model. 
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Material and Methods: BCP blocks and BCP-collagen blocks (with average 

macropore sizes of 296 and 390 μm, respectively) with or without rhBMP-2 were 

fixed with osteosynthesis screws to the calvarial surface of rabbits. After 8 weeks, 

histologic and histomorphometric analyses were performed to evaluate the resulting 

new bone area, augmented area, bone density, and degree of integration. 

Results: The area of new bone was significantly greater in specimens containing 

rhBMP-2 than in the non- rhBMP-2 group (p<0.05). Moreover, the area fractions of 

newly formed bone within the augmented area and a degree of integration between 

the regenerative bone and the calvarium were both significantly greater in the BCP-

collagen/rhBMP-2 group than in the BCP/rhBMP-2 group (p<0.05), whereas the two 

carrier systems exhibited similar rhBMP-2 release profiles, with sustained and linear 

release. The BCP and BCP/rhBMP-2 blocks exhibited excellent structural integrity, 

with large fragments of residual BCP. 

Conclusion: BCP-collagen composite block exhibited enhanced osteoinductive 

potential and could be a good candidate as a carrier of rhBMP-2 due to its 

characteristics of favorable volumetric stability, ease of handling, and excellent 

remodeling properties.

KEYWORDS: vertical bone augmentation, biphasic calcium phosphate-collagen 

carrier, rhBMP-2, bone regeneration
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Volumetric bone regenerative efficacy of biphasic calcium 

phosphate-collagen composite block loaded with rhBMP-2 in 

vertical bone augmentation model of a rabbit calvarium

Jin-Woo Kim, D.D.S., M.S.D.

Department of Dentistry

The Graduate School, Yonsei University

(Directed by Professor Kyoo-Sung Cho, D.D.S., M.S.D., PhD.)

I. INTRODUCTION

Onlay autografting is one of the most reliable methods for craniofacial vertical 

bone augmentation in the treatment of bone defects or resorption sites in the oral-

maxillofacial, orthopedic, and dental fields (Rocchietta et al., 2008; Tamimi et al., 

2009). However, these autografts have inherent donor-site limitations, including 

insufficient bone volume, donor-site morbidity, and discomfort (Aichelmann-Reidy 

and Yukna, 1998). One particularly promising approach involves doping a 

biodegradable carrier with growth factors or other bioactive molecules in order to 
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heighten the tissue responses and accelerate healing. Recombinant human bone 

morphogenetic protein-2 (rhBMP-2) possesses the ability not only to stimulate the 

differentiation of uncommitted mesenchymal stem cells and other target cells along 

the osteogenic lineage, but also to enhance the differentiated function of osteoblasts. 

However, optimal bone formation appears to require a suitable carrier matrix, because 

when rhBMP-2 is administered in solution, it does not retain significant activity in 

vivo due to its short half-life.

Biphasic calcium phosphates (BCPs) have been investigated extensively as a 

carrier of rhBMP-2 amongst various biomaterials because of their volumetric 

stability; they are able to overcome soft-tissue compression and sustain micro-

macroporosity, allowing the attachment and proliferation of osteogenic cells on their 

surface (Haidar et al., 2009). The BCPs comprise a mixture of the more stable 

hydroxyapatite (HA) and the more soluble β-tricalcium phosphate (β-TCP), with 

varying HA/β-TCP ratios (Alam et al., 2001). In practical applications block-type 

BCP can be used for the correction of large bony defects to provide sufficient space 

integrity and augment the tissue with the appropriate shape. Block-type carriers are 

more beneficial than particle-type carriers in various clinical situations because they 

increase the likelihood of three-dimensional bone regeneration. Recent research has 

found that BCP blocks loaded with bioactive peptides promote the greatest amount of 

bone formation and are gradually replace by new bone (Basu et al., 2009).

However, one problem with BCP block carriers is the limited in-vivo resorption 
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and remodeling inside the BCP block as a result of rapid bone formation along the 

surface of the scaffold block (Kim et al., 2011). One experimental study found that 

the regenerated bone was restricted to the outer edge of the ceramic block, with the 

new bone formation having been obstructed inside the block-type carrier, thereby 

potentially compromising the mechanical properties of the augmented tissue (Barboza 

et al., 2000; Kim et al., 2011). Another problem is that the initial release of rhBMP-2 

is insignificant because of the high affinity between HA and rhBMP-2 (Noshi et al., 

2001).

There are additional disadvantages that need to be addressed, such as the poor 

biodegradability and brittle nature of BCP when it is fabricated as a block scaffold 

(Jegoux et al., 2009). Furthermore, it is difficult to modify the shape of block-type 

BCP when applying it to body sites with different morphologies during surgery. By 

comparison, it has been shown that it is possible to mold collagen to the desired shape 

because of its excellent tensile and shear mechanical properties, and that it is resorbed 

to a greater degree following implantation in animals, in spite of the initial burst 

release of rhBMP-2 and the absence of any structural integrity (Jung et al., 2011). It is

essential that the block-type scaffolds used in bone augmentation onlay procedures 

can be implanted without the material breaking apart or migrating from the 

implantation site. Therefore, in an attempt to improve the poor in-vivo attributes of 

the BCP block as an rhBMP-2 carrier, BCP was mixed with organic collagen in this 

study. Recent studies have demonstrated that BCP-collagen composite blocks are 

easily soak-loaded with rhBMP-2 solution or buffer for easy application, and can be 
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trimmed to the desired contour (Barnes et al., 2005; Kraiwattanapong et al., 2005; 

Miranda et al., 2005). When in situ, BCP-collagen blocks appear to provide rigidity 

and resistance to compressive forces (Miranda et al., 2005).

We designed a biodegradable scaffold of an organic-inorganic composite 

combined with the controlled release nature of rhBMP-2 as a strategy to overcome the 

material-associated problems. Hence, the objective of the present study was to 

confirm the bone-regenerative capabilities of three-dimensional BCP blocks 

combined with collagen as an rhBMP-2 delivery system in a craniofacial vertical 

bone augmentation model.
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II. MATERIALS AND METHODS

1. Scaffold preparation

Scaffold 1: BCP composite blocks (MBCP+, Biomatlante, Vigneux de Bretagne, 

France) were made with or without rhBMP-2. The BCP circular block (3 mm high 

and 8 mm in diameter, weighing 0.13 g) was composed of HA and β-TCP at a ratio of 

20/80 (by weight) with a global porosity of around 80% (80% macroporosity and 

20% microporosity).

Scaffold 2: BCP-collagen composite blocks (MBCP+/collagen, Vigneux de 

Bretagne, France, Biomatlante) were made by mixing solutions of collagen in a 

disintegrator with a predefined amount of BCP powder for 1 min to prepare a 90%wt 

mixture of BCP-collagen in solution.

Micromorphology: The surfaces of the scaffold were evaluated using a scanning 

electron microscope (S-4300, Hitachi, Tokyo, Japan), and the distribution and size of 

the micropores were evaluated by micro-computed tomography (μCT; SkyScan 1072, 

SkyScan, Aartselaar, Belgium).

Loading rhBMP-2 onto the scaffold: Chinese-hamster-ovary-cell-expressed 

rhBMP-2 (Korea Bone Bank, Seoul, Korea) was reconstituted and diluted in distilled 

water to a concentration of 0.1 mg/ml. Each scaffold was loaded with 0.1 ml of the 
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rhBMP-2 solution to obtain an implanted amount of 10 μg of rhBMP-2 into each 

defect. After allowing 10 min for the rhBMP-2 to adsorb to the surface of each 

scaffold block, the block was implanted into a preformed flat calvarial area in the 

skull of New Zealand white rabbits.

2. Scaffold preparation

The in-vitro release of bone morphogenetic protein (BMP)-2 occurred over a 

period of 14.5 days and a cumulative release curve was plotted. Each scaffold was 

immersed overnight in 1 ml of the rhBMP-2 solution to a concentration of 10 μg/ml. 

The blocks loaded with rhBMP-2 were then placed into cryotubes (Thermo Fisher 

Scientific, Waltham, MA, USA) containing 1 ml of phosphate-buffered saline (pH 

7.4) and incubated at 4ºC with continuous agitation. The supernatants were collected 

and the tubes were replenished with fresh buffer at the following time points: 0.5, 1.5, 

2.5, 4.5, 6.5, 8.5, 10.5, 12.5, and 14.5 days. The amounts of BMP-2 in the 

supernatants were determined with an enzyme-linked immunosorbent assay (ELISA) 

kit (Human/Mouse/Rat BMP-2 Quantikine Colormetric Sandwich ELISA, Catalog 

DBP200, R&D Systems, Minneapolis, MN, USA); these procedures were performed 

following the manufacturer’s instructions. The optical density of each well was 

determined at 450 nm using an absorbance microplate reader (ELx800, BioTek 

Instruments, Highland Park, IL, USA).
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3. Animals and surgery

Sixteen adult New Zealand white rabbits weighing 3.0–3.5 kg were used in this 

study. Each rabbit was anesthetized, had its head shaved, and the cutaneous surface 

was then disinfected with povidone iodine solution prior to the operation. A 15-cm-

long, full-depth incision was made on the linea media of the calvarium in each animal, 

and the periosteum was separated from the bone surface with a periosteal elevator. A 

trephine bur (8.0 mm outer diameter; ACE Surgical Supply Company, Brockton, MA, 

USA) was then used to mark two bilateral circular graft areas, and a round bur was 

used to flatten the marked area. The implants were secured with osteosynthesis 

titanium screws (1.5-mm-diameter and 6-mm-long self-drilling screws; truFIXix 

fixation system, ACE Surgical Supply) side by side on the anterior part of the exposed 

cranium (Fig. 1). The periosteum was closed with polyglactin 5-0 sutures (Vicryl, 

Ethicon, Menlo Park, CA, USA) and the skin closed with glyconate 4-0 sutures 

(Monosyn, Braun Melsungen, Melsungen, Germany). The animals were killed 

8 weeks thereafter. The animal selection, management, surgical protocols, and 

preparations were all carried out in accordance with the guidelines approved by the 

Institutional Animal Care and Use Committee, Yonsei Medical Center (Seoul, Korea), 

and adequate measures were taken to minimize any pain and discomfort to the 

animals (approval number 2010-0112).
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4. μCT analysis

After killed, the harvested calvaria were scanned with a μCT scanner (SkyScan 

1072; SkyScan) to confirm the extent of any augmented tissue and to evaluate the 

degree of integration with the native bone. Scanning was performed with a resolution 

of 35 μm and a scanning width of 68 mm, in the direction parallel to the coronal 

aspect of the calvarial bone. Digital microradiographic images were acquired at 

100 kV and 100 μA. The area of interest was reconstructed using OnDemand3D 

software (Cybermed, Seoul, Korea)

5. Histologic and histometric procedures and evaluations

At 8 weeks after surgery the rabbits were killed by CO2 asphyxiation. Block sections 

that included the experimental sites were removed and fixed in 10% neutral-buffered 

formalin for 10 days. The samples were decalcified using 5% formic acid for 14 days 

and then embedded in paraffin. Serial 7-μm-thick sections were cut and then stained 

using hematoxylin-eosin and Masson’s trichrome, and then examined by optical and 

polarized microscopy (BX41 Laboratory Microscope, Olympus Optical, Tokyo, 

Japan). The central-most section from each block was selected for histologic and

histometric evaluation.

Computer-assisted histometric measurements were acquired using an automated 
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image-analysis system (Image-Pro Plus; Media Cybernetics, Silver Spring, MD, 

USA) coupled with a video camera attached to an optical microscope. The sections 

were reviewed by one experienced, blinded examiner (J.H.Y.) in duplicate to 

minimize intraexaminer errors, and examined at magnifications of ×40 and ×400. The 

following histometric parameters were measured (Fig. 2):

i) Augmented area (mm2): all tissues within the boundaries of the each 

scaffold (i.e., new bone, adipose tissue, fibrovascular tissue/marrow, and 

residual biomaterial).

ii) New bone area (mm2): the area of newly formed bone within the total 

augmented area.

iii) Bone density (%): the percentage of new bone area in the augmented area, 

meaning all tissues within the boundaries of the scaffold (i.e., mineralized 

bone, fibrovascular tissue, bone marrow, and residual biomaterials used as 

a carrier).

iv) Degree of integration (%): the percentage integration between new bone 

and native bone (Fig. 3). The regenerative bone was considered to be 

integrated histologically when there was continuous bridging of new bone 

across the imaginary line connecting both sides of the original bone.
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6. Statistical analysis

The statistical analysis was performed using a commercially available software 

program (SPSS 15.0, SPSS, Chicago, IL, USA). Histomorphometric records were 

used to calculate the mean±SD values of the group. A Kruskal-Wallis test was used to 

analyze the effects of time and experimental condition. The post-hoc Bonferroni test 

was employed to analyze differences between the groups (p<0.05).
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III. RESULTS

1. Micromorphology

Scanning electron microscopy and μCT evaluation of both scaffolds (i.e., with 

and without collagen) showed that the macropores were interconnected and well 

distributed throughout the scaffolds (Fig. 4). High-power observation revealed that 

micropores smaller than 10 μm were also well organized on the surface of the 

scaffolds. The macropore size varied from 100 to <600 μm for BCP (with an average 

macropore size of around 296 μm), and from 100 to <750 μm for BCP-collagen (with 

an average macropore size of around 390 μm). The volume mineral amount of BCP 

block was 89.3mm3 (56.6% of the total block volume) and 63.9 mm3 (40.5% of the 

total block volume). Representative μCT images of harvested calvaria demonstrated 

both integration of the grafted bone with the cranium, and tissue augmentation. 

However, it was not possible to distinguish new bone from ceramic remnants during 

the experimental period (Fig. 1).

2. rhBMP-2 release assay

In order to understand the kinetics of rhBMP-2 liberation from each of the 

scaffolds, rhBMP-2 release was quantified in vitro using an ELISA assay at various 
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time points over a 14.5-day period (Fig. 5). After immersion in 1 ml of the rhBMP-2 

solution to a concentration of 10 μg/ml overnight, the absorption ratio of rhBMP-2 

was 94.9% (9.49 μg) for the BCP blocks and 77.7% (7.77 μg) for the BCP-collagen 

blocks. The total amount of rhBMP-2 released after 14.5 days was 1.92±0.05 μg from 

the BCP blocks and 2.32±0.15 μg from the BCP-collagen blocks. The amount of 

absorption and release of rhBMP-2 appeared to be similar between the BCP blocks 

and the BCP-collagen blocks, such that the ratio of cumulative release to initial 

absorption amount was 20.2% and 29.8% for the BCP and BCP-collagen blocks, 

respectively. The differences were not statistically significant (p>0.05, Mann-

Whitney U test). The release of rhBMP-2 from the scaffolds exhibited linear release 

kinetics in vitro for both delivery systems.

3. Clinical observations

No complications were noted during the fixation of onlay implants, and the 

animals healed normally. Upon implant recovery, no signs of inflammation were 

apparent for either the BCP or the BCP-collagen blocks, and both appeared to be 

integrated and vascularized. Moreover, no loosening of the screws or blocks was 

observed.
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4. Histologic observations

A single specimen from each of the BCP and BCP-collagen groups was excluded 

because of technical complications. Within the area delimited by the regenerated bone, 

a high degree of bone-to-graft contact was discernible in all groups (Fig. 6). However, 

new bone formation inside the scaffold varied widely between the rhBMP-2 

containing group and the non-rhBMP-2 group. New bone formation was observed 

adjacent to the fixation screw and along the lower border of the scaffold in the BCP 

and BCP-collagen groups, whereas in the groups containing rhBMP-2, an even 

distribution of the new bone was observed throughout the scaffold. In general, the 

amount of newly formed bone appeared to be considerably higher in groups treated 

with rhBMP-2 than in nontreated groups. Abundant residual biomaterials were 

observed and remained largely unresorbed, especially in the BCP and BCP/rhBMP-2 

groups. Adipose tissue formation with blood-vessel insertion was a common finding 

in the newly formed bone, which had an advanced healing pattern (i.e., lamellation 

and cement lines were observed), as confirmed by Masson’s trichrome staining 

(Fig. 7).

5. Histometric analysis

The histometric measurements are summarized in Fig. 8 and Table 1. Volumetric 

tissue augmentation was achieved, and the total augmented area differed significantly 

between the carriers. The BCP blocks exhibited excellent tissue augmentation 
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compared to the BCP-collagen blocks, regardless of the presence of rhBMP-2. The 

area of newly formed bone was significantly greater in the rhBMP-2-treated groups 

than in the nontreated groups, and greater in the BCP/rhBMP-2 group than in the 

BCP-collagen/rhBMP-2 group. Bone density was measured by calculating the 

percentage of new bone area in the total augmented area, including all tissues within 

the boundaries of the defect. Bone density was higher in the BCP-collagen/rhBMP-2 

group than in the BCP/rhBMP-2 group. The specimens were examined qualitatively 

for the extent of fusion between the regenerated and original bone. The regenerated 

bone was considered to be integrated histologically when there was a continuous 

bridge between the new bone and the cranium across an imaginary line connecting the 

top sides of the pristine bone. The degree of integration was highest in the BCP-

collagen/rhBMP-2 group.



15

Table 1. Histometric analysis (N=7). [Values are represented as group mean ± 

standard deviation (SD) (mm2 or %)].

Augmented area 
(mm2)

New bone area 
(mm2)

Bone Density
(%)

Degree of integration
(%)

BCP 15.2 ± 0.9 4.1 ± 1.6 26.9 ± 10.0 51.8 ± 11.7 

BCP/collagen 13.1 ± 3.1 a 2.3 ± 0.8 a 23.3 ± 6.6 53.5 ± 6.7 

BCP/rhBMP-2 16.7 ± 0.7 a, b 6.9 ± 0.7 b 40.9 ± 3.2 a, b 62.9 ± 10.4 a

BCP/collagen/rhBMP-2 10.4 ± 1.0 a, c 5.2 ± 0.6 b, c 49.9 ± 1.8 a, c 79.5 ± 15.1 a, b, c

a Statistically significant difference compared to the BCP group (p < 0.05)

b Statistically significant difference compared to the BCP/collagen group (p < 0.05)

c Statistically significant difference compared to the BCP/rhBMP-2 group (p < 0.05)
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IV. DISCUSSION

The block-type carrier, composed of various biomaterials, is advantageous for 

rhBMP-2 delivery due to its structural integrity. HA has remarkable mechanical 

stability and poor biodegradability, whereas β-TCP has an excellent absorption rate 

and is more brittle. This has led to many studies mixing HA and β-TCP to make a 

block-type carrier (Kim et al., 2011; Tamimi et al., 2009). However, these BCP blocks 

have shortcomings, such as clinically poor handling properties and limited 

biodegradability (Seeherman and Wozney, 2005). In the present study, collagen was 

incorporated into BCP blocks to improve their resorption rate and manipulation 

properties. The findings demonstrated that the bone quality within regenerated tissue

was significantly better in the composite block composed of collagen and BCP at a 

low HA/β-TCP ratio (20/80), as indicated by the bone density and degree of 

integration being significantly higher in the BCP-collagen/rhBMP-2 group than in the 

BCP/rhBMP-2 group.

Consistent with the current focus of maximizing the potential of BMPs for 

vertical augmentation, there have been many efforts to design appropriate carriers to 

provide local delivery of rhBMP-2 for better promotion of osteoprogenitor 

colonization and subsequent bone regeneration within a specific site (Jung et al., 

2008; Matsuno et al., 2006; Sawyer et al., 2009). In all of these carriers, BCP blocks 

(three-dimensional biodegradable materials with a porous structure) have been tested 
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extensively as a carrier system for rhBMP-2 (Alam et al., 2001; Jang et al., 2011; 

Jung et al., 2008). The BCP concept is based on an optimum balance between 

structural stability (from HA) and biodegradability (from β-TCP). BCP ceramics 

gradually dissolve in vivo with the newly formed bone bonding directly with the host 

bone, resulting in a stronger interface than that formed by bioinert or biotolerant 

materials that form a fibrous interface (Lee et al., 2010). However, most of the current 

commercially available BCP products have HA/β-TCP ratios ranging from 60/40 to 

75/25. Histological observations have shown that the presence of large fragments of 

the remaining HA hinders the regeneration process and restricts the formation of bone 

inside the regenerated tissue, since HA degrades less under physiological conditions 

(Basu et al., 2009).

The aim of this biphasic composition is to take advantage of the rapid resorption of 

β-TCP and the inert scaffold of dense HA. In the present study, we used block-type 

carrier materials containing BCP with an HA/β-TCP ratio of 20/80. Livingston studied 

various ratios of HA/β-TCP from 100% HA to 100% β-TCP implanted subcutaneously 

into the backs of mice (Arinzeh et al., 2005). The amounts of new bone formation at 6 

and 12 weeks were highest for an HA/β-TCP ratio of 20/80, suggesting that using 

faster-resorbable ceramics would be beneficial in bone tissue engineering. The findings 

of the present study confirm this, demonstrating considerable bone regeneration in the 

BCP and BCP/rhBMP-2 groups. In the same vein, we found that rhBMP-2-untreated 

BCP blocks by themselves were able to induce bone regeneration, similar to the

findings of Kim et al (2011) (Kim et al., 2011).
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Furthermore, collagen (which makes up 90% of the extracellular matrix) has 

excellent biodegradability (Jung et al., 2011). The collagen had completely degraded 

by 8 weeks in the BCP-collagen/rhBMP-2 and BCP-collagen groups (Fig. 6). The 

findings that the percentage of new bone in the augmented area and the percentage of 

integration between the new bone and the native bone were higher in the BCP-

collagen/rhBMP-2 groups than in the BCP/rhBMP-2 group suggest that bone 

regeneration was less hindered by residual carrier materials in the former. The carrier 

remnants can compromise the mechanical strength of the augmented tissue (Suh et al., 

2002). This is particularly true of ceramic carriers, whose poor tensile and shear 

strengths make them more brittle (Brodie et al., 2006; Roldan et al., 2010). In the 

present study, the collagen component was completely replaced at 8 weeks, not only 

by connective tissue but also by newly formed bone, and the new bone exhibited a 

more remodeled, mature appearance (exhibiting Haversian systems and lamellar bone 

ingrowth) in the BCP-collagen/rhBMP-2 groups than in the BCP/rhBMP-2 group. 

However, the histological observations clearly show that the augmented area was 

significantly lower in the BCP-collagen and BCP-collagen/rhBMP-2 groups than in 

the BCP and BCP/rhBMP-2 groups, respectively.

Moreover, mechanical stability and material degradation (Takahashi et al., 2005; 

Woo et al., 2001) affect the scaffold resistance against tissue compression. It is likely 

that the block-type carriers with collagen collapse and deform easily under wet and 

proteolytic conditions, due to the faster loss of collagen mass by degradation 

(Takahashi et al., 2005). It is possible that the deformations of block-type carriers 
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bring about loss of the intrascaffold space that is necessary for bone ingrowth, 

resulting in reduced osteoinduction activity inside the carrier. This would have 

resulted in the amount of newly formed bone being greater in the BCP/rhBMP-2 

group than in the BCP-collagen/rhBMP-2 group.

Another factor contributing to the limited structural integrity of the BCP-collagen 

composite block was the duality of the macropores (i.e., pores greater than 100 μm) in 

the carrier. The macropores of the block-type carrier are important for cell 

colonization and bone ingrowth, whereas a larger macropore size and high degree of 

macroporosity have negative effects on their mechanical properties (Daculsi and 

Passuti, 1990; Gauthier et al., 1998). It was supposed that the BCP-collagen 

composite block with an average macropore size of 390 μm would provide more 

space for bone cell colonization than the BCP block with an average macropore size 

of 296 μm, at the expense of mechanical strength.

The present study used an rhBMP-2 concentration of 100 μg/ml, with 10 μg per 

experimental site. This is at least 2–3 times lower than that in most of the previous 

experimental studies (Kraiwattanapong et al., 2005; Miranda et al., 2005), and about 

10–30 times less than that in clinical studies using rhBMP-2 for bone regeneration 

(Boyne et al., 1997; Miranda et al., 2005). Notwithstanding the lower concentration of 

rhBMP-2, the favorable bone regeneration can be explained by the kinetics of protein 

release considerably influencing bone regeneration. The minimal therapeutic dose of 

rhBMP-2 was shown previously to be 20 ng/ml per day (Wang et al., 2009). The 
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BCP-collagen composite block appeared to release more rhBMP-2 at a concentration 

of 170 ng/ml per day than at one of 140 ng/ml per day from the BCP block 

(difference not statistically significant, p>0.05). 

Some previous studies have showed higher concentrations or a rapid burst release 

of rhBMP-2 from carriers, which can result in transient osteoclastic bone resorption 

preceding bone formation due to the complex interaction between osteoblast and 

osteoclast signaling (Kim et al., 2011; Shields et al., 2006). Our in-vitro study has 

demonstrated that both carriers exhibit a similar rhBMP-2 release profile, with 

sustained and linear release over a 2-week period, with no significant differences 

between two groups. Interestingly, the adsorption of rhBMP-2 appeared to be greater 

in the BCP block than in the BCP-collagen block after overnight immersion in the 

rhBMP-2 solution. However, the release rate of rhBMP-2 appeared to be higher in the 

BCP-collagen block than in the BCP block (difference not significant, p>0.05). Some 

research groups have demonstrated that the BCP has a high affinity for rhBMP-2 in 

spite of the initial slow adsorption, in comparison with the initial fast adsorption and 

loose combination of rhBMP-2 followed by fast release from collagen (Hollinger et 

al., 1998). Therefore, it may be inferred that the BCP-collagen block in the present 

study exhibited an initial release of rhBMP-2 from the collagen and then delayed 

release through BCP degradation. The BCP-collagen block exhibited a prolonged and 

sustained release of rhBMP-2 instead of bolus and transient release, which represents 

advantageous release kinetics relative to BCP or collagen alone. However, the early-

stage release profile was investigated over a 2-week period in the present study; 
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observation during an experimental period of 8 weeks would reveal the overall 

release profile of rhBMP-2. Further study is required to establish the most appropriate 

loading dose and delivery period of rhBMP-2 for minimizing any associated side 

effects. Different kinds of rhBMP-2 loading methods, such as lyophilizing or coating 

techniques, should also be investigated for optimizing the ease of application 

(Autefage et al., 2009; Hong et al., 2006; Kim et al., 2011).

It should be noted that the BCP-collagen composite block can be easily cut with 

scissors or a sharp knife, and can therefore be easily molded for use in various tissue 

disorders, such as periodontal bone defects, cyst cavities, maxillary sinus floor 

augmentation, and alveolar bone augmentation, whereas a BCP block is too stiff to 

adjust to the shape of a bone defect (Matsuno et al., 2006; Nie et al., 2008). Based on 

these results, further study is required to determine the most appropriate carrier 

material for rhBMP-2 that will fulfill both the structural integrity and clinically 

convenient application requirements.
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V. CONCLUSION

The findings of this study demonstrate that BCP-collagen composite blocks 

loaded with rhBMP-2 facilitate three-dimensional bone regeneration in a vertical 

augmentation model, yielding bone with a mature appearance. However, volumetric 

stability may be sacrificed to ease of handling and degradability to facilitate clinical 

adaptation and enhance the infiltration of regenerated bone.
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FIGURE LEGENDS

Figure 1. (A) A trephine bur (outer diameter of 8.0 mm) was used to mark two 

bilateral circular graft areas, and a round bur was used to flatten the marked area. (B) 

Surgical fixation of the BCP composite block (arrowhead) and the BCP-collagen 

composite block (arrow). (C, D) Postoperative observation of BCP and BCP-collagen 

composite blocks with or without rhBMP-2, evaluated using micro-computed 

tomography (μCT). All of the blocks were implanted without them breaking apart or 

migrating from the implantation site during the postoperative period.

Figure 2. Representative photomicrograph of the vertical augmentation model, 

outlining the histometric analysis that was performed.

Figure 3. Representative photomicrograph outlining the degree of integration that 

was performed. The width of bony bridge between the new bone and the native bone 

(a,b,c,d,e). The width of cross line between the implant and the native bone in BCP or 

BCP/collagen block (f). The width of bony bridge was analyzed through all over the 

interface between the implant and the native bone.
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Figure 4. Characterization of the block-type micro-macroporous BCP scaffold and 

BCP-collagen composite block scaffold. (A, D) μCT evaluation of BCP blocks and 

BCP-collagen composite blocks showing interconnections among the macropores. (B, 

C, E, F) Scanning electron micrograph of the macropores and micropores of the 

block-type carrier. (G) Macropore size distribution of BCP blocks and BCP-collagen 

composite blocks, evaluated using μCT images.

Figure 5. Release profile of rhBMP-2 from the block scaffolds. The cumulative 

release of rhBMP-2 exhibited a minimal burst release followed by linear release 

kinetics in vitro for both delivery systems, with no statistically significant difference 

between them (p>0.05).

Figure 6. Representative photomicrographs of block-type carriers with or without 

rhBMP-2 at 8 weeks after implantation. Decalcified histologic sections were stained 

with hematoxylin-eosin and Masson’s trichrome. The boxes indicate the areas shown 

at high resolution in panels C, D, G, and H.

Figure 7. Magnified histologic photomicrographs of the boxed area shown in Fig. 6. 

New bone formation was observed on the BCP remnants with direct contact and 
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without fibrous tissue between the BCP and the new bone in all specimens. (A) 

Cellular activity was apparent at the bone–implant interface. It was estimated that 

BCP scaffolds were undergoing a degradation phase. (B) New bone trabeculae with 

active osteoid seams lined with osteoblasts are seen with marrow elements and 

without evidence of inflammation (arrow). The osteocytes (O) could be seen clearly. 

(C) Round osteoblasts were observed with dense connective tissue (fibrovascular 

tissue, FV). (D) Concentric layers of bone cells and minerals were observed around 

Haversian canals (HC) and well-defined lamellar bone (LB), showing characteristics 

of mature bone.

Figure 8. Area of augmented tissue, newly formed bone, bone density (percentage 

relative to the total augmented area) and integration rate (continuous bridge between 

the new bone and the cranium across an imaginary line connecting the top sides of 

pristine bone) are displayed as box-plots ranging from the 25th to the 75th percentiles, 

including the mean and whiskers showing the minimal and maximal values 

(statistically significantly different at p<0.05).
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.



40

문 약

끼 개골 수직 골 강 에 rhBMP-2가 함

상 산칼슘(BCP)-콜라겐 블 3차원 골재생 과

< 지도 수 규 >

연 학 학원 치 학과

진 우

: 블 태 상칼슘(biphasic calcium phosphate, BCP) 3차

원 골재생에 리하 문에 다양한 상상 에 rhBMP-

2(recombinant human bone morphogenetic protein-2) 달체

(particle) 태 BCP보다 리하다. 러한 상 산칼슘 상 시

에 한 므 향상시키 하여 콜라겐(collagen)

함 (무게비10%)시킨 상 산칼슘 블 하 다. 본 연

끼 개골 수직 강 에 rhBMP-2 달체 콜라겐 함 상

산칼슘 3차원 골재생 과 알아보고 하 다.

재료 : BCP블 (macropore size 296μm)과 BCP 콜라겐 블

(macropore size 390μm)에 rhBMP-2 -미 그룹 나누어 실
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험하 고 끼 개골에 스크 하여 고 후 8주후에 생하 다. 

또한 In-vitro에 BCP블 과 BCP-콜라겐 블 rhBMP-2에 한

release profile 측 하 고 직학 , 직계측학 통하여 new 

bone area, augmented area, bone density, and degree of integration 에

하여 평가하 다. 

결과: BCP BCP-콜라겐 블 rhBMP-2에 하여 지

태 relaese profile 보 다. 신생골 (new bone area)

rhBMP-2가 포함 그룹 비포함 그룹에 비해 큰 값 보 다

(p<0.05). 강 (augmented area) 신생골 한

bone density 골과 degree of integration BCP-

collagen/rhBMP-2 그룹 BCP/rhBMP-2그룹에 비해 게

값 보 다(p<0.05). The BCP 그룹과 BCP/rhBMP-2 그룹 8주후에도

식재가 많 남아 었 나 우수한 강 보여주었다. 

결 : BCP-collagen 블 한 , 양 한 체 안 , 우수한 골재

(bone remodelling)능, 지 release profile 갖 고 어 rhBMP-2

달체 합하나, 후에 강 한 연 가 필 하다.

핵심 는 말 : 수직골 강, 상 산칼슘, 골재생


