
 

Effects of the Immobilization of rhBMP-2 and 

rhPDGF-BB to Implant Modified by Heparin  

on the Biologic Function, Osseointegration and  

Bone Regeneration 

 

 

 

 

 

 

 

 

 

Jung Bo Huh 
 
 
 
 
 
 
 
 
 

The Graduate School 
Yonsei University 

Department of Dental Science 
 
 



 
 

Effects of the Immobilization of rhBMP-2 and 

rhPDGF-BB to Implant Modified by Heparin  

on the Biologic Function, Osseointegration and  

Bone Regeneration 

(Directed by Prof. June Sung Shim, D.D.S., Ph.D.) 

 

 

A Dissertation Thesis  

Submitted to the Department of Dental Science  

And the Graduate School of Yonsei University  

in partial fulfillment of the  

requirements for the degree of  

Doctor of Philosophy in Dental Science 

 

Jung Bo Huh 

 

December 2011 



 

This certifies that the dissertation thesis  

of Jung Bo Huh is approved. 

 

 

Thesis supervisor: June Sung Shim 

 

Thesis committee: Keun Woo Lee 

 

Thesis committee: Hong Suk Moon 

 

Thesis committee: Seong Joo Heo 

 

Thesis committee: Seong Ho Choi 

 

The Graduate School 

Yonsei Universtiy 

December 2011 

 



감사의 글 

본 논문이 완성되기까지 오랜 시간 지도와 격려로 저를 이끌어주신 존

경하는 심준성 지도 교수님께 진심으로 감사 드립니다. 또한 논문 심사

과정에서 세심한 지도와 가르침을 주신 이근우 교수님, 문홍석 교수님, 

치주과 최성호 교수님, 서울대학교 보철과 허성주 교수님께도 깊은 감

사를 드립니다. 생체재료공학과 동물실험에 눈을 뜨게 해주시고 많은 

가르침을 주신 고려대학교 신상완 교수님께도 진심으로 감사 드립니다. 

그리고 이 연구를 지속할 수 있도록 도와 주신 부산대학교 보철과 전영

찬 교수님, 정창모 교수님, 윤미정 교수님께도 감사의 마음을 전합니다. 

저와 힘든 연구를 같이 해준 우리 연구팀 고려대학교 희귀질환 연구소 

김성은 교수님, 윤영필 교수님, 기초과학원 박경순 박사님 너무 감사 

드립니다. 또한 동물실험을 적극 도와주시고 많은 가르침을 주신 전남

대학교 수의과대학 강성수 교수님과 수의대 선생님들께도 감사의 마음

을 전합니다.  

 마지막으로 항상 저를 지켜봐 주시고 격려해 주시는 부모님과 장인어

른, 장모님께 감사드리며, 집에도 잘 들어가지 않고 학교일과 연구에 

매진하는 못난 남편을 불평 없이 배려해주고 도와주는 사랑하는 아내 

현주와 너무나 이쁘고 사랑스러운 우리 딸 가은이, 엄마 뱃속에서 아빠

를 열심히 응원하고 있는 우리 아들 소똥이에게도 고마움과 사랑을 전

하며 이 논문을 바칩니다 

 

2011년  12월  

허 중 보 드림 



i 

 

 

Table of contents 

List of Figures ···················································· ii 

List of Tables ····················································· ii 

Abstract ··························································· 1 

I. Introduction ··········································· 4 

II. Materials and Methods ······························ 8 

1. In-Vitro Study ········································ 8 

2. In-Vivo Study ······································· 15 

III. Results ················································ 23 

1. In-Vitro Study ······································· 23 

2. In-Vivo Study ······································· 32 

IV. Discussion ············································ 38 

V. Conclusion ············································ 44 

References ····················································· 45 

Abstract (In Korean) ········································· 53 

 

 

 



ii 

 

 

List of Figures 

 
Figure 1. The schematic figure about immobilization of rhBMP-2, and PDGF/ 

rhBMP-2 to heparinized-Ti surface ·· · · · · · · · · · · · · · · · · · · · · · · · · ·· ·  9 
Figure 2.  Schematic diagram of defect model · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 17 
Figure 3. Micro-computed tomography (μCT) images in each group · · · · · · · · · · · · · · 20 
Figure 4. SEM of various Ti surfaces  · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 24 
Figure 5. XPS wide-scan spectra · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 24 
Figure 6. Release kinetics of growth factors · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·26 
Figure 7. Live/ dead assay · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·27 
Figure 8. Proliferation of osteoblast-like cells (MG-63 cells) grown on each group· · · · 28 
Figure 9. ALP activity of osteoblast-like cells(MG-63 cells) grown on each group · · · · 29 
Figure 10. Calcium deposition of osteoblast-like cells (MG-63 cells) grown on  

each group· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 30 
Figure 11. Real-time PCR analysis for osteocalcin, osteopontin expression of  

each group· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 31 
Figure 12. The μCT 3D images of five groups · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 33 
Figure 13. The histological specimens of five groups· · · · · · · · · · · · · · · · · · · · · · · · · · 34 
Figure 14. Microthread defect area in the control, heparin and PDGF group· · · · · · · · · 35 
Figure 15. Microthread defect area in the BMP and PDGF/BMP group· · · · · · · · · · · · ·36 

 

List of Tables 

 
Table 1. Elemental composition at the surface of anodized Ti, amine  

treated Ti, heparinized Ti, PDGF-immobilized Ti, BMP-2-immobilized  
Ti, and PDGF/BMP-2-immobilized Ti. · · · · · · · · · · · · · · · · · · · · · · · · · · 25 

Table 2. Implant stability quotient (ISQ) value according to  
groups and observation intervals. · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 32 

Table 3. Buccal bone level, BIC on macrothread, and bone  
density on macrothreads 8 weeks after surgery. · · · · · · · · · · · · · · · · · · · 37 



1 

 

Abstract 

Effects of the Immobilization of rhBMP-2 and rhPDGF-BB to 

Implant Modified by Heparin on the Biologic Function, 

Osseointegration and Bone Regeneration 

 

Jung Bo Huh, D.D.S., M.S.D. 

(Directed by Prof. June Sung Shim, D.D.S., Ph.D.) 

 

Purpose: The aim of this study was to evaluate the effect of the immobilization of 

rhBMP-2 and/or rhPDGF-BB to titanium implant modified by heparin on the biologic 

function, osseointegration and bone regeneration in the marginal portion of the peri-

implant. 

Materials & Methods: The heparin was coated by chemical reaction on anodized 

titanium surface. The surface characteristics of anodized Ti(control group) and surface-

modified Ti groups (heparinized-Ti(heparin group), rhPDGF-BB-immobilized Ti (PDGF 

group), rhBMP-2-immobilized Ti(BMP group), and rhPDGF-BB/rhBMP-2-immobilized-

Ti(PDGF/BMP group)) were investigated by a scanning electron microscopy and X-ray 

photoelectron spectroscopy. The release kinetics of PDGF, BMP and PDGF/BMP groups 

were evaluated by an enzyme-linked immunosorbent assay. MG 63 osteoblast like cell 

was used for in vitro study. The experiments were consisted with the viability of cells, 

cell proliferation by crystal violet assay, ALP activity assay, mRNA expression levels of 

osteocalcin and osteopontin and calcium contents. For in-vivo study, 40 implants (8.0 



2 

 

mm long, 4.0 mm in diameter) were fabricated. The number of specimens was eight in 

each group. Implants of all groups were fabricated by the same methods used in in-vitro 

study. The implant stability quotient (ISQ) values were measured immediately and 8 

weeks after implant placement. The three-dimensional μCT images were produced to 

analyze the bone mineral density and bone volume of the implant-surrounding open 

defect area. Specimens for histometric analysis were fabricated in order to evaluate the 

osseointegration and bone formation. Obtained data are statistically treated using 

ANOVA and Mann-Whitney U test and Bonferroni test was performed as a post hoc test 

(p < .05). 

Results: The coated layer with growth factors was confirmed by XPS assay. In cell 

adhesion and proliferation, each group did not show a statistical significance. In cell 

differentiation and calcium deposition, PDGF/BMP group showed higher value than 

other groups (p < .05). The increase in the ISQ value was significantly higher in the BMP 

and PDGF/BMP group than that of other groups (p < .05). In μCT analysis, the BMP and 

PDGF/BMP group were significantly greater than those of other groups (p < .05), but 

there was no significant difference between the BMP and PDGF/BMP groups (p > .05). 

In the histological observation of the buccal alveolar bone levels, Jaw quadrants in BMP 

and PDGF/BMP groups exhibited bone formation approaching microthreads and bone 

remodeling around the implants. The microBICs of BMP and PDGF/BMP groups were 

significantly greater than those of other groups (p < 0.05), but there was not significantly 

different between the BMP and PDGF/BMP groups (p > 0.05). The mean percentages of 

BIC and intra-thread bone density within macrothreads at 8 weeks after surgery were not 

significantly different between groups (p > 0.05). 
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Conclusion: Anodized Ti surface was successfully fuctionalized via a chemical method 

involving grafting of heparin and subsequent immobilization of rhBMP-2 and rhPDGF-

BB. rhBMP-2 immobilized, heparin-grafted Ti implants seems to be a suitable delivery 

system to enhance osteoblast fuction and new bone formation at defect area around 

implant. The synergetic effects of combinations of rhBMP-2 and rhPDGF-BB were 

detected in this in-vitro study, but there were uncertain results in this in-vivo study. 
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Osseointegration, Bone regeneration, Beagle dog 
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I. Introduction 
 

 

Starting in the late 1960s, studies on the integration of implants and bones have 

investigated the surface morphology and features of implants and bones, and have 

attempted to promote their osseointegration via more microscopic physical and chemical 

surface treatment, and even to biomimetically treat the surface.1,2 Studies on surface 

treatment techniques are continuously being performed to reduce the healing time, 
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improve the osseointegration, and enhance the augmentation of the surrounding bones.3,4 

Currently, dental implants are widely used and known to be reliable and safe, though they 

have such limitations as a low success rate for patients with poor bone quality and 

quantity, and for patients whose healing and regeneration capability are low.5 In addition, 

the most important concern of both patients and dentists is still how to reduce the healing 

time from the placement of the implant fixture to the placement of the crown. 

Studies on the application of such growth factors as bone morphogenetic protein (BMP) 

to dental implants are underway. BMP enhances bone formation by promoting the 

differentiation of osteoblasts from the mesenchymal stem cell and by helping in the 

biosynthesis of the bone matrix through control of essential factors in the osteoinduction 

for the regeneration of osseous tissue.6,7 BMP can be classified into 16 subgroups. BMP-2, 

one of the subgroups, has been proven by preclinical and clinical studies for use for 

various medical treatments.8 Particularly, a study reported that when the surface of an 

anodized dental implant was coated with recombinant human BMP-2 (rhBMP-2), which 

is derived using the genetic recombination technique, anodized implant can serve as an 

effective carrier. 9 Several studies reported, however, that the use of rhBMP-2 did not 

have a significant bone formation effect.10,11 Such result was suggested to be attributable 

to the early release of a large amount of rhBMP-2, the lack of ascertainment of the 

optimum concentration, and the fact that only one type of growth factor, rhBMP-2, was 

used, unlike in the natural regeneration process of the human body wherein multiple 

growth factors are involved.12-15  

 Platelet-drived growth factor (PDGF) was used in many animal and human studies and 

well-characterized tissue growth factor.16-21 It was used in field of periodontology firstly 

and has been shown to be mitogenic and chemotactic for periodontal ligament cells, with 
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the additional effect of promoting bone, ligament, and cement regeneration.22,23 

PDGF is present in the bone matrix secreted by platelets during early fracture repair, and 

is locally produced at the fracture sites.24-26 It is both chemotactic and mitogenic for 

osteoblasts and stimulates synthesis of osteoblast type I collagen, which is the primary 

extracellular component of the bone.24 The cell surface receptors for PDGF increase 

during fracture healing, further suggesting the role of these proteins in normal fracture 

healing.25-26 PDGF is important in the embryologic development of the skeleton, and 

localized injection of PDGF into the medullary cavity accelerates fracture healing in 

animals.27 PDGF has also been successfully used to treat osteoporosis in animal models, 

resulting in improved trabecular bone density and strength in both the flat and long bones 

throughout the skeleton.28 

Heparin, a highly sulfated glycosaminoglycan and linear natural polysaccharide, has been 

shown to have binding affinities to various growth factors, such as vascular endothelial 

growth factor (VEGF), basic fibroblast growth factor (bFGF), and transforming growth 

factor-ß (TGF-ß).29 Moreover, biomaterial systems with heparin have been shown to have 

advantages for the controlled release of these growth factors.30,31 

With the popularization of dental implants, the incidence of peri-implantitis is now a 

growing problem causing local bone destruction and resulting in failure of the implants. 

For the above reasons, implant surfaces should have anti-inflammatory activity and 

should facilitate biomolecular adhesion to enhance the osteoblast function. Several 

studies suggested that the incorporation of BMP-2 and heparin on titanium (Ti) surfaces 

had a sustained release of the growth factor, well characterized anti-inflammatory activity, 

and enhancement of the osteoblastic function.31-35  

Therefore, in this study, the free amino groups of 3-amino-propyltriethoxysilane (APTES) 
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were first anchored to the titanium surface to create regions of high positive charge, and 

then heparin was covalently grafted. Heparin was grafted to the titanium surface using a 

1-3thyl-3-dimethylaminopropyl carbodiimide (EDC)- mediated coupling reaction 

between the primary amine groups of rhBMP-2 or/and rhPDGF-BB and the carboxyl 

groups of heparin. 

The aim of this study was to evaluate the effect of the immobilization of rhBMP-2 and/or 

rhPDGF-BB to titanium implant modified by heparin on the biologic function, 

osseointegration and bone regeneration in the marginal portion of the peri-implant. 
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II. Materials and Methods 

1. In-Vitro Study 

 

1.1. Immobilization of rhPDGF-BB, rhBMP-2, and rhPDGF-BB/rhBMP-2 to 

heparinized-Ti surface, respectively. 

 

Prior to immobilization of rhPDGF-BB, rhBMP-2, and rhPDGF-BB/rhBMP-2 to 

heparinized-Ti surface, the dopamine (DOPA) was anchored to the surface of the 

anodized Ti substrates (Cowellmedi co., Pusan, Korea). Briefly, the Ti substrates were 

immersed in 10 mL of 10 mM Tris-HCl buffer solution (pH = 8.0) containing DOPA 

concentration of 2 mg/mL and maintained for 24 h under dark condition. After anchoring, 

the substrates were washed with distilled water and dried by N2 gas. After DOPA 

anchoring, heparin was grafted to the amine-treated Ti surfaces by the 1-ethyl-3-

dimethylaminopropyl carbodiimide (EDC)-mediated reaction between the primary amine 

groups of the Ti surface and the carboxyl groups of heparin. Briefly, heparin (2 mg/mL) 

was dissolved in 0.1M MES buffer solution (pH 5.6) containing EDC and N-

hydroxysuccinimide (NHS) and then amine-treated Ti substrates were immersed in the 

aforementioned solution. PDGF, rhBMP-2, and PDGF/rhBMP-2 were immobilized to 

heparinized-Ti surface, respectively. In brief, the heparinized-Ti substrates were 

immersed in 0.1 M MES buffer solution (pH 5.6). PDGF, rhBMP-2, and PDGF/rhBMP-2 

at a concentration of 50 ng/mL were then added to the 0.1 M MES buffer solution, 

respectively. The reaction was allowed to proceed for 24 h at room temperature (Fig. 1). 



 

Fig. 1. The schematic figure about immobilization of 

heparinized-Ti surface. 

 

1.2. Determination of the amount of heparin from heparinized

 

 The amount of heparin from heparinized

blue method. Briefly, Ti substrates were placed into 1 mL phosphate buffer saline (PBS, 

pH 7.4) solution containing 1 mL of 0.005% toluidine blue solution. After 30 min under 

gentle shaking, 2 mL of hexane was added. After the Ti discs were removed from solution

the absorbance of the aqueous phase was measured at 620 nm. The amount of heparin 

from heparinized Ti surface was calculated from a calibration curve that was constructed 

using various concentrations of heparin.

9 

The schematic figure about immobilization of rhBMP-2, and PDGF/rhBMP

Determination of the amount of heparin from heparinized-Ti surface 

The amount of heparin from heparinized-Ti surface was determined by the toluidine 

ethod. Briefly, Ti substrates were placed into 1 mL phosphate buffer saline (PBS, 

pH 7.4) solution containing 1 mL of 0.005% toluidine blue solution. After 30 min under 

gentle shaking, 2 mL of hexane was added. After the Ti discs were removed from solution

the absorbance of the aqueous phase was measured at 620 nm. The amount of heparin 

from heparinized Ti surface was calculated from a calibration curve that was constructed 

using various concentrations of heparin. 

 

2, and PDGF/rhBMP-2 to 

 

Ti surface was determined by the toluidine 

ethod. Briefly, Ti substrates were placed into 1 mL phosphate buffer saline (PBS, 

pH 7.4) solution containing 1 mL of 0.005% toluidine blue solution. After 30 min under 

gentle shaking, 2 mL of hexane was added. After the Ti discs were removed from solution, 

the absorbance of the aqueous phase was measured at 620 nm. The amount of heparin 

from heparinized Ti surface was calculated from a calibration curve that was constructed 
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1.3. Characterization of the Ti discs 

 

The surface morphologies of anodized Ti (control group) and surface-modified Ti 

groups (heparinized-Ti (heparin group), rhPDGF-BB-immobilized Ti (PDGF group), 

rhBMP-2-immobilized Ti (BMP group), and rhPDGF-BB/rhBMP-2-immobilized-Ti 

(PDGF/BMP group)) were investigated by a scanning electron microscope (SEM, S2300, 

Hitachi, Japan). The substrates were coated with gold using a sputter-coater (Eiko IB, 

Japan). The SEM was operated at 15 kV. The surface compositions of anodized Ti and 

surface-modified Ti (amine-treated Ti, heparinized-Ti, PDGF-immobilized-Ti, rhBMP-2-

immobilized-Ti, and PDGF/rhBMP-2-immobilized-Ti) were analyzed by X-ray 

photoelectron spectroscopy (XPS) on a K-Alpha spectrometer (Thermo Electron, USA) 

with an Al Kα X-ray source (1486. 6 eV photons). The C1s hydrocarbon peak at 284.84 

eV was used as the reference for all binding energies. The area of each peak was 

normalized to the total peak area of all atomic elements to calculate surface atomic 

percentages.  

 

1.4. PDGF, rhBMP-2, and rhPDGF-BB/rhBMP-2 release study in vitro, respectively 

 

To evaluate the release kinetics of PDGF, BMP and PDGF/BMP groups, the substrates 

were soaked in a 15 mL conical tube (Falcon, USA) containing 1 mL PBS (pH 7.4) at 100 

rpm at 37°C, respectively. At designed time intervals of 1 h, 2 h, 8 h, and 1, 3, 5, 7, 14, 21, 

and 28 days, the supernatant was collected and replaced with fresh PBS solution. All 

samples were stored at -20°C until analysis. The absorbances of PDGF, rhBMP-2, and 

rhPDGF-BB/rhBMP-2 were determined with an enzyme-linked immunosorbent assay 
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(ELISA) according to the manufacturer’s instructions using a microplate reader (Bio-Rad, 

Hercules, CA, USA) at a wavelength of 450 nm, respectively. 

 

1.5. Live/dead assay 

 

 The viability of cells on the surface of the control and surface-modified groups was 

assessed by live/dead staining. In brief, MG-63 cells were seeded at a density of 5 x 104 

cells/mL on the control group and surface-modified groups (heparin, PDGF, BMP, and 

PDGF/BMP group), respectively. After a 48-hr incubation, substrates were rinsed three 

times with PBS and then incubated with live/dead stain (2 μM calcein AM and 4 μM 

ethidium homodimer-1) for 30 min at RT. Viable cells (green) and dead cells (red) were 

counted under a confocal laser scanning microscope (CLSM, LSM700, Zeiss, USA).  

 

1.6. Cell proliferation 

 

 MG-63 cells at a density of 1 x 105 cells were inoculated on control and surface-

modified groups under Dulbecco’s modified eagle’s medium (DMEM) supplemented 

with 10% FBS, 50 μg/mL ascorbic acid, 10 nM dexamethasone, and 10 mM β-

glycerolphosphate in the presence of 100 U/mL penicillin and 100 μg/mL streptomycin 

and maintained for 7 days. At predesigned time intervals of 1, 3, and 7 days of incubation 

times, substrates were rinsed with PBS and CCK-8 proliferation kit reagents (Dojindo, 

Japan) were added to the specimens. After 1-hr incubation, reagents were carefully 

transferred to 96-well plates. The optical density was measured using a microplate reader 

at a wavelength of 450 nm. 
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1.7. ALP activity 

 

ALP activity was measured after 7, 14, and 21 days of culture. In brief, cells were 

seeded at a density of 1 × 105 cells/ml on control and surface-modified groups. The cells 

were washed with PBS and then 1X RIPA buffer [50 mM Tris-HCl, pH7.4, 150 mM NaCl, 

0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA including protease and phosphatase 

inhibitors (1 mM PMSF, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 1 μg/mL 

aprotinin, 1 μg/mL leupeptin, 1 μg/mL pepstatin)] was added to cells. The cells in RIPA 

buffer were sonicated using a Vibra CellTM instrument (Sonics & Materials INC., Danbury, 

CT, USA) for 1 min at 110 watts on ice. After sonication, the cell lysates were centrifuged 

at 13,500 rpm at 4°C for 3 min to remove cell debris. The supernatants were incubated 

with p-nitrophenyl phosphate solution for 30 min at 37°C. The reaction was stopped by 

adding 500 μl of 1 N NaOH. ALP activity was determined by measuring the conversion 

of p-nitrophenyl phosphate to p-nitrophenol. Optical density was determined by using a 

microplate reader at a wavelength of 405 nm. 

 

1.8. Quantitative real-time polymerase chain reaction (PCR) 

 

The mRNA expression levels of osteocalcin and osteopontin in MG-63 cells cultured on 

control and surface-modified groups were assessed after 21-day incubation, via real-time 

PCR. In brief, 1x105 cells of MG-63 cells were seeded on the surface of each group at 

37°C in a 5% CO2 incubator. After the 21-day incubation, the cDNA was synthesized 

using the Superscript First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA), 

according to the manufacturer’s directions, using 1 μg total RNA with oligo (dT). The 
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cDNA was amplified via PCR, using an RNA PCR kit (Bioneer Inc., Daejeon, South 

Korea), according to the manufacturer’s instructions. The following oligonucleotide 

primers were used: osteocalcin (OSC) [(F) 5'-TGA GAG CCC TCA CAC TCC TC-3', (R) 

5'-ACC TTT GCT GGA CTC TGC AC-3', osteopontin (OSP) [(F) 5'-GAG GGC TTG 

GTT GTC AGC-3', (R) 5'-CAA TTC TCA TGG TAG TGA GTT TTC C-3', GAPDH [(F) 

5'-ACT TTG TCA AGC TCA TTT CC -3', (R) 5'-TGC AGC GAA CTT TAT TGA TG -3']. 

Real-time PCR reaction was performed with the above-mentioned specific primers. 

DyNAmo™ SYBR® Green qPCR Kit (Finnzymes, Espoo, Finland) and PCR 

amplification and detection were carried out on an ABI7300 Real-Time Thermal Cycler 

(Applied Biosystems, Foster, CA, USA). All the results were confirmed by repeating the 

experiment three times. The relative levels of OSC and OSP were normalized to GAPDH. 

 

1.9. Calcium contents 

 

 MG-63 cells were seeded at a density of 1 × 105 cells on each group. At 21 days of 

culture, cells were washed with PBS and gently scraped off from the surface of the 

substrates. Cells were harvested by centrifugation at 13,500 rpm for 1 min, and lysis 

buffer (0.1% Triton X-100) was then added to the cells. The cells were sonicated on ice 

for 1 min to pulverize the cell membranes. The resulting supernatant was used for 

calcium deposition measurements using a QuantiChrom™ Calcium Assay Kit (DICA-500, 

BioAssay Systems, USA) according to the manufacturer's instructions. The amount of 

calcium produced was estimated by measuring the absorbance at 612 nm using a 

microplate reader. 
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1.10. Statistical analysis 

The data are presented as means ± standard deviations. Statistical comparisons were 

carried out via one-way ANOVA, using the Systat software (Systat Software, Inc., 

Chicago, IL, USA). The differences were considered statistically significant at *P<0.05 

and **P<0.001. 
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2. In-Vivo Study 

2.1. Fabrication of Implants 

Forty implants (8.0 mm in length, 4.0 mm in diameter; Cowellmedi Co., Busan, Korea) 

were fabricated. All treated implants were made of pure titanium, and were designed with 

microthreads on the upper part, and broader threads on the lower part. The implant 

surface was treated by the anodizing method (Cowellmedi Co),  anodized implant was 

control group, the experimental groups are  heparinized implant (heparin group), 

rhPDGF-BB (0.075mg/ml) immobilized implant (PDGF group),  rhBMP-2 (0.75mg/ml) 

immobilized implant (BMP group), rhPDGF-BB (0.075mg/ml) and rhBMP-2 (0.75mg/ml) 

immobilized implant (PDGF/BMP group). The number of specimens was eight in each 

group, total was forty. All groups were fabricated with the same methods introduced in 

in-vitro study. To apply rhBMP-2/rhPDGF-BB coating, each implant was immersed 

during 12 hrs in the protein solution (0.75 mg/ml for rhBMP-2, 0.075mg/ml for rhPDGF-

BB) up to the microthreads the implants and freeze dried under sterile conditions (Freeze 

drying at -40℃, followed by vacuum drying at maximum 20℃). 

2.2. Experimental Animals 

This study was carried out with the approval from the Ethics Committe on Animal 

Experimentation of Chun Nam University (CNU IACUC-TB-2010-10). Five three-year-

old dogs, approximately 13-15 kg in weight, were used for this study and given 2-weeks 

to acclimatize. The animals were fed a soft-dog food diet and had free access to water. 

 

2.3. Teeth extraction 
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The first surgery extracted premolars and first molars of upper and lower jaws of the 

animals. They were pre-anaesthetized with atropine sulfate induction (0.05 mg/kg IM;Dai 

Han Pharm co., Seoul, Korea) and maintained with gas anaesthesia using-isoflurane 

(Choongwae CO., Seoul, Korea). 1 ml of lidocaine (Yu-Han Co., Gunpo, Korea) with 

1:100,000 epinephrine was infiltrated into the mucosa of surgical site. The upper, lower 

premolars and first molars were separated into two pieces, mesial and distal roots. Care 

was taken to preserve the buccal, lingual, and lateral walls of the alveolar sockets. They 

were carefully extracted without any damage to extraction site. The extraction sites were 

sutured by 4-0 nylon (Mersilk, Ethicon Co., Livingston, UK) to enhance healing. The 

extraction sites were allowed to heal for 2 months. 

 

2.4. Implant Surgery 

 

Implant surgery were performed 2 months after the complete healing of the extraction 

sockets. Local and general anaesthesia was performed by the same way of teeth 

extraction. Experimental implants were installed into the edentulated mandibular alveolar 

ridge 2 months following surgical extractions.  Alveolar ridge was trimmed about 

1.5mm to make flat ridge before implant insertion, the open defect model that had 2.5mm 

depth was formed36. This model was not buccal bone, and there was 1mm defect area 

around 2.5mm upper portion of implant. (Fig. 2) Each of the five experimental implants 

were installed on right and left edentulated mandibular alveolar ridge area by split-mouth 

design. Treatments were randomized between left and right jaw quadrants in consecutive 

animals. Five point five millimeters of the implant was placed within the reduced alveolar 



 

ridge to the level of the refer

2) For the placement of implants at the same location 

was marked at the implant placement sites using a ruler. Implant stability quotient (ISQ) 

values were measured for each implant to evaluate stability at the time of implant 

placement (Fig. 1C). Each implant received a cover

were advanced, adapted, and sutured leaving the implants submerged

 

 

Fig. 2. A. Alveolar bone was flattened without exposure of cancellous bone. B. 

five millimeters of the implant was placed within the reduced alveolar ridge to the level 

of the reference notch, creating 2.5mm, supraalveol

diagram of defect model 

 

 

 

17 

eference notch, creating 2.5mm, peri-implant open 

For the placement of implants at the same location on both sides, the exposed bone 

was marked at the implant placement sites using a ruler. Implant stability quotient (ISQ) 

d for each implant to evaluate stability at the time of implant 

Each implant received a cover-screw and the mucoperiosteal flaps 

were advanced, adapted, and sutured leaving the implants submerged.  

. Alveolar bone was flattened without exposure of cancellous bone. B. 

five millimeters of the implant was placed within the reduced alveolar ridge to the level 

of the reference notch, creating 2.5mm, supraalveolar, peri-implant defects

 

open defects. (Fig. 

on both sides, the exposed bone 

was marked at the implant placement sites using a ruler. Implant stability quotient (ISQ) 

d for each implant to evaluate stability at the time of implant 

screw and the mucoperiosteal flaps 

 

. Alveolar bone was flattened without exposure of cancellous bone. B. Five point 

five millimeters of the implant was placed within the reduced alveolar ridge to the level 

implant defects. C. Schematic 
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2.5. Postoperative Care and Sacrifice 

A broad spectrum of antibiotic (penicilllin G procain, penicillin G benzathine) was 

administered immediately after surgery and again after 48 hours by intramuscular 

injection (1 mL/5 kg). Plaque control was maintained by daily flushing of oral cavity with 

2% chlorhexidine gluconate until completion of the study. Observations of experimental 

sites with regards to mucosal health, maintenance of suture line closure, edema, and 

evidence of tissue necrosis or infection were made daily until suture removal. Suture 

materials were removed one week after the placement of implants. The animals were 

given a soft diet for two weeks, followed by a conventional regular diet. The animals 

were anesthetized and euthanized at 8 weeks post-surgery by intravenous injection of 

concentrated sodium pentobarbital (Euthasol, Delmarva Laboratories Inc., Midlothian, 

VA, USA). Following euthanasia, block sections including implants, alveolar bone and 

surrounding mucosa were collected.  

 

2.6. Assessment of Implant Stability 

 

Implants placed in the mandible were measured for ISQ by Osstell Mentor® (Integtration 

Diagnostic Ltd., Göteborg, Sweden) postsurgery immediately and at week 8 after surgery. 

ISQ values were recorded five times for each implant, and three values excluding the 

minimum and maximun values were calculated for the mean and standard deviation (SD) 

for the evaluation of changes in implant stability . 
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2.7. Micro Computed Tomography (μCT) 

 

After fixation in phosphate-buffered formaldehyde solution (pH57.4) and dehydration in 

ethanol 70%, three dimensional μCT images were made to analyse the bone mineral 

density and bone volume of the implant surrounding defect area. The specimens were 

wrapped in Parafilm Ms (Pechiney Plastic Packaging, Chicago, IL, USA) to prevent 

drying during scanning. Then, all samples were scanned at an energy of 130 kV and an 

intensity of 60 μA with a resolution of 12μm pixel using an bromine filter (0.25 mm) 

(Skyscan-1173 Skyscan®, Kontich, Belgium). In addition, calibration rods with 

standardized bone mineral density were scanned as a reference. Cone-beam 

reconstruction (version 2.15, Skyscan®) was performed. All the scan and reconstruction 

parameters applied were identical for all the specimens and calibration rods. The data 

were analysed using a CT Analyser (version 1.4, Skyscan®). The region of interest (ROI) 

was specified as an annular area with a diameter of 1 mm surrounding the defect area in 

the marginal portion of the peri-implant over an area from the first microthread to the last 

microthread. In this area, bone volume was determined. (Fig. 3A-D.) Bone volume (mm3) 

was expressed as a percentage of the total ROI volume using the equation: 

Bone volume/Total ROI tissue volume ｘ 100% 



 

Fig. 3. Micro-computed tomography 

image, B: 3D image, C: horizontal section image, D: buccolingual section image.

The region of interest (ROI) was specified as

surrounding the defect area

over an area from the first microthread to the last microthread. In this area, bone volume 

was determined. Bone volume (mm3) was

volume using the equation

20 

computed tomography (μCT) images in each group. A: mesiodistal section 

image, B: 3D image, C: horizontal section image, D: buccolingual section image.

interest (ROI) was specified as an annular area with a diameter of

defect area (red circle area) in the marginal portion of the peri

over an area from the first microthread to the last microthread. In this area, bone volume 

determined. Bone volume (mm3) was expressed as a percentage of the total

volume using the equation. 

 

images in each group. A: mesiodistal section 

image, B: 3D image, C: horizontal section image, D: buccolingual section image. 

an annular area with a diameter of 1 mm 

in the marginal portion of the peri-implant 

over an area from the first microthread to the last microthread. In this area, bone volume 

expressed as a percentage of the total ROI 
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2.8. Histological Analysis 

 

The specimens were fixed in neutral buffered formalin (Sigma Aldrich, St 

Louis,MO,USA) for 2 weeks and dehydrated in ascending concentrations of ethanol 70%, 

80%, 90% and 100 %. The dehydrated specimens were embedded in Technovit 7200 

resin (Heraeus KULZER, South Bend, IN, USA). The block of polymerized specimens 

were sectioned longitudinally from the center of each implant by an EXAKT diamond 

cutter (KULZER EXAKT 300, EXAKT, Norderstedt, Germany). The 30 μm final slides 

were prepared from the initial 400 μm slides by grinding the sections with an EXAKT 

grinding machine (KULZER EXAKT 400CS, EXAKT, Norderstedt, Germany). The 

specimens were stained with hematociline-eosin. The images were captured using a 

computer connected light microscope (Olympus BX, Tokyo, Japan) attached to a CCD 

camera (Polaroid DMC2 digital Microscope camera [Polaroid corporation, Cambridge, 

MA, USA]). All measurements were made using SPOT Software V4.0 (Diagnostic 

Instrument, Inc., Sterling Height, MI, USA).  

The following parameters were assessed: 

A. Bone growth height in buccal defect area (mm) 

The length of the bone growth that increased upward along the implant from the 

reference point of the buccal defect site on the alveolar ridge was measured.    

B. Bone to implant contact in the microthread of buccal and lingual defect area (defect 

area around implant, %) 

The bone-to-implant contact ratio in the area where the bone grew along the implant 

from the reference point of the implantation on the alveolar ridge was measured.  

C. Bone to implant contact in the macrothread (existing bone area around implant, %) 
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The bone-to-implant contact ratio in the existing bone where the implant was 

implanted was measured. 

D. Intra-thread bone density in the macrothread (existing bone area around implant, %) 

The intra-thread bone density in the existing bone where the implant was implanted 

was measured.  

The percentage of bone-to-implant contact (BIC, %) was measured, and the ration of the 

area of bone formation on intra-threads of the implant to overall threads was calculated 

for the measurement of intra-threads bone density (ITBD, %). The height level of newly 

formed marginal bone induced by installed implant was measured. Overall specimen 

images were captured at a magnification of X2.5. A magnification of X40 was used for 

histometric analysis, and a X100 magnification lens for a precise assessment of BIC and 

ITBD. The criteria for histometric analysis included images that were captured at a 

magnification of X100 . 

 

2.9. Statistical Analysis 

All analyses were performed using a computer-based statistical software (SPSS software, 

ver.12.0). The mean and SD of the ISQ values, BIC and ITBD in the histologic specimens 

were calculated for each group. Comparisons of ISQ values between the experimental and 

control groups were made in the same week using the Mann-Whitney U test. A Shapiro-

Wilk test was performed to test the normal distribution, and a one-way analysis of 

variance was performed to compare the difference in the BICs, ITBDs, and bone growths 

of the groups. A Bonferroni test was performed for the post-hoc test with a significance 

level of 95%. SPSS Ver. 18.0 (SPSS, Chicago, IL, USA) was used for the statistical 

analysis. 
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III. Results 

 

1. In-vitro study 

 

1.1. Surface Characterization 

 

We confirmed by SEM for the surface morphologies of each group (Fig. 4a-e). The 

control and surface-modified groups had similar morphologies. XPS analyses were 

conducted to determine the chemical composition of the surfaces of each group. The XPS 

wide-scan spectra and surface elemental compositions of each group are shown Fig. 5 and 

Table 1, respectively. Heparin grafting to the Ti surface was assessed by an increase in the 

C content and a decrease in the N content compared to the amine-treated Ti surface, as 

shown in Table 1. Furthermore, a decrease in the C content and increase in the N content 

was successfully immobilized by rhBMP-2 or rhPDGF-BB on the Ti surface compared to 

the heparinized Ti surface (Table 1). To quantify the amount of heparin-grafted to the Ti 

surface, toluidine blue dye was utilized. The amount of surface-exposed heparin was 1.5 

± 0.27 μg/sample.  
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Fig. 4. SEM of various Ti surfaces: (a) control group, (b) heparin group, (c) PDGF group, 

(d) BMP group and (e) PDGF/BMP group 

 

Fig. 5. XPS wide-scan spectra of (a) anodized Ti, (b) amine treated Ti, (c) heparinized Ti, 

(d) rhPDGF-BB-immobilized Ti, (e) rhBMP-2-immobilized Ti, and (f) rhPDGF-

BB/BMP-2-immobilized Ti. 
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Table 1. Elemental composition at the surface of anodized Ti, amine treated Ti, 

heparinized Ti, PDGF-immobilized Ti, BMP-2-immobilized Ti, and PDGF/BMP-2-

immobilized Ti. 

Substrate C % N % O % Ti % 

Anodized Ti 32.56 1.41 55.56 10.47 

Amine treated Ti 59.56 10.34 27.2 2.9 

Heparinized Ti 63.6 5.84 28.2 2.36 

rhPDGF-BB-immobilized Ti 62.21 6.25 28.73 2.81 

rhBMP-2-immobilized Ti 61.57 7.06 28.88 2.48 

rhPDGF-BB/BMP-2-

immobilized Ti 
60.83 7.5 29.47 2.19 
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1.2. In-vitro rhBMP-2 or rhPDGF-BB Release Test 

 

At predetermined time intervals, the release kinetics of rhPDGF-BB, rhBMP-2, 

rhPDGF-BB/BMP-2 immobilized on a heparinized-Ti surface was analyzed using 

enzyme-linked immunosorbent assay (Fig. 6). The amount of rhPDGF-BB in PDGF 

group and PDGF/BMP group released on the first day was approximately 0.96 ng and 1.3 

ng, respectively. The amount of rhBMP-2 in BMP group and PDGF/BMP group released 

on the first day was approximately 4.48 ng and 5.99 ng, respectively. Over a release 

period of 28 days, 2.19 ng and 3.71 ng PDGF were released from the PDGF(5ng)-

immobilized Ti (PDGF group) and rhPDGF-BB(5ng)/rhBMP-2(50ng) immobilized Ti 

surface (PDGF/BMP group), respectively. 10 ng and 16.94 ng rhBMP-2 were released 

from rhBMP-2(50ng)-immobilized Ti (BMP group) and rhPDGF-BB(5ng)/rhBMP-

2(50ng) immobilized Ti surface (PDGF/BMP group), respectively. Furthermore, during 

predetermined time intervals, 43.8% or 74.2% of the rhPDGF-BB were released from the 

PDGF or PDGF/BMP group, respectively. 20% or 33.9% of the rhBMP-2, for the release 

period for up to 28 days, were released from the BMP or PDGF/BMP group, respectively. 

 

Fig. 6. Release kinetics of rhPDGF-BB (5ng), rhBMP-2 (50ng), and rhPDGF-BB (5ng) / 

rhBMP-2 (50 ng) from heparinized Ti. 
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1.3. Live/Dead Assay 

 

As shown in Fig. 7, the live and dead cells were labeled with green and red fluorescence, 

respectively. Almost all the cells cultivated on the anodized or surface-modified Ti 

surfaces were alive after 48h incubation. 

 

Fig. 7. Live/ dead assay: (a) control group, (b) heparin group, (c) PDGF group, (d) BMP 

group and (e) PDGF/BMP group. Scale bar = 50µm. 
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1.4. Cell Proliferation 

 

 The cell proliferation of MG 63 cells on the surface of each group was examined for 7 

days (Fig. 8). MG-63 cells proliferation cultured on each group increased for the culture 

period for up to 7 days. There were no significant differences between cell proliferation 

on each group after 7 days of culture. 

 

Fig. 8. Proliferation of osteoblast-like cells (MG-63 cells) grown on each group after 1, 3, 

7 days.  

 

1.5. ALP Activity 

 

The ALP activity of the MG-63 cells was investigated after 7, 14, and 21 days on the 

surfaces of each group. As shown in Fig. 9, there were significant differences between the 

ALP activity of MG-63 cells cultivated on the growth factors-immobilized groups and 

those cultivated on control group at the time of analysis (*P<0.05, **P<0.001). The ALP 
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activity of MG-63 cells cultured on the PDGF/BMP group had a significantly higher than 

those cultured on the control group (**P<0.001) at the time of analysis. MG-63 cells 

grown on PDGF/BMP group had significantly higher ALP activity than those grown on 

PDGF group for 7, 14 and 21 days (*P<0.05, **P<0.001). The ALP activity of MG-63 

cells cultured on the surface of PDGF/BMP group was significantly higher than those 

cultured on the surface of BMP group for 14 or 21 days (*P<0.05). Furthermore, the ALP 

activity of MG-63 cells grown on BMP group was significantly different compared to the 

ALP activity of MG-63 cells grown on PDGF group for 14 or 21 days of culture 

(*P<0.05). However, there were no significant differences in the ALP activity of MG-63 

cells grown on heparin group and those grown on control group for 7, 14, and 21 days. 

 

Fig. 9. ALP activity of osteoblast-like cells(MG-63 cells) grown on each group after 7, 14, 

21 days (*p < 0.05, **p < 0.001). 
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1.6. Calcium Depositions 

 As shown in Fig. 10, the amount of calcium deposition of MG-63 cells grown on each 

group was investigated after 21 days of culture. The results of the amount of calcium 

deposition clearly show that MG-63 cells cultivated on the growth factors-immobilized 

groups had significantly higher than those cultivated on control group (*P<0.05, 

**P<0.001). There were significant differences in calcium deposition between cells 

cultured on PDGF/BMP group and those cultured on PDGF group (**P<0.001). The 

amount of calcium deposition of cells grown on PDGF/BMP group had significantly 

higher than those grown on BMP group (*P<0.05). Calcium deposition on BMP group 

was significantly different compared to that on PDGF group (*P<0.05). In contrast, there 

were no significant differences in calcium deposition between cells grown on heparin and 

control group. 

 

Fig. 10. Calcium deposition of osteoblast-like cells (MG-63 cells) grown on each group 

after 21 days (*p < 0.05, **p < 0.001). 
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1.7. Real-time PCR Analysis 

The results of mRNA expression of osteocalcin and osteopontin of MG-63 cells grown 

on each group were performed by real-time PCR after incubation of 21 days. As shown in 

Fig. 11, there were significant differences between osteocalcin and osteopontin 

expression of MG-63 cells grown on the growth factors-immobilized groups and those 

grown on control group (**P < 0.001). The osteocalcin and osteopontin expressions of 

MG-63 cells cultivated on BMP group had significantly different higher than those 

cultivated on PDGF group (**P < 0.001). MG-63 cells grown on PDGF/BMP group had 

significantly higher both osteocalcin and osteopontin expressions than PDGF group (**P 

< 0.001). Moreover, significant differences in the osteocalcin and osteopontin expressions 

between PDGF/BMP and BMP group were detected at 21 days (**P < 0.001). 

 

Fig. 11. Real-time PCR analysis for osteocalcin, osteopontin expression of each group 

cultured osteoblasts-like cells (MG63 cells) after 21days (**p < 0.001). 
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2. In-Vivo Study 

 

2.1. Stability Evaluation 

   Immediately after surgery the overall ISQ value was higher in the control group than 

in the experimental group, but the difference was not statistically significant. At week 8, 

the ISQ values were relatively higher than the value of baseline in the experimental 

groups, whereas in the control group, it was similar or relatively lower than baseline 

values. The increase in ISQ value was significantly higher in the experimental groups 

than in the control group (p < 0.05) (Table 2). But there was no difference between two 

experiment groups (p > 0.05) 

 

Table 2. Implant stability quotient (ISQ) value according to groups and observation 

intervals. 

Group At surgery At 8 weeks ISQ change 

Control  70.00 ± 4.45a 71.27 ± 7.67a 0.27 ± 7.97a 

Heparinized 70.59 ± 8.17a 70.70 ± 5.78a 0.01 ± 9.19a 

PDGF 69.99 ± 5.12a 71.01 ± 4.98a 0.92 ± 8.32a 

BMP 71.33 ± 6.82a 77.14 ± 5.23b 5.32 ± 5.33b 

PDGF/BMP 70.43 ± 6.44a 81.41 ± 5.11b 8.11 ± 7.09b 

P* 0.1255 0.0201 0.0011 

At surgery: ISQ value at surgery 

At week 8: ISQ value 8 weeks after surgery 

Within the same column, the means with the same superscript letters are not statistically 

different from one another.  p values from ANOVA. *p < 0.05 

 

 



 

2.2. Micro Computed T

 

The region of interest (ROI) was specified as an annular area with a diameter of 1 mm 

surrounding the defect area 

the first microthread to the last microthread. 

± 4.39 %, heparinized, PDGF, BMP and PDGF/BMP 

9.56, 40.95 ± 9.07 and 43.73 

PDGF/BMP group were significantly greater than 

was no significant difference between the 

 

Fig. 12. The μCT 3D images of five groups. A: control, B: heparin, C: PDGF, D: BMP, E: 

PDGF/BMP group (X12.5

modeling and vertical bone growth

bone growth of defect area in control, heparin and PDGF group. 
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Micro Computed Tomography (μCT) 

The region of interest (ROI) was specified as an annular area with a diameter of 1 mm 

surrounding the defect area in the marginal portion of the peri-implant over an area from 

the first microthread to the last microthread. The bone volume of control group was 

heparinized, PDGF, BMP and PDGF/BMP groups were 13.05 ±

9.07 and 43.73 ± 6.75 %, respectively. The bone volumes

significantly greater than another groups (p < 0.0

was no significant difference between the BMP and PDGF/BMP group (p > 0.05).

3D images of five groups. A: control, B: heparin, C: PDGF, D: BMP, E: 

12.5 magnification). Note pronounced peri-implant bone re

ical bone growth in the BMP and PDGF/BMP group. 

bone growth of defect area in control, heparin and PDGF group.  

The region of interest (ROI) was specified as an annular area with a diameter of 1 mm 

over an area from 

The bone volume of control group was 18.19 

± 5.15, 21.29 ± 

s of BMP and 

0.05), but there 

> 0.05). 

 

3D images of five groups. A: control, B: heparin, C: PDGF, D: BMP, E: 

implant bone re-

 There was no 
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2.3. Histological Analysis 

   Jaw quadrants in BMP and PDGF/BMP groups exhibited bone formation approaching 

microthreads and bone remodeling around the implants (Fig. 13). There was about 1.1 

mm more bone gain in the BMP and PDGF/BMP groups than in the control group 

(p<0.05). In the control and heparin group, the vertical bone loss of buccal defect area 

was detected. The control, heparin and PDGF group were shown failure of 

osseointegration in aspect of lingual portion that had defect of 1mm gap between fixture 

and bone (Fig. 14). The microBIC of BMP and PDGF/BMP group were significantly 

greater than another groups (p < 0.05), but there was no significant difference between 

the BMP and PDGF/BMP group (p > 0.05). The BMP and PDGF/BMP group were shown 

success of osseointegration in aspect of lingual portion that had defect of 1mm gap 

between fixture and bone (Fig 15). The mean percentages (±SD) of BIC and ITBD within 

macrothreads 8 weeks after surgery were no significant difference between groups (p > 

0.05). (Table 3) 

 

 

Fig. 13. The histological specimens of five groups. A: control, B: heparin, C: PDGF, D: 

BMP, E: PDGF/BMP group (X12.5 magnification). Note pronounced peri-implant bone 

re-modeling and vertical bone growth in the BMP and PDGF/BMP group. The red lines 

are the level of defect. 



 

Fig. 14. Microthread defect area in the control, heparin and PDGF group.

BIC and ITBD within macrothreads 8 weeks after surgery were 

between groups. In the control and

area was detected. The control, heparin and PDGF group were shown failure of 
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Microthread defect area in the control, heparin and PDGF group. 

BIC and ITBD within macrothreads 8 weeks after surgery were no significant difference 

control and heparin group, the vertical bone loss of buccal

The control, heparin and PDGF group were shown failure of 

 

 

no significant difference 

group, the vertical bone loss of buccal defect 

The control, heparin and PDGF group were shown failure of 
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osseointegration in aspect of lingual portion that had defect of 1mm gap between fixture 

and bone. 

A,B,C: control group, D,E,F: heparin group, G,H,I: PDGF group, A,D,G: lingual portion 

of microthread, C,F,I: buccal portion of microthread. (A,C,D,F,G,I: X40  magnification, 

B,E,H: X12.5 magnification) 

 

Fig. 15 .  Microthread defect area in the BMP and PDGF/BMP group. 

The BMP and PDGF/BMP group were shown success of osseointegration in aspect of 

lingual portion that had defect of 1mm gap between fixture and bone. A, D: lingual 

portion of microthread, C,D: buccal portion of microthread, A,B,C: BMP group, D,E,F: 

PDGF/BMP group. (A,C,D,F: X40  magnification, B,E: X12.5 magnification) 
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Table 3. Buccal bone level, BIC on macrothread, and bone density on macrothreads 8 

weeks after surgery. 

group BG(mm) microBIC(%) macroBIC(%) ITBD(%) 

Control  0.23 ± 0.22a 11.05 ± 5.09a 23.58 ± 1.63a 54.90 ± 7.24a 

Heparinized -0.06 ± 0.21a 9.27 ± 1.95a 18.47 ± 2.89a 53.98 ± 3.77a 

PDGF 0.12 ± 0.28a 9.59 ± 3.99a 20.62 ± 2.30a 61.64 ± 6.17a 

BMP 1.34 ± 0.17b 27.76 ± 3.03b 22.20 ± 2.89a 60.80 ± 3.32a 

PDGF/BMP 1.31 ± 0.12b 31.79 ± 3.90b 23.54 ± 2.30a 69.22 ± 3.96a 

p* 0.000 0.000 0.544 0.244 

BG: Bone growth height in buccal defect area (mm), microBIC: Bone to implant contact 

in the microthread (%), macroBIC: Bone to implant contact in the macrothread (existing 

bone area around implant, %), ITBD: Intra-thread bone density in the macrothread 

(existing bone area around implant, %). Within the same column, the means with the 

same superscript letters are not statistically different from one another.  p values from 

ANOVA. *p < 0.05 
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IV.  Discussion 

 

The entire surface area of an implant that is being covered by a sufficient amount of 

alveolar bone is very important to the long-term survival and functionality of the 

implant.32 When the bone resorption process is excessive, however, due to periodontitis 

after tooth extraction, it may sometimes be impossible to achieve the bone height required 

for the implantation. In this case, a bone graft is required to restore the vertical bone 

height in the alveolar ridge of the edentulous jaw where such excessive bone resorption 

occurred. Due to the advances in the surgical procedure for bone regeneration, surgical 

procedures that can restore the alveolar ridge vertically have become very diverse. 

Despite these advances, recent studies have reported that the result of the vertical ridge 

augmentation procedure is still highly unpredictable, and involves frequent adverse 

events.33,34 Although currently the autogenous bone graft is considered the first-line 

treatment,35 it involves donor site pain and dysfunction, and has a limitation in the 

collectable amount of bone.36 Advanced in tissue engineering, bone graft procedures have 

been reported by many successful results for the alveolar ridge where bone resorption is 

excessive. Vertical ridge augmentation still has to overcome the challenges related to the 

alveolar ridge of the edentulous jaw, however, where bone resorption is particularly 

excessive.  

Numerous studies have been conducted on ways to enhance vertical bone regeneration 

without using a bone graft by placing an implant fixture with its surface coated with a 

bone growth factor. It was reported that among such growth factors, rhBMP-2 could 

effectively play the role of carrier when used to coat the surface of an anodized 

implant.9,11 Particularly, in animal studies wherein an implant coated with rhBMP-2 was 
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exposed above the alveolar bone without additional bone graft materials, the rhBMP-2 

resulted in significant regeneration of the bone wherein a new bone was formed along the 

surface of the rhBMP-2-coated implant.29,30 Limitations were also reported, however, 

such as a low density around the newly formed bone, and a low bone to implant contact.29  

Numerous intensive studies have been performed to improve clinical regenerative 

procedures in bone regeneration. 37–40 In particular, the use of growth factors such as the 

bone morphogenetic proteins (BMPs) 10, 41–43 and platelet-derived growth factor B 

(PDGF-B) 44–47 in dental implants has been shown to improve the quantity of regenerated 

bone tissue and the quality of the bone-implant surface. While individual growth factors 

have positive effects on bone regeneration and implant osteointegration, in some cases the 

combination of growth factors has shown synergistic effects which are thought to relate 

to their assistance in the complex cellular events that occur during the normal healing 

process. 46, 48 Zhang et al 49 reported the synergetic bone-forming effects of combinations 

of BMP-7 and PDGF-B, this study demonstrates the promising potential of biomaterial 

expression of combinations of growth factors such as BMP-7 and PDGF-B for bone 

regeneration in tissue engineering applications.  

As mentioned in the introduction, rhBMP-2 is one of the most osteoinductive growth 

factors, but its clinical application has been limited by its short half-life, rapid diffusion 

by body fluids, and the large doses required. Large doses of rhBMP-2 in particular are a 

problem because they can result in side-effects such as immune response and bone 

overgrowth from the defect site. 50 To create an effective 

delivery system for growth factors and ensure these release for a sufficient time period 

and in appropriate amounts, we modified the surfaces of anodized Ti surface with heparin 

to which we immobilized rhBMP-2 and rhPDGF-BB. We demonstrated that the rhBMP-2 
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and rhPDGF-BB immobilized on the heparin grafted Ti surface was successfully released 

over an extended period of time. The sustained release of growth factors, including 

various types of matrices, from heparin has been well documented. 31,51,52 Lin et al. 52 

demonstrated that heparin-crosslinked demineralized bone matrix (DBM) to which BMP-

2 was bound increased the ALP activity of attached cells and the percentage of calcified 

tissue in vivo. These results demonstrate that heparin is a suitable material for the 

sustained release of growth factors. 

The clinical success of dental implants is highly dependent on the cell adhesion, matrix 

production, anti-inflammatory, and mineralization properties of the implant materials. In 

the present in-vitro study, we demonstrated that modification of anodized Ti surfaces with 

heparin, rhBMP-2 and rhPDGF-BB resulted in an increase in osteogenic activity. The 

chemical compositions of the surfaces after modification with heparin, rhBMP-2 and 

rhPDGF-BB were determined by XPS. Successful grafting of heparin to the anodized Ti 

surface was indicated by both an increase in C and N content and a decrease in Ti content 

compared to anodized Ti surfaces after APTES processing. Moreover, successful 

anchoring of rhBMP-2 and rhPDGF-BB to the heparin-modified anodized Ti surfaces 

was demonstrated by the increase in N content due to the N-containing groups in growth 

factors compared to the heparin-grafted Ti surfaces. A previous study reported successful 

immobilization of rhBMP-2 to carboxymethyl chitosan (CMCS)-grafted Ti surfaces 

because of the formation of covalent bonds between the carboxyl groups of CMCS and 

the amine groups of rhBMP-2.53 Similarly, in our study, the carboxyl groups of heparin 

formed covalent bonds with the amine groups of growth factors.  

We observed an increase in osteoblast proliferation when osteoblasts were cultured on all 

substrates. However, cell proliferation on BMP and PDGF/BMP groups did not show a 
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significant increase compared to that on control group, consistent with the reports of Shi 

et al. 53,54 In contrast, Park et al. reported an increase in the proliferation of osteoblasts 

grown on nanofibrous chitosan membranes with immobilized BMP-2 compared to their 

proliferation on nanofibrous chitosan membranes without immobilized BMP-2. 55 Thus, 

the effects of rhBMP-2 on osteoblast proliferation are still unclear.  

ALP activity and calcium deposition are widely used as markers for early and late 

differentiation of osteoblast cells, respectively.56,57 ALP activity was measured after a 

culture period of 7, 14 or 21 days. There was no significant difference in osteoblast 

proliferation between groups throughout the 21 days. In contrast, there were significant 

differences between the ALP activity on the growth factors-immobilized groups and those 

cultivated on control group at the time of analysis (*P<0.05, **P<0.001). The ALP activity 

on the PDGF/BMP group had a significantly higher than those cultured on the control 

group (**P<0.001) at the time of analysis. Thus, rhBMP-2 and rhPDGF-BB stimulate 

osteoblast differentiation. However, the ALP activity of osteoblasts on all substrates at 21 

days was slightly lower than that on all substrates at 14 days. This means that ALP 

activity reached a maximum before mineralization actually began. Furthermore, these 

results indicate that ALP activity may diminish slightly and calcium deposition may 

increase slowly after a culture period of 14 days. Materials like DBM, titanium, and 

chitosan-immobilized BMP-2 have been shown to increase the ALP activity of 

osteoblastlike cells. 55 As was expected from the ALP activity profile, the amount of 

calcium deposed on heparin group was similar to that deposited on control group 

throughout the 21 day culture period. In contrast, there was a significant difference in 

calcium deposition between cells growing on BMP group and those growing on 

PDGF/BMP group at 7,14 and 21 days. Together, these results indicate that rhBMP-2 
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immobilized Ti substrates can stimulate matrix formation and enhance osteoblast cell 

function, and rhPDGF-BB can make the synergistic effect with rhBMP-2. 

The in-vivo study was performed to assess the synergic effect of rhBMP-2 when 

combined with rhPDGF-BB, by comparing the bone regeneration of the alveolar bone in 

the BMP group where the anodized implant was coated only with rhBMP-2, with that of 

the PDGF/BMP group wherein the anodized implant was coated with both rhBMP-2 and 

rhPDGF-BB, and with that of the other groups, and by assessing the osseointegraion in 

the bone-implant interface after such implants were implanted in open defect model. In 

this study, the osteoinduction effect of rhBMP-2 was observed, and the osseointegration 

effect of the BMP and PDGF/BMP groups significantly differed from that of the control, 

heparin and PDGF groups in new bone formation. In a study by Wikesjo et al.,58 the BIC 

was low in the rhBMP-2-coated implant due to pinpoint-type osseointegration, but high 

in the control group due to thin-bone formation along the surface of the implant. 

Consistent with this, the present study showed that BIC in new bone formation was lower 

in the control group than in the experimental group, which was deemed to have been 

possibly due to the differences in the materials and methods.  

No synergic effect was observed when rhPDGF-BB and rhBMP-2 were used in 

combination. The bone formation effect was significantly greater when rhPDGF-BB and 

rhBMP-2 were used in combination than in the control, heparin, PDGF groups, although 

it did not significantly differ between the PDGF/BMP group and the BMP group.  

Several studies have presented various opinions on such limitations in in vivo 

experiments wherein an implant was coated with two types of growth factors. Such 

limitations include limitations in effect due to the rapid degeneration of the growth factors, 

and nonstandardization of the optimum concentration of the growth factors;14,59 and the 



43 

 

possible deformation of the functional unit and structural deformation on the surface of 

the implant due to the coating of the surface of the implant with rhBMP-2 and rhPDGF-

BB, which could decrease the affinity with the bone morphogenic cells that are attached 

to the surface of the implant via mediation by integrin.60 Unlike the exposed upper 

portion of the implant, the portion that is implanted in the existing bone may affect the 

osseointegration due to problems such as difficulty in standardizing insertion stability.61 

If the emergence timing and degeneration rate of the two growth factors that were used to 

coat the implant can be controlled, a more favorable outcome can be expected. The 

control should imitate the serial emergence and degeneration of growth factors that 

naturally occur within the human body. In addition, much evidence was accumulated 

from many previous studies on the timing of the involvement of PDGF in bone formation. 

Other studies also showed that angiogenesis occurred in the early stage before bone 

formation in a fracture model.62,63 Thus, if the serial-release of growth factors based on 

the slow-release system will be used such that PDGF will be released earlier than BMP to 

promote angiogenesis, a more favorable outcome can be achieved. This is likely to be 

responsible for the fact that in this in-vivo study, the results obtained by the group that 

used an implant coated only with rhBMP-2 and those obtained by the group that used an 

implant coated with a combination of rhPDGF-BB and rhBMP-2 did not show a great 

difference. 

If how long such growth factor should be released when the implant is coated with a 

bioactive material can be ascertained by further studies, the potential of implants coated 

with a bioactive material is believed to be great. 
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V.  Conclusion 

 

Anodized Ti surface was successfully fuctionalized via a chemical method involving 

grafting of heparin and subsequent immobilization of rhBMP-2 and rhPDGF-BB. 

rhBMP-2 immobilized, heparin-grafted Ti implants were a suitable delivery system to 

enhance osteoblast fuction and new bone formation at defect area around implant. The 

synergetic effects of combinations of rhBMP-2 and rhPDGF-BB was detected in this in-

vitro study, but there were uncertain results in this in-vivo study. 
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국문요약 
 

헤파린으로 처리한 타이타늄 임플란트에 코팅된 골형성 
단백질과 혈소판 유래 성장인자가 골모세포의 반응,  

골융합 및 골재생에 미치는 영향 
 

(지도: 심 준 성 교수) 
연세대학교 대학원 치의학과 

허 중 보 
 

목적: 본 연구는 성장인자의 서방출을 위해 헤파린으로 표면 처리한 타이타늄 
임플란트 표면에 rhBMP-2 와 rhPDGF-BB 를 코팅한 후 표면 특성을 
관찰하고, 골모유사세포의 반응을 평가한 뒤 코팅 처리한 임플란트를 
비글견에 식립하여 골융합 및 결손부 골재생에 대한 효과를 평가해 보고자 
하였다.  
 
재료 및 방법: 양극 산화 티타늄 상에 헤파린을 화학적 공유결합으로 
처리하고 rhPDGF-BB 와 rhBMP-2 를 단독 혹은 복합 코팅을 시행하였다. 
대조군은 코팅을 시행하지 않았으며, 실험군은 해파린을 처리한 heparin 군, 
heparin 군에 각 성장인자를 단독 혹은 복합 코팅한 PDGF 군, BMP 군, 
PDGF/BMP 군으로 설정하였다. 주사전자현미경 관찰과 X 선 광전자분광법 
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(XPS) 분석으로 표면 특성을 살펴보았고 골모유사세포 (MG63)을 배양하여, 
세포 부착, 분화 및 광화 정도를 평가하였다. 40 개의 임플란트를 제작하여, 
각 군당 8 개씩 5 개 군으로 나누어 세포 연구와 동일하게 표면처리하고 
5 마리의 비글 견에 협측골이 결손된 모델(open defect model)을 만들어 
구강분할방법으로 식립하였다. 임플란트 식립 직후와 8 주 후에 ISQ 수치를 
측정하고, 3 차원 μCT 를 촬영하여 임플란트 주변 결손부의 골 밀도와 부피를 
평가하였다. 조직계측학적 분석을 통해 골유착과 골형성을 평가하였다. 
통계처리는 ANOVA 및 Mann-Whitney U test 로 유의성을 검증하였고, 
사후검정은 Bonferroni test 를 시행하였다 (p  < .05). 
 
결과: XPS 분석을 통하여 각 단계별 코팅층을 확인하였다. 각 군 사이에 세포 
부착과 증식의 정도에는 유의할만한 차이는 없었다 (p  > .05). 세포의 분화 
및 광화 정도는 PDGF/BMP 군>BMP 군> PDGF 군> heparin 군=대조군 
순으로 나타났다 (P < .05). 동물 연구에서 ISQ 수치와 μCT 분석에서는 BMP, 
PDGF/BMP 군이 다른 군들보다 유의하게 높게 나타났다 (p < .05). 조직학적 
분석에서 결손부위의 골증대와 골 접촐률은 BMP, PDGF/BMP 군이 다른 
군들보다 유의하게 높게 나타났으나 기존 골에서는 모든 군에서 유의성을 
보이지 않았다. 
 
결론: 양극산화 타이타늄 표면에서 화학적 공유결합을 통한 헤파린 처리는 
성공적으로 이루어 졌고 성장인자의 서방출을 유도하였다. 골모 유사 세포 
반응에서는 rhBMP-2 와 rhPDGF-BB 가 효과적으로 작용하였고 두 
성장인자의 복합 적용시 상승작용을 보였다. 하지만 동물 연구에서는 두 
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성장인자의 상승작용이 나타나지 않았다. 하지만 이들 성장인자의 코팅이 
결손 부위의 추가적 골이식 없이도 골재생을 유도할 수 있음을 확인하였다. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
핵심되는 말: 골형성 단백질(rhBMP-2), 혈소판 유래 성장인자(rhPDGF-
BB), 헤파린, 골모유사세포, 골증식, 골융합, 임플란트, 비글 견 
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