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ABSTRACT: In this study, the capacity of bone morphogenetic protein 2
(BMP-2) gene-transfected bone marrow-derived mesenchymal stem cells (MSCs)
in combination with nano-hydroxyapatite/collagen/poly(L-lactic acid) (nHAC/
PLA) to improve the repair of bone defects in rabbit was explored. MSCs from
New Zealand White rabbits were cultured and injected with pIRES2-EGFP-
hBMP-2 or pIRES2-EGFP by electroporation. After the transfer efficiency was
determined through the expression of EGFP, the MSCs were seeded on scaffolds
to generate an in vitro 3D cell/scaffold construct. The adhesion and proliferation
of the MSCs cultured in the scaffold was assessed by SEM. The cellular
constructs obtained were allografted into the 15 mm critical-sized segmental
bone defects in the radius of New Zealand White rabbits for 12 weeks. The bone
regeneration was assessed by radiographical and histological analyses. In vitro,
nHAC/PLA facilitated MSC adhesion and proliferation on the scaffold, and gene
transfer efficiency reached a maximum of 35.5� 3.8%. In vivo, the implantation
of BMP-2 transfected MSCs/nHAC/PLA construct significantly enhanced the
formation of new bone in the segmental defect, compared to the control groups.
This novel 3D BMP-2 transfected MSCs/nHAC/PLA construct has the potential
for bone repair by genetic tissue engineering approach.

KEY WORDS: tissue engineering, genetic tissue engineering, mesenchymal
stem cells, BMP-2, nHAC/PLA scaffold, osteogenic activity, allograft, segmental
bone defect, bone regeneration, gene transfer.

INTRODUCTION

A challenge for orthopedic surgeons remains with respect to the
repair of large bone defects caused by trauma, tumors, and severe

inflammation [1,2]. Patients with large lesions never heal spontaneously
and the damaged sites have limited potential to totally recover.
Autogenous osteochondral grafts and allografts are the most common
procedures. These, however, have innate problems such as autogenic
bone availability and donor-site morbidity [3,4], and are limited in usage
due to possible immunological rejection and transmission of pathogens
[5,6]. Currently, efforts to provide genetically engineered tissue as an
alternative to the traditional treatment that can meet the needs of an
individual patient are being pursued [7,8].

Typically, tissue-engineered bone possesses three essential compo-
nents: (1) a cell source; (2) appropriate osteoinductive factors; and (3) an
appropriately designed scaffold [9]. In fact, using the patient’s bone
marrow-derived mesenchymal stem cells (MSCs) may be an ideal cell
source for tissue-engineered bone. These are easily obtained and
potentially can be used to develop bone, muscle, cartilage, adipose,
and fibrous tissues [10–13]. In many reports, the ultimate fate of

548 J.-L. DONG ET AL.

 at PENNSYLVANIA STATE UNIV on September 15, 2016jbc.sagepub.comDownloaded from 

http://jbc.sagepub.com/


undifferentiated stem cells is determined by the local environment in
which it is located [7]. Exogenous bone morphogenetic proteins (BMPs)
are known to stimulate osteoblastic differentiation [14]. Among the
BMP subtypes, BMP-2, in particular, possesses high bone induction
activity and stimulatory effects on MSCs to differentiate into osteoblasts
[15]. To maximize the osteogenic capacity of MSCs, the application of
exogenous BMP-2 has frequently been used to promote the osteogenic
differentiation of MSCs and in vitro BMP-2 gene therapy [16–18]. For
example, autologous MSCs, genetically modified to express BMP-2 via
in vitro, enhance bone formation [19,20].

To construct a genetic tissue-engineered product, the selection of an
appropriate scaffold is critical [21]. Scaffolds such as poly(L-lysine)-
coated polylactide (PLA) [22], poly(DL-lactic-co-glycolic) acid (PLGA),
alginates [23], and b-tricalcium phosphate (b-TCP) [24] have been used.
A 3D porous polymeric matrix enhances bone regeneration and
facilitates progenitor cell adhesion, proliferation, and differentiation
[21,25–27]. Nano-hydroxyapatite/collagen/poly(L-lactic acid) (nHAC/
PLA), as a biodegradable 3D porous scaffold, appears to be a good
candidate as a carrier for gene-modified cells. The nHAC/PLA developed
by biomimetic synthesis exhibits features of natural bone both in the
main composition and hierarchical microstructure [28].

In previous studies, we demonstrated that biodegradable 3D porous
nHAC/PLA scaffolds are capable of supporting osteoblastic cell attach-
ment and proliferation throughout the scaffold while maintaining the
osteoblastic phenotype [29]. Furthermore, the biocompatibility and
osteoconductivity of nHAC/PLA composite have been examined in vivo
[30,31]. In this study, we constructed a mammalian plasmid vector of
pIRES2-EGFP-hBMP-2 and transferred the BMP-2 gene into MSCs by
electroporation. These gene-modified MSCs were then seeded onto
nHAC/PLA scaffolds to develop cell/scaffold construct. The in vitro
attachment and the growth of BMP-2 transfected cells in the scaffold
were investigated. In vivo, we observed the repair of segmental bone
defects after the implantation of cell/scaffold construct.

MATERIALS AND METHODS

Plasmid Construction

The recombinant eukaryotic expression plasmid pIRES2-EGFP-
hBMP-2 was constructed as described previously [32]. Briefly, the
human BMP-2 cDNA was cloned and sequenced from human
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osteosarcoma tissue. The PCR product was then ligated into a pMD18-T
simple vector (Takara, Japan) for DNA sequencing, and was then
further subcloned into a mammalian expression vector, pIRES2-EGFP
(Clontech, CA). The constructed pIRES2-EGFP-hBMP-2 plasmid was
confirmed by Bgl II/Sal I enzyme digestion.

Isolation and Culture of MSCs

MSCs were obtained from 3-month-old New Zealand White rabbits.
Bone marrow was aspirated from the rabbit tibia and femur. After being
washed twice with sterilized phosphate buffered saline (PBS) to exclude
any fatty tissue and blood clots, the bone marrow was gently layered
onto Percoll lymphocyte separation liquid (density 1.073 g/mL; Gibco,
USA) and centrifuged at 2000 r/min for 15 min. The nucleated cells were
collected from the middle layer, washed twice with PBS, and
resuspended in 10 mL of low-glucose Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, USA) containing 10% fetal bovine serum
(FBS; Gibco, USA) and 1% antibiotics. The cells were cultured in a
50 mL flask at 378C in a humidified atmosphere with 5% CO2. The
medium was changed after 5 days to remove cells that had not adhered
to the culture flask. Thereafter, the medium was completely replaced
every other day. After 12–16 days, the adherent cells were near con-
fluence in 75 cm2, at which time the cells were digested in 0.25% trypsin
and subcultured. The MSCs obtained were passaged and subsequently
used for gene transfection.

BMP-2 Gene Transfection into MSCs

The second-passage MSCs were transfected using the electroporation.
Briefly, 15 mg of pIRES2-EGFP-hBMP-2 plasmid DNA was diluted to
2� 105 of second-passage MSCs in 0.2 mL of sterilized PBS. Then, they
were transferred to 4 mm cuvettes and electroporated at 500 V/30 ms
using a Square Wave Electroporation System, ECM 830 (BTX). Before
and after transfection, the cells were incubated at 48C for 5 min (mixture
of ice and water); the transfected cells were then plated on 6 cm dishes
with growth medium at 378C. The medium was changed every 24 h.
MSCs were also transfected with pIRES2-EGFP empty vectors (Mock)
as control. Using a fluorescence microscope (Leica, DMIRE-2, Germany)
[33], the gene transfer efficiency was assayed as a function of EGFP
expression by scoring the percentage of EGFP-positive cells among all
the cells present in 10 randomly selected 20� fields.
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Reverse Transcriptase Polymerase Chain Reaction Analysis

Total RNA was isolated from MSCs transfected by BMP-2 or mock
plasmid, or untransfected using Trizol reagent (Invitrogen, USA) accor-
ding to the manufacturer’s protocol. Total RNA (2.5 mg) was reverse
transcribed into cDNA in a 20 mL reverse transcription system
(Fementas, Lithuan) according to the manufacturer’s instructions. The
cDNA samples were amplified and the specific primers were displayed as
follows: hBMP-2: sense, TCAAGCCAAACACAAACAGC; and antisense,
ACGTCTGAACAATGGCATGA (product size, 200 bp); ß-actin: sense,
TGTGCCCATCTACGAGCGGTATGC; antisense, GGTACATGGTGCC
GCCAGACA (product size, 439 bp). PCR products were separated on 1%
agarose gels and visualized by ethidium bromide staining.

Quantitative Measurement of Alkaline Phosphatase Activity

To analyze the osteogenic differentiation of MSCs, intracellular
alkaline phosphatase (ALP) activity was determined. The level of ALP
activity was measured on days 1, 7, and 14 after gene transfer. The cells
were rinsed twice with sterilized PBS followed by lysis with NP-40
buffer. The ALPase activity of cell lysates was determined by measuring
the release of p-nitrophenol from p-nitrophenyl phosphate (Sigma) as
substrate. The release of p-nitrophenol was monitored by measuring the
optical density at 405 nm. The optical densities were compared to a
p-nitrophenol standard (Sigma). The enzyme activity was expressed as
nanomoles of p-nitrophenol/h/mg of total cellular protein.

Fabrication of nHAC/PLA Scaffold

The nHAC/PLA scaffold was synthesized as previously reported [34].
Type I collagen (CELLON Company, USA) was stirred at 48C with
0.67 g of collagen/L to obtain a solution. To this, solutions of CaCl2
and H3PO4 (Ca/P¼ 1.66) were added separately dropwise and the pH
was adjusted to 7.4 by adding 0.75 M NaOH. The nHAC deposition
was obtained 48 h later by centrifugation and freeze-drying. PLA
(100,000 Mw) was dissolved in 1,4-dioxane to form a final 8% (w/v)
solution and stirred for 4–6 h. To this solution, nHAC powder was
added. The solution was ultrasonicated, poured into a mold, and cooled
at �208C overnight. The frozen composites were lyophilized to remove
the 1,4-dioxane. Then, the porous composite scaffold obtained was cut
into small disks with 8 mm in diameter and 2 mm in thick for in vitro cell
cultures (15� 5� 3 mm3 for animal experiment).
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Cell Seeding

For cell culture, the nHAC/PLA scaffolds were sterilized by g-ray
irradiation (2.5 Mrad), rinsed thoroughly with sterilized PBS, and immer-
sed in the culture medium overnight. The slices were placed in 48-well
tissue culture clusters (Costar, USA) and each scaffold was seeded with
5� 105 BMP-2 transfected MSCs or mock-transfected MSCs suspended
in 100 mL of complete medium. After incubating at 378C in a humidified
atmosphere with 5% CO2 for 3 h, an additional 900 mL of culture medium
was added to each well. The medium was changed every 2 days.

Scanning Electron Microscopy Examination

The adhesion and growth of MSCs on the scaffolds was observed by
scanning electron microscopy (SEM) after 2 and 24 h cell seeding. All the
cell/scaffold constructs were rinsed twice with sterilized PBS to remove
the nonadherent cells, fixed in 2.5% glutaraldehyde for 12 h at 48C, then
rinsed three times with PBS, and dehydrated, consecutively, in 30%,
50%, 70%, 75%, 80%, 90%, 95%, and 100% ethanol for 10 min each.
The samples were then critical point dried, coated with a thin layer of
gold–palladium through sputtering under an argon atmosphere prior to
SEM observation (Hitachi S-520, Japan).

Surgical Procedure

Twenty healthy New Zealand White rabbits of both sexes weighting
about 3.0 kg were used as experimental animals. All surgical procedures
followed protocols were approved by the Animal Care Committee of the
Medical School of Shandong University, and were based on a well-
established rabbit, critical-sized segmental bone defect model.

The rabbits were divided into four groups (n¼ 5). Group A for
the implantation of nHAC/PLA scaffolds combined with BMP-2 trans-
fected MSCs, Group B for nHAC/PLA scaffolds combined with mock-
transfected MSCs, Group C for just nHAC/PLA scaffolds, and Group D for
blank control. Briefly, rabbits were anesthetized by intravenous injection
of pentobarbital sodium (25 mg/kg). Both the radii of each animal were
operated upon. A 4 cm longitudinal incision was made in the shaved skin
along the radius with a sterile blade. Muscles were dissected open to
expose the diaphyseal portion of the radius. After excision of the
periosteum, a 15 mm long section of the diaphysis was removed using
a cutting saw under constant cooling with saline. A 15� 3� 3 mm3

sized scaffold or cell/scaffold construct was inserted into the defect.
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For cell/scaffold construct, each nHAC/PLA scaffold (15� 3� 3 mm3) was
seeded with 5� 106 cells as described in the in vitro study. One day after
cell seeding, the cell/scaffold construct was implanted in the defect and the
rabbits were allowed to move freely in their cages.

Radiographic and Histological Analyses

Rabbits from each group were sacrificed at 8 and 12 weeks post-
operation. The whole radius was excised and examined using X-ray
radiography at certain implantation period. For histological studies, the
radius was fixed in 10% formalin neutral buffer solution at pH 7.4 for 2
days at 48C and then decalcified with 10% HCI and 0.1% ethylene
diamine tetra-acetic acid (EDTA) at 48C for another 2 days. The
specimens were then dehydrated using graded ethanols and embedded
in paraffin. Tissue blocks were then sectioned with at thickness of 5mm
in thickness, stained with hematoxylin and eosin (HE), and observed by
light microscope (Olympus, Japan).

Statistical Analysis

All quantitative data were expressed as means� standard deviation
(SD). Statistical analysis was assessed using SPSS (v13.0). A Student’s
t-test (assuming equal variances) was performed to determine the
statistical significance between the experimental groups. A value of
p50.01 was accepted to be statistically significant.

RESULTS

Plasmid Construction and MSC Culture

The hBMP-2 gene was amplified from human osteosarcoma tissue
(Figure 1(a)) and the sequences of hBMP-2 cDNA were confirmed by
DNA sequencing (GenBank NM-001200). The amplified hBMP-2
gene was inserted into the pIRES2-EGFP vector to construct the
pIRES2-EGFP-hBMP-2 mammalian expression vector. This process
was confirmed by double enzymatic digestion with Bgl II and Sal I.
The expected bands were observed following gel electrophoresis
(Figure 1(b)).

The nucleated cells were isolated by density gradient centrifugation
using Percoll (1.073 g/mL) and plated in complete medium. The initial
adherent cells grew into spindle-like or stellate-shaped cells, which
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developed into visible colonies 3–5 days after initial plating. After 2–3
days, the cells began to proliferate rapidly, reaching confluence on the
12th to 16th day. The nonadherent hematopoietic cells were discarded
by changing medium. Following further passages the MSCs proliferated
uniformly. The cells maintained a homogeneous fibroblast-like mor-
phology with a spindle-shaped appearance (Figure 2).

Marker
(a) (b)

3000bp

2000bp

1500bp

750bp

1500bp

1000bp
1000bp

1.2kb

1000bp

500bp

MarkerProduct Double digestion

Figure 1. (a) The 1.2-kb hBMP-2 gene was amplified from human osteosarcoma tissue.
(b) Construct of pIRES2-EGFP-hBMP-2 was confirmed by double digestion with Bgl II
and Sal I.

Figure 2. Rabbit MSCs of second passage with a fibroblast-like shape (bar¼ 100mm).
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BMP-2 Expression in BMP-2 Transfected MSCs

The quantification of gene transfer efficiency in the modified MSCs
was determined by assessing the number of EGFP-expressing cells
under inverted fluorescent microscope. After electroporating at 500 V
and 30 ms, a transfer efficiency of 35.5� 3.8% was achieved (Figure 3).
The remaining experiments were carried out based on those parameters.
EGFP expression was initially detected 8 h after gene transfer and
climaxed between 48 and 72 h afterwards.

Reverse transcriptase polymerase chain reaction (RT-PCR) was an
easy and efficient way to detect gene expression in RNA. The mRNA
expression of hBMP-2 among MSCs was confirmed 1 day after
electroporation. As shown in Figure 4, the BMP-2 transfected MSCs
had both the 200-bp-specific amplification bands of hBMP-2 and the
439-bp-specific amplification band of b-actin. Mock-transfected MSCs
and untransfected MSCs had no 200-bp-specific amplification bands, but
did have the 439-bp-specific amplification band of b-actin.

ALP Activity

ALP is one of the early markers of osteoblasts and it increases as the
bone formation progresses, particularly, during mineralization. ALP
activity was determined to quantify the in vitro osteogenic activity of the
genetically modified MSCs. Comparing the ALP activity of BMP-2
transfected MSCs and mock-transfected MSCs, as shown in Figure 5,
there was no statistical difference on the 1-day time period ( p40.01).
After 7 and 14 days of gene transfer, the ALP expression of BMP-2
transfected MSCs was markedly higher than the control ( p50.01).
These results indicated that BMP-2 gene therapy promoted MSC
differentiation into osteoblastic cells.

Scanning Electron Microscopy

By SEM observation, the BMP-2 transfected MSCs started to attach
and grow from 2 h after cells seeding on the scaffolds. Representative
SEM images in Figure 6(c) show that cell attachment to the scaffold
after 2 h of culture had occurred; the cells on the nHAC/PLA scaffold
surfaces exhibited a globular shape with numerous microspikes and
extended filopodia that attached to the scaffolds. After 1 day, a confluent
layer of cells had proliferated in the scaffold. The BMP-2 transfected
MSCs exhibited a highly flattened shape and attached to the pore wall of
the scaffold with their pseudopodia with partial bridging over some
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Figure 3. Quantification of gene transfer efficiency into the MSCs was determined by
EGFP expression using fluorescent microscope 3 days after gene transfection
(bar¼ 100mm): (a) photograph of MSCs transfected with pIRES2-EGFP-hBMP-2 (phase
contrast microscope); (b) the field in the previous photograph was taken with fluorescent
microscope.
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pores (Figure 6(d)). In addition, the acellular nHAC/PLA scaffolds are
observable in Figure 6(a) and (b).

Radiographic Examination

All the rabbits survived to the follow-up 12-week period with no signs
of inflammation or infection. Ossification bridging at both ends of the

501bp

Marker 11 2 3

404bp
331bp
242bp
190bp

Figure 4. mRNA expression of hBMP-2 detected by RT-PCR. Lane 1, BMP-2 transfected
MSCs; lane 2, mock-transfected MSCs; lane 3, untransfeced cells.
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radius segments were seen in the defect sites after 8 weeks in all the
Group A rabbits (Figure 7(a)). In contrast, the rabbits in control, Group
B, had only a trace of mineralization in the defect site without recon-
nection between the two ends of the radius segments (Figure 7(c)).
After 12 weeks, the defect site was restored of all defects in Group A,
at least 90% of the defect site was filled with cancellous ossification
and the medullary cavity partly recanalized (Figure 7(b)). Radiographic
bone union was observed in Group B, although the bone density was
much lower than that of Group A (Figure 7(d)). However, Group B
at 12 weeks was much better than that of Group C, where the
defect reconstructed with just scaffolding appeared radiolucent in
most of the defect (Figure 7(e)). No radiographic evidence of bone

Figure 6. SEM observations of nHAC/PLA scaffolds and seeded BMP-2 transfected
MSCs. (a) nHAC/PLA scaffolds; (b) magnified view of central area of (a); (c) 2 h after cell
seeding, the arrows show the microspikes and extended filopodia that attached to the
surface of the scaffolds; (d) 1 day after cell seeding, the arrows show the cells that attached
to the pore wall of the scaffold and bridged over pores partially.
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Figure 7. Representative radiograph of defects at 8 and 12 weeks post-operation. ((a) and
(b)) Implantation of nHAC/PLA scaffolds combined with BMP-2 transfected MSCs (Group
A) at 8 and 12 weeks; ((c) and (d)) implantation of nHAC/PLA scaffolds combined with
mock-transfected MSCs (Group B) at 8 and 12 weeks; (e) implantation of just nHAC/PLA
scaffolds (Group C) at 12 weeks; (f) implantation of nothing (Group D) at 12 weeks.
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formation was present in the blank control group (Group D) after
12 weeks (Figure 7(f)).

Histological Examination

Histological examination of Group A showed large amounts of
trabecular bone formation in the pores of the scaffolds after 8 weeks.
The newly formed bone contained osteocyte-like cells embedded ran-
domly in the bone matrix, and osteoblast-like cells in the lining on the
surface of the developing bone (Figure 8(a)). After 12 weeks, a discrete
amount of highly cellular bone marrow-like tissue that filled the space
between the newly formed trabecular bone was observed. Interestingly,
the residual scaffold was surrounded by marrow-like tissue in the
medullary cavity (Figure 8(b)). In contrast, Group B showed lots of
loose fibrous connective tissue in the pore space and a small amount
of new bone generation in a few pores of the implant at 8 weeks
(Figure 8(c)). With the implantation prolonged, more newly formed
trabecular bone was observed in the presence of the active osteoblasts
(Figure 8(d)). In Group C, connective tissue and inflammatory infil-
tration were present in superficial as well as inner pores and very few
osteoid formations were observed both at 8 and 12 weeks post-operation
(Figure 8(e) and (f)).

Group A

8 w

12 w

Group B Group C

Figure 8. Representative sections of regenerating bones at 8 and 12 weeks post-
implantation by HE staining (bar¼200mm). ((a) and (b)) Implantation of nHAC/PLA
scaffolds combined with BMP-2 transfected MSCs (Group A); ((c) and (d)) implantation of
nHAC/PLA scaffolds combined with mock-transfected MSCs (Group B); ((e) and (f))
implantation of just nHAC/PLA scaffolds (Group C). In photo (b), M denotes bone marrow-
like tissue.
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DISCUSSION

Gene therapy represents an attractive and promising approach to
bone regeneration. In this study, the osteogenesis of a novel, biode-
gradable 3D biomimetic construct was fabricated using BMP-2 trans-
fected MSCs cultured in nHAC/PLA scaffold. In vitro and in vivo studies
indicated that better osteogenesis was achieved and more advanced bone
tissue was formed in contrast to other scaffolds.

Previous studies, evaluating the repair of bone defects using BMP
protein, showed that this approach is effective in different animal
models [35–37]. However, the BMP protein therapies are hampered by
high manufacturing costs, undesirable side effects and lack of a good
system to deliver proteins [38]. Therefore, BMP gene therapy is
currently being developed to enhance bone regeneration by both
in vivo and in vitro. Moreover, the protein produced endogenously by
gene transfer has undergone authentic post-translational modification
and, therefore, may show improved potency [22]. The safety and
immunogenicity remain obstacles to the development of efficient gene
therapy protocols [39].

Currently, MSCs are the most widely used cell source for bone tissue
engineering [10,18]. In addition to their easy acquirement and high
differentiation potential to osteoblasts, low immunogenicity also makes
MSCs more suitable for bone tissue engineering [40].

A variety of viral vectors have been used in BMP-2 in vitro gene
therapy to induce osteogenesis [18,20,41]. Although nonviral gene
delivery system is less efficient than viral gene delivery, it has
the advantages of unrestricted capacity for delivering gene, safety,
and simplicity of use [42]. In this study of transfected MSCs with
the pIRES2-EGFP-hBMP-2 gene using electroporation, the transfer
efficiency reached 35.8� 4.4% under optimal conditions. To use gene
delivery as a BMP-2 delivery strategy, long-term BMP-2 expression
may be unnecessary for all stages of the fracture healing process.
Recently, it was demonstrated that BMP-2 plays an important role,
particularly, during the early stage of bone regeneration [43]. In support
of this, Marsh et al. [44] reported that BMPs were key elements in the
cascade of molecular events required for bone repair during fracture
healing. Actually, a short-term expression of BMP-2 may not only be
adequate to trigger the cascade of events leading to skeletal develop-
ment and repair, but also prevent excessive ossification that potentially
occurs after a long-term BMP-2 expression [42]. That plasmid-mediated
BMP-2 gene transfer to MSCs led to healing of critical-sized bone defects
in rabbits was corroborated by Park et al. [20], who used both plasmid
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and adenovirus-mediated BMP-2 gene transfer to MSC-promoted
healing of critical-sized bone defects in rats.

In tissue engineering, the choice of ideal material is crucial to tissue
regeneration. Besides good compatibility, osteoconductivity, and biode-
gradability, scaffold for bone tissue regeneration should possess a 3D
porous structure with porosity no less than 70% and pore size ranging
from 50 to 900 mm [45,46]. nHAC/PLA, fabricated by biomimetic
strategy, has a 3D structure with a porosity of about 75% and pore
size of about 50–300 mm. Previous studies had reported that this
material demonstrated adequate compatibility, superior osteoconduc-
tion, and biodegradability [29]. HA [47], collagen [48], or 3D environ-
ment [49,50] has the potential to promote stem cells’ osteogenic
differentiation independently. Therefore, it is conceivable that the 3D
nHAC/PLA scaffolds, to some extent, are able to promote MSCs
osteogenic differentiation.

In this in vitro study, the BMP-2 transfected MSCs had attached to
the pore walls of the nHAC/PLA scaffold with some of their pseudopodia
beginning to bridge over pores just 1 day after cell seeding. Thus, the 3D
nHAC/PLA facilitated gene-modified MSC adhesion and proliferation on
the scaffold. A critical-sized defect (CSD) in vivo is one that will not
regenerate spontaneously during the term of an experiment. A 15 mm
CSD in the radius of rabbit model has been shown to maintain its size
for 4 months [45]. In this study, according to the histological and
radiographic results, large amounts of mature bony callus had formed
in the BMP-2 gene-modified MSCs/scaffold construct in 8 weeks. After
12 weeks, the regeneration of all defects exhibited complete healing.

CONCLUSIONS

Based on in vitro data, BMP-2 transfected MSCs enhanced attach-
ment and growth in nHAC/PLA scaffolds. Subsequently, critical-sized
segmental defects on the rabbit radius were evaluated in vivo. According
to the histological and radiographic results, the BMP-2 transfected
MSCs/nHAC/PLA construct enhanced and accelerated bone formation
in the segmental defects compared to the control. This novel, bio-
degradable 3D BMP-2 transfected MSCs/nHAC/PLA construct could
potentially be a candidate for bone tissue engineering.
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45. Beskardes, B.I. and Gümüsderelioglu, M. (2009). Biomimetic Apatite-coated
PCL Scaffolds: Effect of Surface Nanotopography on Cellular Functions,
J. Bioact. Compat. Polym., 24: 507–524.

46. Li, H., Zheng, Q., Xiao, Y., Feng, J., Shi, Z. and Pan, Z. (2009). Rat Cartilage
Repair Using Nanophase PLGA/HA Composite and Mesenchymal Stem
Cells, J. Bioact. Compat. Polym., 24: 83–99.

47. Tsiridis, E., Ali, Z., Bhalla, A., Gamie, Z., Heliotis, M., Gurav, N. et al.
(2009). In vitro Proliferation and Differentiation of Human Mesenchymal
Stem Cells on Hydroxyapatite Versus Human Demineralised Bone Matrix
with and without Osteogenic Protein-1, Expert Opin. Biol. Ther., 9: 9–19.

48. Kihara, T., Hirose, M., Oshima, A. and Ohgushi, H. (2006). Exogenous
Type I Collagen Facilitates Osteogenic Differentiation and Acts as a
Substrate for Mineralization of Rat Marrow Mesenchymal Stem Cells In
Vitro, Biochem. Biophys. Res. Commun., 341: 1029–1035.

49. Mohr, J.C., de Pablo, J.J. and Palecek, S.P. (2006). 3-D Microwell Culture of
Human Embryonic Stem Cells, Biomaterials, 27: 6032–6042.

50. Machado, C.B., Ventura, J.M., Lemos, A.F., Ferreira, J.M., Leite, M.F. and
Goes, A.M. (2007). 3D Chitosan–Gelatin–Chondroitin Porous Scaffold
Improves Osteogenic Differentiation of Mesenchymal Stem Cells, Biomed.
Mater., 2: 124–131.

566 J.-L. DONG ET AL.

 at PENNSYLVANIA STATE UNIV on September 15, 2016jbc.sagepub.comDownloaded from 

http://jbc.sagepub.com/

