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Many bioactive molecules like recombinant human bone
morphogenetic protein 2 (thBMP-2) have been developed for
mineralized bone grafts, for which proper scaffolds are
necessary to successfully apply the bioactive molecules. In this
study, we tested the osteogenic efficacy of rhBMP-2 produced
in-house in combination with gelatin sponge as the scaffold
carrier in a rabbit radial defect model. The efficacy of the
thBMP-2 was determined by alkaline phosphatase activity
assay of C2C12 cells. Two groups of ten rabbits each were
treated with rhBMP-2/gelatin sponge, or gelatin sponge only.
At 4 weeks, rhBMP-2/gelatin sponge grafts showed more bone
regeneration than gelatin sponge grafts, as determined by X-ray
radiography, micro-computed tomography, and histological
analyses. At 8 weeks, hBMP-2/gelatin sponge grafts exerted
much stronger osteogenic effects. The study demonstrates the
improved osteogenic efficacy of the rhBMP-2/gelatin sponge
grafts in a rabbit radial bone defect model acting as a
bone-inductive material. [BMB Reports 2013; 46(6): 328-333]

INTRODUCTION

The successful reconstruction of bone defects is a major medi-
cal challenge. Although autologous bone is the gold standard
for the reconstruction of bone defects, donor site morbidity and
a limited amount of bone are obstacles to its use (1). Therefore,
the development of a suitable bone substitute is important, and
many candidate materials have been studied (1, 2).

Mineralized allografts are strong candidates as bone graft
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materials, and many related products have been introduced
(2). The advantages of mineralized materials are low im-
munogenicity and good space maintenance, but their dis-
advantages are slow replacement by regenerative bone, and
rapid degradation under acidic conditions (3). Demineralized
bone matrix was developed as a substitute for mineralized
bone grafts (4), but it also degrades rapidly, and as a result, the
space-maintaining ability of demineralized bone matrix is
poor. Therefore, a suitable scaffold is needed for demineral-
ized bone-matrix grafts (5).

Recombinant human bone morphogenetic protein-2 (rh-
BMP-2) has strong osteoinduction ability, through the activa-
tion of the Smad signaling pathway and the induction of
Runx2 expression (6-8). rhBMP-2 can be produced in different
ways (9, 10), and the activity of rhBMP-2 derived from
Escherichia coli has been reported to be similar to that derived
from Chinese hamster ovary cells (10). However, its pro-
duction cost hinders clinical applications. Recently, Joint
Protein Central (jPC, Incheon, Korea) developed bioactive arti-
ficial BMP ligands cost-effectively using RASCH (Random
Assembly of Segmental Chimera and Heteromer) (11). We
have used this E. coli-derived rhBMP-2 to perform osteogenic
assays in vivo, using gelatin scaffold material. The scaffold
used for rhBMP-2 is important. For example, when rhBMP-2 is
used with a proper carrier, it significantly increases bone re-
generation, but when solubilized, it is ineffective. Thus, the
time-dependent release of rhBMP-2 in bony defects is im-
portant for bone regeneration. Many organic and inorganic
materials have been tested as an rhBMP-2 carrier. Among
these, collagen has been most widely tested, and has been
successfully used as an rhBMP-2 carrier in many types of bone
defects, including peri-implant bone defects (12, 13). Despite
its advantages, however, collagen is expensive, and gelatin
sponge offers a more cost-effective alternative. Gelatin sponge
is commonly used to promote blood coagulation (14), absorbs
hydrophilic material easily in the solution state, and takes ap-
proximately 4 weeks to degrade in vivo.

In this study, we demonstrate that gelatin sponge could be
used as a scaffold for rhBMP-2, and in combination with

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



rhBMP-2, it increases bone regeneration in a rabbit radial bone
defect model.

RESULTS

First, the effects of rhBMP-2 and RD-rhBMP-2 were examined
by ALP staining. As shown in Fig. 1A, they were found to stim-
ulate ALP activity to similar extents. To further test rhBMP-2
activity, we measured the activation of the BMP signalling
pathway with regard to Smad phosphorylation and Runx2 ex-
pression (8). rhBMP-2 strongly increased Smad1,5,8 phosphor-
ylation and Runx2 expression, indicating intact osteogenic ac-
tivity of E. coli-derived rhBMP-2 (Fig. 1B). Hence, all other ex-
periments were performed using rhBMP-2. In the serial radiog-
raphy results, the rhBMP-2/gelatin sponge experimental group
showed greater increases in radiopacity than the gela-
tin-sponge-treated control group after surgery (Fig. 2). u-CT
analysis supported the findings of radiographs taken at 4 and 8
weeks (Fig. 3A-D). The bone volume in the control group at 4
weeks was 144.49 + 46.25 mm?®, whereas in the experimental
group, it was 224.35 + 75.48 mm’. However, these values
were not significantly different (Fig. 3E, P > 0.05). On the oth-
er hand, at 8 weeks, bone volumes in the control and experi-
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Fig. 1. Evaluation of rhBMP-2 efficacy. C2C12 cells were cultured
and treated with rhBMP-2 obtained from two different sources (R &
D Systems, R&D, and joint Protein Central, jPC). (A) Osteogenic
efficacies were similar, as determined by ALP staining. The in-
tensity of each well was quantified by an image analysis program.
Bars indicate the relative intensity ratio of experimental groups after
normalization with the control group (right panel, n = 3). (B)
rhBMP-2 increased Smad1,5,8 phosphorylation and Runx2 expres-
sion. Cells were cultured and treated with various concentrations of
rhBMP-2 described in the Materials and Methods section. Total
proteins were extracted and determined by phosphorylation of
Smad1/5/8 (P-smad 1/5/8, left panel) and Runx2 expression (right
panel) by western blot analyses. Smad1 and f-actin were loading
controls.
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Fig. 2. Serial radiography. The experimental group showed in-
creasing radiopacity as compared with the control group with the
passage of time. Control: Gelatin sponge only. rhBMP 2: Gelatin
sponge plus rhBMP2. W: Weeks.
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Fig. 3. Micro-computed tomographic view. (A) Gelatin sponge
graft at 4 weeks postoperatively. (B) The gelatin sponge/rhBMP-2
graft at 4 weeks postoperatively. (C) Gelatin sponge graft at 8
weeks. (D) Gelatin sponge/rhBMP-2 graft at 8 weeks. W: Weeks.
(E) Analysis of bone volumes in defect regions (BV). At 4 weeks,
mean BV |n the control and experlmental groups were 144.49 +
46.25 mm® and 22435 + 75.48 mm’, respectlve]y, and at 8
weeks, mean BVs were 173.27 + 3819 mm® and 318.27 +
84.89 mm’, respectively (*P = 0.008) (n = 5 for each group).

BMB Reports 329



Efficacy of BMP-2/gelatin sponge combination graft
Seong-Gon Kim, et al.

rhBMP-2

Control

4w

8w

Fig. 4. Postoperative histological examinations. Histological analysis
at 4 weeks postoperatively (A-D). The control group showed large
bone defects (A, bar = 0.5 mm), but bony bridges were observed
in the rhBMP-2 group (B, bar = 0.5 mm). Boxed areas in A and
B are shown as magnified images in C and D, respectively (bar =
50 um). In the experimental group, residual grafts (arrows) were
encompassed by regenerative bone (D). Histological examination at
8 weeks postoperatively (E-G). The control group showed bony
bridges over ulnar bone (E, bar = 0.5 mm), and the rhBMP-2
group showed complete bone regeneration in defects (F, bar = 0.5
mm). The boxed areas in E and F are shown as magnified images
in G and H, respectively (bar = 50 pm). The control group
showed immature bone at the edges of surgical defect (G), where-
as the experimental group showed mature lamellar bone (H).

ment groups were 173.27 + 38.19 mm’ and 318.27 + 84.89
mm’, respectively, and these values were significantly different
(Fig. 3E, P = 0.008).

In histological examinations, the control group showed large
bone defects at 4 weeks after surgery (Fig. 4A and C), whereas
bony bridges were observed in the experimental group (Fig. 4B
and D), in which residual grafts were encompassed by regen-
erated bone (Fig. 4D). At 8 weeks after surgery, the control
group showed bony bridges over the ulnar bone (Fig. 4E), and in-
completely regenerated bone defects. However, at 8 weeks, the
experimental group showed completely regenerated bone de-
fects (Fig. 4F). Furthermore, whereas the control group showed
immature bone at the edges of the surgical defect (Fig. 4G), the
experimental group showed mature lamellar bone (Fig. 4H).

DISCUSSION

In this study, we tested the osteogenic efficacy of rhBMP-2 ob-
tained in-house (joint Protein Central), in a gelatin sponge car-
rier in a rabbit radial defect model. It was found that gelatin
sponge plus rhBMP-2 achieved significantly more bone re-

330 BMB Reports

generation than gelatin sponge only. Therefore, we suggest
that rhBMP-2-impregnated gelatin sponge be considered as a
potential osteogenic bone-inductive material.

The rhBMP2 is a strong osteogenic protein (6, 12, 13), and
its local administration has been tested in many bone defect
types (12, 13). This study has also shown that E. coli-derived
rhBMP-2 has a comparable osteogenic efficacy. For maximum
bone formation, the therapeutic concentration of rhBMP-2
must be achieved at the bone regeneration stage (15), and
thus, timely delivery is critical for bone regeneration. Many
materials have been examined as potential rhBMP-2 carriers.
Tissue-originated and synthetic polymers have been used as
rhBMP-2 scaffolds (16). Type | collagen is typically sourced
from bone (17), and collagen-based biomaterials can be pro-
duced in sheet, sponge, or block forms. Collagen can bind
rhBMP-2, and releases rhBMP-2 slowly at sites of application
(18). However, because most collagen is produced from ani-
mal materials, it can transmit disease and cause immune
reactions. Hyaluronic acid (18), chitosan (19), fibrin (20), and
alginate (21) have also been used as rhBMP-2 carriers.

Mineralized materials, such as hydroxyapatite and trical-
cium phosphate, have also been used as scaffolds for rhBMP-2
(6, 22), but their biodegradability is poor (23). Although regen-
erated bone can grow into pores, these materials are not re-
placed completely by viable bone. Furthermore, mineralized
materials are vulnerable to acidic conditions, and are thus at-
tacked under inflammatory conditions and provide attachment
sites for microorganisms (3).

Gelatin sponge is a widely used material for haemostasis.
For example, the local application of gelatin sponge decreases
postoperative swelling and ecchymosis after third molar ex-
traction (24). Gelatin sponge is also used as a scaffold for stem
cells and for the controlled release of growth factor (25).
Interestingly, mesenchymal stem cells produce more chondro-
genic markers in gelatin than in alginate or chitosan (26).
Recently, a gelatin/tricalcium phosphate graft was used as a
BMP-2 carrier, but the addition of tricalcium phosphate failed
to confer mechanical benefits to regenerated bone as com-
pared with gelatin/rhBMP-2 (27). In this study, the use of gela-
tin/rhBMP-2 resulted in apparent bone regeneration, whereas
the use of only gelatin sponge did not.

Collectively, this study shows that rhBMP-2-impregnated gel-
atin sponge implantation encouraged bone regeneration in a
rabbit bone defect model. Because of its availability and known
safety, we recommend the combination of rhBMP-2/gelatin as a
carrier for clinical applications.

MATERIALS AND METHODS

Materials and cell cultures

We used rhBMP-2 developed at Joint Protein Central (jPC,
Incheon, Korea) (rhBMP-2) using a conventional bacterial ex-
pression method (11). As a reference, recombinant human
BMP-2 was purchased from R & D Systems (Minneapolis, MN,
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USA) (RD-rhBMP-2). Chemicals were obtained from Sigma-
Aldrich (St. Louis, MO, USA). The efficacy of RD-rhBMP-2 and
rhBMP-2 were compared by measuring alkaline phosphatase
(ALP) activity in an osteoblast culture system. C2C12 cells were
cultured at 2 x 10* cells per well in a 24-well plate until
confluence. Cells were treated with 50, 100, and 150 ng/ml
concentrations of rhBMP-2 and RD-rhBMP-2 for 48 hours each,
and ALP activities were determined by staining, as previously
described (28). The intensity of each well was measured using
an image analysis program (BIOQUANT Image Analysis
Corporation, Nashville, TN, USA).

Western blot analysis

C2C12 cells were cultured at 2 x 10 cells per well in a 6-well
plate and treated with rhBMP-2 for 20 minutes and 24 hours to
determine the activation of BMP signaling and Runx2 ex-
pression, respectively. Whole cells were lysed in ProteoJET™
Mammalian Cell Lysis Reagent (Thermo Scientific, Rockford, IL,
USA) containing protease inhibitor cocktail (Sigma-Aldrich).
Western blot analysis was performed using anti-Phospho
Smad1,5,8 (Cell Signaling Technology, Inc. Danvers, MA, USA),
anti-Smad1 (Bioworld Technology, Inc. Minneapolis, MN,
USA), anti-Runx2 (Abcam, Cambridge, UK), and anti-B-actin
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies.

Animals

Twenty four-month-old New Zealand white rabbits with an
average weight of 2.7 kg (range 2.5-3.0 kg) were used in this
study. This experiment was approved by the Institutional
Animal Care and Use Committee of Gangneung-Wonju
National University (GWNU 2011-19).

Operative procedure

General anesthesia was induced by an intramuscular injection
of 0.4 ml of ketamine (100 mg/ml) (Ketara; Yuhan, Seoul) plus
0.3 ml of xylazine (10 mg/kg body weight; Rompun; Bayer
Korea, Seoul). The right forelimb area of each rabbit was
shaved and disinfected with povidine-iodine, and then the op-
eration site was infiltrated with 0.5 ml of 2% lidocaine con-
taining a 1 : 100,000 ratio of epinephrine. A 3 c¢cm longi-
tudinal, superomedial incision was then made in the
periosteum. Soft tissues around the distal part of the diaphysis
of the radius were dissected, and the right radius was exposed.
Under copious sterile saline irrigation, segmental ostectomy
was performed on the right diaphysis of the radius so as to cre-
ate a 10 mm segmental defect. In the experiment group,
rhBMP-2-soaked cubic gelatin  sponges (side 10 mm)
(Cutanplast; Mascia Brunelli Spa, Viale Monza, ltaly) were
placed into the defects of ten rabbits, and in the control group,
untreated gelatin sponges were inserted into the defects.
Internal fixation between proximal and distal segments was
not performed, because the radius remained connected to the
ulna, which provided sufficient stabilization. The soft tissues
were closed in layers using 3-0 silk. Postoperatively, rabbits
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were administrated 1 mg/kg of antibiotics (Gentamicin; Kookje
Inc., Seoul) and 0.5 ml/kg of analgesics (Pyrin; Green Cross
Veterinary Products, Seoul) intramuscularly three times daily
for three days. Rabbits were individually caged, and received
food and water ad lib. Five rabbits in the experimental group
and five rabbits in the control group were humanely sacrificed
4 weeks after surgery, and the others were sacrificed 8 weeks
after surgery. After sacrifice, specimens of the defect areas and
adjacent connected ulna were removed with a saw, fixed in
10% formalin, and subjected to micro-computed tomography
and histological evaluation.

Standard radiography evaluation
Under general anesthesia postoperative standard radiographs
were taken at 1, 2, 4, 6, and 8 weeks after surgery.

Micro-computed tomography (u-CT) analysis

The prepared specimens were examined by u-CT using an
Inveon™ unit (Siemens Healthcare USA, Inc., Pennsylvania,
USA). After calibrating the optimal exposure conditions, radius
specimens were scanned at a section thickness of 0.05 mm.
Images were reconstructed using Inveon Research Workplace
software (Siemens Healthcare USA, Inc., Pennsylvania, USA)
to create 3-D images of newly formed bone and gross profiles
of specimens. The regions of interest were established accord-
ing to the initial sizes and shapes of the defects. The bone vol-
umes of regenerated bone were calculated from the images
acquired.

Histological evaluation

Histological analysis of in vivo bone formation was performed
after u-CT. Specimens were decalcified using 5% nitric acid
for 2 weeks, dehydrated in an ethanol series (concentration
75% to 100%), and embedded in paraffin blocks, which were
then sectioned at 4 um and stained with Masson’s trichrome.
Selected sections were examined under a microscope, and
photomicrographs were taken using a digital camera (DP-73;
Olympus, Tokyo).

Statistical analysis

The significances of bone volume differences between the ex-
periment and control groups were determined using the in-
dependent samples t-test using SPSS software (SPSS Inc.,
Chicago, IL). Statistical significance was accepted for P values
< 0.05.
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