
ORIGINAL PAPER

Autologous mesenchymal stem cells loaded in Gelfoam�

for structural bone allograft healing in rabbits

Joo-Yup Lee • Min-Hyeok Choi •

Eun-Young Shin • Yong-Koo Kang

Received: 27 December 2009 / Accepted: 5 July 2010 / Published online: 21 July 2010

� Springer Science+Business Media B.V. 2010

Abstract This study was designed to evaluate the

effect of autologous bone marrow mesenchymal stem

cells (MSCs) seeded into Gelfoam� on structural bone

allograft healing. Thirty New Zealand white rabbits

were divided into two groups. Segmental bone defect

was created on diaphysis of the femur, and the defect

was reconstructed with structural bone allograft. In

experimental group, structural allograft was wrapped

around by Gelfoam� containing autologous MSCs,

whereas cells were not included in control group. At

4, 8, 12 weeks, the femur of rabbits underwent radio-

graphic and histologic evaluation for bony union.

Bone morphogenic protein-2 (BMP-2), BMP-4, BMP-

7, vascular endothelial growth factor (VEGF), and

receptor activator of nuclear factor-kappa B ligand

(RANKL) were measured within the grafted periosteal

tissue. Bony union was not achieved in both groups at

4 and 8 weeks. At 12 weeks, three out of five femurs

in experimental group were united, but one out of

five in control group was united. Mean Taira scores

were significantly different between two groups. The

expression of BMP-2 was significantly higher at

4, 8 weeks, the expressions of BMP-4 and BMP-7

were significantly higher at 8 and 12 weeks, and the

expression of VEGF and RANKL were significantly

higher at all time points in experimental group.

Incorporation of the structural bone allograft could

be enhanced if allograft is covered with Gelfoam�

containing autologous MSCs. MSCs have influence on

not only bone formation, but neo-angiogenesis, and

bone resorption.
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Introduction

Large segmental bone defect can occur as a result of

trauma, revision arthroplasy, and bone tumor resec-

tion. Although autologous bone grafts are superior to

allografts in healing and remodeling (Garbuz et al.

1998), their use is limited by size and amount of bone

that can be harvested, donor site morbidity, and

complications of the procedures (Younger and

Chapman 1989). As an alternative, structural bone

allografts remain a reasonable option for repair and

reconstruction of these defects. Structural bone

allografts have adequate mechanical strength while

retaining osteoconductive properties (Guo et al.

1991). However, the absence of viable cells on

processed allografts results in failure to incorporate to
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the host bone and complications such as fracture and

infection (Mankin et al. 1996).

Clinical and experimental studies demonstrate

periosteum plays an important role in bone healing

and remodeling (Camilli and Penteado 1994). Perios-

teum contains osteoprogenitor cells that are capable

of differentiating into osteoblasts and chondrocytes

(Nakahara et al. 1990). In early stage of bone healing,

periosteal progenitor cells releases bone morphogenic

proteins (BMPs) and cytokines and eventually result

in new bone formation leading to incorporate to

the host bone (Zhang et al. 2008). Simultaneously,

angiogenesis also takes place and vascular ingrowth

into the callus is regulated by vascular endothelial

growth factor (VEGF) for further progression of the

regeneration cascade (Keramaris et al. 2008). How-

ever, the exact cellular and molecular mechanisms of

periosteal progenitor cells are remained elusive.

Mesenchymal stem cells (MSCs) are multipotent

progenitor cells capable of self-renewing and differ-

entiating into various types of cells (Pereira et al.

1995; Prockop 1997). The osteogenic potential of

MSCs has been well defined, as evidenced by bone

formation following transplantation of MSCs in vivo

and in vitro (Kadiyala et al. 1997). Recent studies

with coupling MSCs to porous scaffolds have been

successful for bone tissue engineering (Eslaminejad

et al. 2007; Tanaka et al. 2009), but it is difficult to

incorporate MSCs into dense cortical bone allografts.

If porous scaffold containing MSCs is used as an

artificial periosteum, it can be helpful for incorporat-

ing and remodeling of the structural bone allograft.

The purpose of this study was to evaluate the

effect of artificial periosteum made by Gelfoam� and

autologous MSCs on structural bone allograft healing

in rabbit model. We also investigated various osteo-

genesis-related factors from perioeteal tissue to define

the influence of autologous MSCs on bone formation,

resorption, and angiogenesis.

Materials and methods

Harvesting and processing of deep frozen

allograft

Under sterile condition, diaphyseal bone segment was

harvested at the time of surgery during the creation of

1.5 cm femoral defect. All soft tissues including

periosteum were carefully removed, and marrow

cavity was flushed with distilled water to remove

bone marrow tissue. Bones were incubated in distilled

water with 0.5 mg/ml gentamicin for 30 min. Bones

were then rinsed with 70% ethanol for 1 h, and the

process was repeated for 3 times. After drying under

laminar flow, processed allografts were secured in

sterile triple plastic bags, and stored at -70 �C for

more than 4 weeks to be used in the experiment.

Mesenchymal stem cell culture

Bone marrow blood was aspirated from the both iliac

crests of rabbits. An average of 1 ml blood was

aspirated into the syringe with 2 ml phosphate-

buffered saline (PBS) and 5 U/ml heparin. This

mixture was centrifuged at 1,800 rpm for 10 min.

The supernatant was discarded and buffy coat layer

including mononuclear cells was taken out to dilute

with PBS. It was added to a culture medium contain-

ing 15 ml of Dulbecco’s Modified Eagle’s Medium

(DMEM; Gibco, Carlsbad, CA) supplemented with

10% fetal bovine serum (FBS; Gibco, Carlsbad, CA)

and antibiotics (penicillin 100 U/ml, streptomycin

100 lg/ml). It was seeded to culture flasks at a density

of 5 9 105 cells/cm2 and incubated in 5% CO2 at

95% humidity. After 48 h, the culture medium and

unattached cells were gently removed. New culture

medium was added, and the cells were incubated

again for another 48–72 h. MSCs were harvested after

reaching 80% confluence, using 0.25% Trypsin and

1 mM EDTA solution (Gibco, Carlsbad, CA), and

re-plated for expansion. More than 2 9 106 cells in P2

or P3 generation were transplanted to rabbits in

experiment group. The cells were stained with PKH

fluorescent (PKH-26; Zynaxis Cell Science, Malvern,

PA) that is a red fluorescent dye into lipid regions of

the cell membrane to detect MSCs in vivo. Gelfoam�

(Pharmacia & Upjohn, Kalamazoo, Michigan) was

placed in the culture medium and the composite was

incubated and implanted on the same day.

Osteogenic differentiation of MSCs

To evaluate the osteogenic differentiation potential

of MSCs, cells were seeded onto a plate at a density

of 5 9 103 cells/cm2 and incubated in the control

medium for 3 days. Then cells were induced to

differentiate into osteoblasts by incubating in a
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culture medium containing DMEM, 10% FBS, 2 mM

L-glutamine, 10 mM b-glycerophosphate, 10nM dexa-

methasone, 50 lg/ml L-ascorbic acid, 100 U/ml

penicillin, 100 lg/ml streptomycin. The cells were

cultured for 3 weeks, then fixed in 10% buffered

formalin and stained with alkaline phosphatase and

von Kossa stains to evaluate new bone formation and

calcification.

Surgical procedures

Thirty male New Zealand rabbits weighing 2.5–3.0 kg

were used in this study. Rabbits were anesthetized

with tiletamine (7.5 mg/kg, IM) and zolazepam

(32 mg/kg, IM). The right thigh was shaved and

prepared with povidon iodine. An incision was made

along the medial thigh and femoral shaft was

exposed. Segmental defect, 1.5 cm in length was

created on the middle portion of the femur. Processed

bone allograft was used to fill the defect and fixed

with intramedullary Steinmann pin. The rabbits were

divided into two groups. In experimental group

(n = 15), allograft was covered by 3 9 2 cm2 sized

Gelfoam� (Pharmacia & Upjohn, Kalamazoo, Mich-

igan) containing MSCs. In control group (n = 15),

allograft was covered by PBS-soaked Gelfoam�

without MSCs. Rabbits were allowed to move freely

without immobilization after surgery. Postoperative

antibiotics (gentamicin, 6 mg/kg) were administered

intramuscularly for 3 days.

Radiologic analysis

Radiographs were taken postoperatively at 4, 8,

12 weeks to evaluate the callus formation, allograft

incorporation, and remodeling. Results were evalu-

ated according to the radiographic scoring system

suggested by Taira et al (2004) (Table 1). For

comparison of the radiographic score between two

groups, Mann-Whitney U test was used. To evaluate

the radiographic score between each time points,

Wilcoxon signed rank test was used. P values less

than 0.05 were considered statistically significant.

Histologic analysis

Histologic evaluation was performed on five rabbits of

each time points for both groups. Following euthana-

sia, femoral diaphysis including bone allograft was

excised as a block, and periosteal tissue was harvested

for evaluation of the growth factors. After being fixed

in a 10% phosphate buffered formalin, all bone

specimens were decalcified in 10% formic acid

solution and dehydrated to be embedded in paraffin.

The paraffin sections were stained with hematoxylin

and eosin (H&E) and Masson’s trichrome to evaluate

new bone formation and allograft incorporation

histologically. The sections were also observed under

a laser scanning confocal microscope (Zeiss LSM 510

META) to determine the presence of transplanted

MSCs.

Growth factor analysis

The expression of osteogenesis-related growth factors

was determined using the real-time quantitative

reverse transcription-polymerase chain reaction

(RT-PCR). Total RNA was extracted using TRIzol�

solution (Life Technologies, Burlington, ON,

Canada) according to the manufacture’s recommen-

dation. The RNA concentration and quality were

determined by UV spectrophotometer at absorbances

of 260 and 280 nm. First strand cDNA was synthe-

sized by random hexamer. The PCR amplification

Table 1 Radiographic scoring system suggested by Taira et al

(2004)

Points

A Periosteal reaction Anterior Posterior

No 0 0

Minimal 1 1

Medium (\50%) 2 2

Moderate (50–75%) 3 3

Complete ([75%) 4 4

B Host-graft union Proximal Distal

Radiolucent line (total) 0 0

Radiolucent line (partial) 2 2

No radiolucent line 4 4

C Graft appearance

No reaction 0

Partial absorption 1

Moderate remodeling 2

Complete remodeling 3

Total organization 4

D If complications present

(graft fracture or absorption),

total score

0
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was perform using rabbit BMP2, BMP4, BMP7,

VEGF, and receptor activator of nuclear factor-kappa

B ligand (RANKL) specific primer. Primers for

BMP4 and BMP7 were designed using Primer3

software. Glyceraldehyde 3-phosphate dehydroge-

nase (GAPDH) was detected by RT-PCR as an

internal control. All primers were described as

follows (Table 2). After visualization of PCR prod-

ucts by 2% agarose gel electrophoresis with ethidium

bromide staining gel, images were obtained and the

densities of the products were quantified using a

digital gel imaging analysis system. The relative

expression levels were calculated as the density of the

product of the respective target gene after normali-

zation with the GAPDH internal control.

Results

All rabbits survived during surgery and postoperative

period. Complications such as infection and fixation

failure were not found. To evaluate the osteogenic

differentiation potential of MSCs, we stained MSCs

with alkaline phosphatase and von Kossa stains

before and after osteogenic differentiation. We found

differentiated MSCs stained with alkaline phospha-

tase showing extensive deposition of bone materials

(Fig. 1a, b). Von Kossa stain showed calcification

around differentiated MSCs (Fig. 1c, d).

Radiographic analysis

At 4 weeks, periosteal reactions were found in all

animals of experimental group, but only two out of

five had minimal periosteal reaction in control group

(Fig. 2a, b). Mean Taira score was 2.4 ± 1.1 in

experimental group and 0.8 ± 0.8 in control group,

which was significantly different (P = 0.041). Peri-

osteal reactions were predominant at 8th weeks after

surgery in both groups (Fig. 2c, d). Mean Taira score

was 5.4 ± 1.1 in experimental group and 3.2 ± 1.5

in control group, which was significantly different

(P = 0.033). Bony union or graft remodeling were

not found in both groups at 4 and 8 weeks. At

12 weeks, three out of five femurs in experimental

group were united with large amount of callus over

the allograft, but one out of five in control was united

with less amount of callus (Fig. 2e, f). Mean Taira

score was 14.4 ± 3.1 in experimental group and

9.2 ± 1.9 in control group, which was also signifi-

cantly different between two groups (P = 0.021).

Mean Taira score was increased with subsequent time

points in both groups (P = 0.007, experimental

group; P = 0.008, control group).

Histologic analysis

At 4 weeks, callus always came from the host bone

and none of them reached to the allograft in control

group. Periosteal bone formation was not observed

around the allograft (Fig. 3a). In contrast, bone

bridging occurred in three out of five specimens in

experimental group. New bone formation at the graft-

host junction was seen at the surface area of the

allograft (Fig. 3b). Callus from the host bone had

cartilage matrix which was a characteristic of endo-

chondral ossification, but callus at the periosteal

Table 2 Sequence of

primers used for gene

expression analysis

Gene Sequence Size(bp)

GAPDH F: ggt gaa gg tcg gag tga a 399

R: ttc acg ccc atc aca aac a

BMP 2 F: acg aca gcg gtt tcc atc atc g 569

R: cac gga gtt gac caa agt ctg c

BMP 4 F: gcc aag tcc tgt tag gag gc 432

R: ttc tct ggg atg ctg ctg ag

BMP 7 F: cct tca tgg tgg cct tct tc 190

R: agt tcg tgt ttc ttg cac gc

VEGF F: cag tga att cga gat gag ctt cct aca gca c 110/242/314

R: cct gga att ctc acc gcc tcg gct tgt cac

RANKL F: tcg act ctg gag agc gaa ga 198

R: act tta tgg gaa ccc gat gg
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surfaces of the allograft resembled fibrous tissue,

which was the pattern of intramembranous ossifica-

tion. Bridging callus was more abundant at 8 weeks

in experimental group, and cartilage matrix became

ossified according to the pattern of endochondral

ossification (Fig. 3c). At 12 weeks, three out of five

specimens achieved solid bony union at the graft-host

junctions in experimental group (Fig. 3d). Evidence

of graft resorption and remodeling were observed

around newly formed bone bridges from 8 weeks in

experimental group, and this was more evident at

12 weeks. One of five specimens achieved bony

union at both graft-host junctions in control group at

12 weeks. The presence of transplanted MSCs was

confirmed under the laser scanning confocal micro-

scope in experimental group (Fig. 4). Although the

number of transplanted MSCs was the highest at

4 weeks, cells could be detected up to 8 weeks after

implantation.

Growth factor analysis

The relative expression levels were calculated after

normalization with the GAPDH internal control. The

mean expressions of BMP-2 total RNA in periosteal

tissue were significantly higher at 4, 8 weeks in

experimental group (P = 0.008, 4 weeks; P = 0.008,

8 weeks). At 12 weeks, the differences are not signifi-

cantly different between two groups (P = 0.222;

Fig. 5). The expressions of BMP-4 and BMP-7 were

not significantly different at 4 weeks (P = 0.310,

BMP-4; P = 0.151, BMP-7), they were significantly

higher at 8 and 12 weeks in experimental group

(P = 0.016 at 8 weeks, P = 0.008 at 12 weeks for

BMP-4; P = 0.032 at 8 weeks, P = 0.008 at

12 weeks for BMP-7; Figs. 6, 7). The expression of

VEGF and RANKL were significantly higher at all

time points in experimental group (P = 0.008 at 4 and

8 weeks, P = 0.032 at 12 weeks for VEGF;

P = 0.016 at 4 weeks, P = 0.008 at 8 and 12 weeks

for RANKL; Figs. 8, 9).

Discussion

It has been well known that structural bone allografts

frequently fail to heal and remodel, and result in

many complications (Mankin et al. 1996). These poor

Fig. 1 Phase-contrast micrographs of undifferentiated (a, c) and

differentiated (b, d) MSCs. Alkaline phosphatase stain (a, b)

shows extensive deposition of bone material in differentiated

MSCs (b), and von Kossa stain (c, d) shows calcification around

differentiated MSCs (d). (9100)
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long-term results of the structural bone allografts lead

to explore new alternatives using tissue engineering

technology. In this study, we demonstrated that

incorporation of the structural bone allografts could

be enhanced if it is covered with Gelfoam� containing

autologous MSCs. This approach resulted in robust

callus formation surrounding cortical allograft at

4 weeks, and enhanced healing and incorporation of

the allograft at 12 weeks after surgery. We also

demonstrated that transplanted MSCs could increase

growth factors for bone formation, resorption, and

neovascularization in periosteal tissue up to 12 weeks.

The repair of a structural bone allograft is similar

to fracture healing and involves multistage processes

(Garbuz et al. 1998). Fracture healing is characterized

by combined endochondral ossification from the host

and intramembranous ossification from the perios-

teum of the graft. Many studies have shown that

periosteum has an important role during fracture

healing and bone graft repair (Eyre-Brook 1984). As

the periosteum doesn’t exist in structural bone

allograft, the repair process can be incomplete and

dependent only on endochondral ossification at the

graft-host junction. We showed an abundant perios-

teal bone formation on cortical allograft surface in

experimental group. Furthermore, callus at the peri-

osteal surface of the allograft resembled fibrous

tissue, which was the pattern of intramembranous

ossification. It is suggested that Gelfoam� containing

MSCs could act as a periosteal tissue in vivo.

Fig. 2 Radiographs of rabbit femur in control group (a, c, e) and experimental group (b, d, f) show abundant callus formation

(b, d) and bony union (f) in experimental group. (a, b at 4 weeks; c, d at 8 weeks; e, f at 12 weeks)
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MSCs are multipotent progenitor cells that differ-

entiate into many types of mesodermal lineages,

including osteogenic differentiation (Mardon et al.

1987). MSCs are easily isolated and cultured in vitro,

so they are thought to be a promising candidate as

supporting cells for bone reconstruction. MSCs can

be harvested from various tissues such as bone

marrow (Ashton et al. 1980), periosteum (Uchida

et al. 1988), adipose tissue (Zuk et al. 2002) and

synovium (De Bari et al. 2001). As recent study

Fig. 3 Histologic findings of allograft-host bone interface with

Masson’s Trichrome stains. In control group a, periosteal

callus formation is not found on the allograft surface (right

side). In experimental group (b at 4 weeks; c at 8 weeks; d at

12 weeks), abundant callus formation and bridging trabeculi

are seen. (940)

Fig. 4 Confocal microscopic findings of PKH-stained autol-

ogous bone marrow mesenchymal stem cells (MSCs). Cell

membranes of MSCs are stained red with PKH fluorescence.

(9200)

Fig. 5 Expression of BMP-2 mRNA levels in periosteal

tissue. The gene expression levels were calculated as a ratio

with GAPDH control (black = experimental group, grey =

control group). Asterisks represent significant difference

between two groups (P \ 0.05)
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showed that MSCs from bone marrow have the

greatest osteogenic potential (Hayashi et al. 2008),

we chose bone marrow-derived MSCs in this study.

Periosteal cells can be an alternative option, but

harvesting of periosteal cells is invasive because it

involves surgical excision of periosteum. On the

other hand, harvesting of MSCs from bone marrow is

more practical clinically because it can be done with

bone marrow aspiration.

In this study, we demonstrated that PKH fluores-

cent-labeled MSCs could be detected up to 8 weeks

within the bone tissue. This result indicated that these

cells remained viable during repair process, and

produced bone tissue after osteogenic differentiation.

Arinzeh et al (2003) suggested that fluorescent-

labeled MSCs could no longer be detected by 8 weeks

after implantation because of dilution of the fluores-

cent during mitosis and subsequent differentiation of

Fig. 6 Expression of BMP-4 mRNA levels in periosteal

tissue. The gene expression levels were calculated as a ratio

with GAPDH control (black = experimental group, grey =

control group). Asterisks represent significant difference

between two groups (P \ 0.05)

Fig. 7 Expression of BMP-7 mRNA levels in periosteal

tissue. The gene expression levels were calculated as a ratio

with GAPDH control (black = experimental group, grey =

control group). Asterisks represent significant difference

between two groups (P \ 0.05)

Fig. 8 Expression of VEGF mRNA levels in periosteal tissue.

The gene expression levels were calculated as a ratio with

GAPDH control (black = experimental group, grey = control

group). Asterisks represent significant difference between two

groups (P \ 0.05)

Fig. 9 Expression of RANKL mRNA levels in periosteal

tissue. The gene expression levels were calculated as a ratio

with GAPDH control (black = experimental group, grey =

control group). Asterisks represent significant difference

between two groups (P \ 0.05)
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the MSCs. We generally agree with their hypothesis.

We also demonstrated that transplanted MSCs could

increase BMPs, VEGF, and RANKL concentration in

periosteal tissue up to 12 weeks. As PKH fluorescent-

labeled MSCs were only detected up to 8 weeks after

implantation, it is postulated that cytokines released

from transplanted MSCs had an effect on migration of

the host MSCs, and resulted in increasing growth

factors up to 12 weeks.

Expressions of BMPs, VEGF, and RANKL from

MSCs are well documented. MSCs produce

BMPs during fracture healing, and they stimulate

MSCs proliferation and osteogenic differentiation

as an autocrine signaling (Sakou 1998). Kagiwada

et al. (2008) demonstrated that VEGF was highly

expressed in cultures of human MSCs and the high

expression level was maintained during prolonged

culture periods. As VEGF plays a crucial role in

neoangiogenesis, MSCs can be a source of VEGF

production and might be effective in healing of bone

allograft. MSCs can also express RANKL and they

are able to contribute to osteoclastogenesis (Udagawa

et al. 1999). In addition to bone formation deficiency,

cortical allograft lacks neovascularization and bone

remodeling potential. Ito et al. (2005) showed that

gene expression of VEGF and RANKL are signifi-

cantly decreased during structural allograft healing.

As transplantated MSCs can increase BMPs, VEGF,

and RANKL expression in periosteal tissue, they can

have influence on not only bone formation, but

neoangiogenesis, and bone resorption during struc-

tural bone allograft healing.

We used Gelfoam� as a tissue-engineered scaffold

for MSCs. Gelfoam� is a gelatin-based medical

device intended for hemostasis. It is purified from

skin gelatin, and capable of absorbing up to 45 times

its weight of whole blood. As Gelfoam� is porous,

biocompatible, biodegradable, and flexible, the poten-

tial as a scaffold to support cells has been explored.

Ponticiello et al (2000) demonstrated that 3 weeks

cultures of MSCs in Gelfoam� resulted in formation

of a cartilage-like extracellular matrix. Rohanizadeh

et al (2008) showed that Gelfoam� could be good

candidate as a scaffold for osteoblast. We also found

that the artificial periosteum made by Gelfoam� and

autologous MSCs was quite effective on structural

bone allograft healing in rabbit model.

There are several experimental trials other than

using MSCs. First is a strategy of applying BMPs to

bone allografts. Although clinical studies have proved

its effects on allograft incorporation, adverse events

such as ectopic bone formation, bone resorption or

remodeling, hematoma and seroma are also reported

(Salkeld et al. 2001; Jones et al. 2006). Large amount

of recombinant proteins is necessary to induce

sufficient bone formation which will cost too much.

Their localized concentration is difficult to maintain

in vivo because of their short half-life (Pereira et al.

2000). As an alternative, many groups have been

working on gene therapy approaches for skeletal

healing. Although gene therapy offers the potential of

local, sustained gene expression (Koh et al. 2008), the

safety and effectiveness of delivery vector remains to

be proved. On the other hand, our strategy can be

readily available in clinic. MSCs are already being

introduced into clinical medicine in variety of appli-

cations and through different ways of administration

(Abdallah and Kassem 2008). Gelfoam� is widely

used in clinic especially for bleeding control and

embolization (Abada and Golzarian 2007).

Our study has several limitations. We didn’t

evaluate the bone histomorphometry and biomechan-

ical testing for incorporated allograft. As we only

achieved bony union in three out of five animals in

experimental group, longer time period or more rigid

fixation will be needed to evaluate the strength of

united bone. We selected 12 weeks as a survival

period because we wanted to see early growth factor

changes by autologous MSCs. Although intramedul-

lary fixation has been successful in some studies

(Nather and Goh 2000; Zhang et al. 2005), it was used

for small animals and for tibial segmental defect

which is stabilized by remaining fibula. So it is

expected that intramedullary Steinmann pin fixation

might not be enough for femoral diaphyseal defect

of the rabbit. The mechanical environment created by

the different fixation methods are thought to be

responsible for cortical bone allograft incorporation

(Benevenia et al. 2000). We couldn’t explain the

different growth factor level in different time points

because no literatures present growth factor changes

for more than 4 weeks. Further study will be needed to

explain these growth factor changes in length of time.

In conclusion, incorporation of the structural bone

allograft could be enhanced if allograft is covered

with Gelfoam� containing autologous MSCs. MSCs

have influence on not only bone formation, but neo-

angiogenesis, and bone resorption.
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