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proved the use of rhBMP-2 in spinal fusion (2000) and in 
open tibial fracture surgery (2004). In the oral and maxillofa-
cial area, the application of rhBMP-2 for sinus augmentation 
and localized alveolar ridge augmentation was approved by 
the FDA in 20076,7,13. In the past, it was difficult to clinically 
use rhBMP, most of which was produced in mammalian cells 
such as Chinese hamster ovary cells, for reconstruction of 
bone defects because of low productivity and high cost12,14. 
However, continued attempts finally produced rhBMP us-
ing a prokaryotic expression system of E. coli and evaluated 
biologically produced rhBMP with greater than 98% purity. 
The bone regeneration capacity of this material was verified 
in vivo, so mass production of rhBMP with a low price was 
made possible12,14.

BMPs have a very short half-life of 1 to 4 hours, and they 
are reduced by 30% at an early stage since they undergo in-
complete emission at higher than physiological concentration. 
In contrast to in vitro experiments, which can induce a cellu-
lar response with a small amount of BMP, rapid degradation 
of BMP and insufficient and inadequate tissue regeneration 
were observed in in vivo experiments. Because this action is 
not specific to bone tissue, proper BMP delivery systems are 
required for application to any sites in order to produce new 
bone in the desired shape15-18. The primary role of the BMP 
delivery system is to maintain growth factors in bone defect 
sites according to anatomical size, position, and vascularity 
of the defect site for regeneration and recovery of bone. It 
should allow the regenerative tissue forming cells to migrate 
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Fig. 8. Histomorphologic findings in Group B of Experiment 3 (H&E staining, A-D: ×10, inset: ×100). A. The 2-week experimental group; 
The newly formed bone was observed including endochondral ossification in the both borders near the existing fibula. B. The 4-week 
experimental group; The cortical layer of the newly formed bone showed a similar continuity as the remaining fibula. The inner part was 
gradually replaced by bone marrow. C, D. The 8-week experimental and control groups; Both experimental and control groups showed 
complete unions of the fibula defects.
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to the tissue defect site and to proliferate and differentiate15-17. 
Two requirements for these BMP carriers are ‘localized’ and 
‘release-controlled’ delivery15,16, and additional essential fac-
tors such as safety, efficiency, convenience, and economics 
should be satisfied for clinical application of BMP. Therefore, 
many types of delivery materials have been studied.

BMP carrier materials can be classified largely into four 
types—natural polymers, inorganic materials, synthetic 
biodegradable polymers, and composites. Natural polymers 
include collagen, currently used in clinics, and FG, algi-
nate, and chitosan. Although they have several advantages 
including high biocompatibility, natural affinity for BMPs, 
and absorbable into physiological body fluids, they have 
disadvantages of immunogenicity, vection, and difficulty 
of sterilization. Inorganic materials are similar to bone and 
have benefits of osteoconduction capacity and affinity for 
BMPs, but they also have disadvantages of fragility, diffi-
culty of manipulation, and heat emission in some materials. 
Calcium phosphate cements, bioactive glass, hydroxyapatite, 
hyaluronic acid, and tricalcium phosphates are included in 
this category. Synthetic biodegradable polymers include 
polylactic acid (PLA), polyglycolide (PLG), poly-L-lactic 
acid (PLLA), poly D, and L-lactide-co-gycolic acid (PLGA). 
Excellent mechanical and chemical properties and ease of 
manipulation and sterilization are advantages of these materi-
als, but they can have problems with inflammatory response, 
restriction of biological function, and decreased local tissue 
acidity (pH). Finally, composites are made by combination 
of such material as different biomolecules, but the production 
process is difficult16,17.

Among these many carrier materials, ACS is the most 
widely used in clinics, and many satisfactory results from 
BMP/ACS complexes have been reported for reconstruction 
of bone defects4-7,13,19. ACS, a BMP carrier of natural origin, 
has merits of collagen binding to BMP and immediate in-
filtration by cells and reformation to bone tissue18. A large 
number of in vivo studies and clinical experiments of BMP/
ACS have been conducted, showing successful results similar 
to those with autogenous bone graft16. However, ACS also 
has some limitations for clinical application such as insuffi-
cient ability of space maintenance, difficulty in manipulation, 
and problems of immunogenicity. In fact, it was reported 
that 20% of patients who were treated with rhBMP-2/ACS 
showed anti-type I collagen antibodies because of its xeno-
genic nature16,18.

The action of FG, another material used as a carrier, is 
similar to the last step of the coagulation pathway and utilizes 

the mechanism of fibrin clotting, as fibrin-fibronectin and 
thrombin are mixed, regardless of the patient’s coagulation 
process. FG has the effect of promoting hemostasis, tissue 
adhesion, and wound healing, and some studies found that 
fibrin clots supported growth, adhesion, migration, and dif-
ferentiation of osteoblasts in vitro20,21. On the other hand, 
there are opposing reports that FG suppressed the process of 
bony healing or formation22. The use of FG as a BMP carrier 
has been introduced, and relatively successful results were 
reported in several studies. The efficacy of FG as a BMP 
carrier was demonstrated to some degree, and there are clini-
cal advantages in areas such as osteoconduction capacity, in 
vivo absorption, convenience of use, and ability to control 
bone growth by slowly releasing BMP compared to ACS. 
However, FG also lacks the ability to maintain space against 
compression of soft tissue, which can interfere with forma-
tion of new bone and tissues. Therefore, improvement of FG 
application methods or its use combined with other biological 
materials is needed to use FG as an effective BMP carrier20-24.

Although surgeons currently use rigid frames such as mesh 
type metal plates to maintain space for bone regeneration 
when they use ACS as a BMP carrier, this often requires 
secondary surgeries for complications following insertion of 
graft materials, as well as functional and aesthetic rehabilita-
tion25. If the removed bone can be used as a BMP carrier for 
immediate reconstruction by repositioning after eradicating 
pathological tissues or infection sources, there are several 
expected advantages in the healing process, function, aesthet-
ics, and ease of operation26-30. Although AAB has not been 
introduced as a BMP carrier, it is a useful technique that has 
been used clinically for patients with open fractures, tumors, 
or infectious disease since the first use of heat-treated bone 
as a graft material by Gallie in 1918 and the reimplantation 
of AAB in an osteosarcoma patient by Orell in 193725,26. The 
efficacy of AAB has been verified through many clinical and 
pre-clinical studies. Based on previous findings, there are 
some considerations for use of AAB as follows.

First, the autoclaved bone can preserve not only osteocon-
ductivity, but also osteoinductivity depending on the tem-
perature of autoclaving. There is no limitation to use as an 
allograft or autograft due to control of infection from virus or 
bacteria and destruction of tumor cells. It also has a satisfac-
tory mechanical property26,27,29-34. Furthermore, when AAB is 
used as an autograft, there is no need to consider antigenicity 
or donor sites, and it can be easy to use. It can enable recon-
struction of bone defects with original appearance, so it has 
excellent functional and aesthetic advantages28-30. However, 
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re-implantation of contaminated devitalized bone can cause 
infection or osteomyelitis, so AAB should not be applied in 
all cases and should be chosen only after considering risk 
of infection, age, and occupation of patients; the status of 
contaminated bone fragments; the possibility for autograft or 
allograft; the degree of importance of complete reduction of 
bone in order to maintain anatomical structure and function; 
and the patient’s wishes28. Focusing on these points, BMP 
bone regeneration capacity was evaluated using AAB as a 
BMP carrier in Experiment 3 of this study.

Through the three experiments presented in this study, we 
established the following findings.

1. The effect of BMP-2 for bone regeneration (Table 2)

1) Bone regeneration capacity of BMP-2
Excellent bone regeneration capacity was confirmed 

through Experiments 1-3. All experimental groups showed 
significant bone formation compared to the control groups. 
Although there was a slight difference depending on the 
BMP carrier, a pattern was generally observed that the vol-
ume of regenerated bone was reduced by remodeling after 
initially forming excessive bone. Especially in Group A of 
Experiment 3, which used AAB as a carrier with low BMP 
retention, excessive ectopic bone formation was observed, 
and we ascertained the osteoinduction capacity of BMP. 
Histomorphologically, the new bone formation appeared si-
multaneously at the sites of applied BMP-2/carrier complex, 

and the interior of regenerated bone was replaced with bone 
marrow, while the periphery was corticated gradually, form-
ing a lamellar structure with time. This process was similar to 
the growth process of long bone in which the bone matures 
from a primary ossification center to a medullary cavity with 
surrounding compact bone. Bone density analysis with mi-
cro-CT showed that the bone newly generated by BMP was 
similar to the surrounding normal bone, which had a very 
dense outer cortical bone and a bone marrow cavity with low 
regular density.

2) Comparison with xenogenic bone graft material
In Experiment 2, through comparison with other bone graft 

materials, we were able to confirm the significant bone for-
mation capacity of BMP-2. The compared bone graft material 
was porcine bone, which is one of the most widely clinically 
used materials with bovine bone35,36. Bones of these animals 
are mainly composed of carbonated hydroxyapatite and type 
I collagen, similar to human bone in biochemical structure37. 
Therefore, use of these xenograft materials can improve the 
healing mechanism by minimizing the absorption of existing 
bone and working as a scaffold for newly forming bone35. 
Bovine bone is the oldest and the most popular xenogenic 
bone, but it has a potential risk of variant Creutzfeldt-Jakob 
disease (vCJD). Porcine bone has a relatively low risk of 
vCJD, so it has recently been in wider use. In our experiment, 
there was a significant difference of degree of bone formation 
between the groups of BMP-2/ACS and CollaOss, and it was 

Table 2. Relative comparison of the amount of bone regeneration on segmental defects of fibulae in rats; Experiments 1, 2, and 3

Experiment Group Materials 2-wk 4-wk 8-wk

1
 
2
 
3
 
 
 

Exp.
Con.

  A                   Exp.
  B                   Exp.
  A                   Exp.
                        Con.
  B                   Exp.
                        Con.

BMP-2+ACS
ACS only
BMP-2+ACS
CollaOss1

BMP-2+AAB
AAB only
BMP-2+FG
FG only

+++
0
 
 

++++
0

+++/++++
0

 
 

++/+++
0/+
+++
–/0

+++/++++
–/0

++
0

++
0/+
++

+/++
++

+/++

(Exp.: experimental group, Con.: control group, BMP: bone morphogenetic protein, ACS: absorbable collagen sponge, AAB: autoclaved 
autogenous bone, FG: fibrin glue)
1CollaOss: porcine bone and collagen (Bioland, Korea).
0: no change of size of segmental bony defects, –: widening of segmental bonys defects by resorption of cut ends of fibulae, +: new bone formation 
without complete unions of segmental bony defects, ++: complete unions of segmental bony defects with newly formed bone, similar to original 
shape of fibulae, +++: complete unions of segmental bony defects with overgrowing newly formed bone (mild), ++++: complete unions of 
segmental bony defects with overgrowing newly formed bone (more than mild).
Experiment 1: the effect of ErhBMP-2/ACS on bone regeneration in a critical sized segmental defect in the rat fibula.
Experiment 2: the effect of collagen-combined xenogenic bone (CollaOss) and ErhBMP-2/ACS on bone regeneraton in a critical-size segmental 
defect in the rat fibula; Group A: BMP-2/ACS group, Group B: CollaOss group.
Experiment 3: comparison of AAB and FG as BMP carriers for bone regeneration in a critical sized segmental defect in the rat fibula; Group A: 
AAB group (with/without BMP-2), Group B: FG group (with/without BMP-2).
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thought to be due to osteoinduction capacity.

2. Evaluation of biomaterials for a BMP carrier (Table 2)

1) ACS
The ACS showed relatively good capacity for bone regen-

eration when it was used as a BMP carrier in Experiment 1 
and Experiment 2. In the 2-week experimental group, com-
plete bony union of the defect was observed with slightly 
excessive newly formed bone. It tended to be gradually re-
modeled, changing appearance and internal structure similar 
to the original fibula shape in the 4- and 8-week experimental 
groups. On the other hand, in the control group using ACS 
only, there was no significant change of bony defects in both 
the 2- and 8-week groups. 

2) FG
In Experiment 3, it was observed that FG as a BMP carrier 

satisfied the essential conditions of localization and release-
control of BMP to some extent. In the 2-week experimental 
group, relatively less newly formed bone with a nearly regu-
lar shape was observed compared to Group A, using AAB as 
a BMP carrier. A similar amount of new bone was observed 
in the 4-week experimental group as in the 2-week group, un-
like Group A. It was considered that continuous bone forma-
tion appeared on confined sites around the graft material due 
to local slow extrication of rhBMP-2 from FG, compared to 
AAB. In the 8-week experimental group, the volume of new-
ly formed bone was significantly less compared to the 4-week 
group, and it was considered as a result following remodeling 
of newly generated bone like other experimental groups. On 
the other hand, in the control experiments, the 2- and 4-week 
groups showed persistent bony defects, while 2 rats of the 
8-week group showed comparatively favorable regeneration 
of bony defect sites, though the shapes of lamellar bone and 
the marrow cavity were not definite compared to the experi-
mental groups. This result illustrates the osteoconductive 
capacity of the FG, and the inability of FG to maintain space 
for bone regeneration was thought to cause incomplete bone 
regeneration in the other 2 rats.

3) AAB
AAB was used as a BMP carrier in Experiment 3 in order 

to focus on its ‘space maintenance’ ability, while its ‘release 
control’ was not expected to be adequate. In the 2-week ex-
perimental group, excessive bone formation by rhBMP-2 
was observed, but its size diminished gradually in the 4- and 

8-week groups. The excessive ectopic new bone formation 
was thought to be caused by uncontrolled release of a large 
quantity of BMP into the surroundings rather than the intend-
ed local sites in the early stage after grafting rhBMP-2/AAB. 
In the 4- and 8-week experimental groups, the amount gradu-
ally decreased and the shape regularized through active bone 
remodeling. On the other hand, in the 2-week control group, 
separation of AAB segments and residual fibulae were ob-
served, while weak fibrous unions between AABs and fibulae 
were seen in the 4-week control group. In the 8-week control 
group, newly formed bones around some of repositioned 
AAB segments to bony defect sites, well maintained original 
position in muscle cuff, were formed showing bony unions 
including slight fibrous unions. This was thought to prove the 
osteoconduction capacity of AAB. If researchers fixed AAB 
segments after repositioning, most individuals would show 
similar results.

Additionally, in the subsequent experiment (Experiment 4)10 
using rabbits for application of the combined BMP/carrier/
scaffold, we concluded through quantitative analysis using 
micro-CT and histomorphological analysis that AAB itself 
had osteoconduction capacity, and that the osteoinduction 
capacity of BMP-2 was more effective when using ACS than 
FG as a carrier. In addition, application of the combination of 
BMP-2/ACS with AAB as a scaffold showed favorable re-
sults for bone defect healing. However, when internal fixation 
was carried out on rabbit radial bone, healing was delayed 
rather than accelerated because the bone was small and had a 
thin cortex, causing difficulty with internal fixation, and it in-
duced occlusion of bone marrow. Therefore, further consider-
ation of animal models and methods for BMP-2 experiments 
is necessary.

V. Conclusion

Through stepwise animal experiments of rhBMP-2, we 
could ascertain the bone regeneration capacity of BMP-2 and 
future study directions for clinically extended applications. 
BMP is much more stable and demonstrates an excellent abil-
ity for bone regeneration compared to xenogenic (porcine) 
bone graft material because of its osteoinduction capacity, but 
efficacy can be significantly different depending on its carri-
er. In addition to BMP carriers, scaffolds can provide enough 
support for the BMP complex that is required for large bone 
defect sites, and AAB is thought to be a suitable substitute. 

For application of BMP/carrier/scaffold complex to the 
oral and maxillofacial area, jaw experimental models of large 
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animal are necessary because of jaw reconstruction difficulty 
due to masticatory stresses, possibility of contamination with 
oral microbial flora, and appearance8. In conjunction with the 
development of new bone graft materials such as BMP and 
ideal carriers, the development of jaw experimental models in 
large animals is necessary for verification of new bone mate-
rial complex application in clinical practice.
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