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Abstract

Multiple growth factors can be administered to mimic the natural process of bone healing in bone tissue engineering. We inves-
tigated the effects of sequential release of bone morphogenetic protein-2 (BMP-2) and vascular endothelial growth factor (VEGF)
from polylactide-poly (ethylene glycol)-polylactide (PELA) microcapsule-based scaffolds on bone regeneration. To improve
the double emulsion/solvent evaporation technique, VEGF was encapsulated in PELA microcapsules, to which BMP-2 was
attached. The scaffold (BMP-2/PELA/VEGF) was then fused to these microcapsules using the dichloromethane vapor method.
The bioactivity of the released BMP-2 and VEGF was then quantified in rat mesenchymal stem cells (rMSCs). Immunoblotting
analysis showed that BMP-2/PELA/VEG promoted the differentiation of rMSCs into osteoblasts via the MAPK and Wnt path-
ways. Osteoblast differentiation was assessed through alkaline phosphatase expression. When compared with simple BMP-2
plus VEGF group and pure PELA group, osteoblast differentiation in BMP-2/PELA/VEGF group significantly increased. An MTT
assay indicated that BMP-2-loaded PELA scaffolds had no adverse effects on cell activity. BMP-2/PELA/VEG promoted the
differentiation of rMSCs into osteoblast via the ERK1/2 and Wnt pathways. Our findings indicate that the sequential release of
BMP-2 and VEGF from PELA microcapsule-based scaffolds is a promising approach for the treatment of bone defects.
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Introduction

Bone tissue engineering aims to generate functional
bone tissue for the replacement of defective bone, thus
re-establishing normal function in humans (1). Mesenchymal
stem cells (MSCs), which can differentiate in vitro into
various mesenchymal lineages, are widely used for this
purpose because they can be easily isolated from different
sources (2,3). Bone marrow-derived mesenchymal stem
cells (bMSCs) are multipotent adult stem cells, whose
osteogenic differentiation potential has been reported in
several in vitro studies, have become an important source
of cells for engineered tissue repair and cell therapy (4).
Furthermore, studies in small animal models have shown
biodegradable scaffolding implants to significantly improve
bone formation, indicating its great potential for therapeutic
applications (5).

It has been reported that the degree of microcapsule
expression is dependent on the composition of the growth

medium, the stage of growth, and whether the organisms
are cultured on solid or liquid medium (6,7). For example,
growth medium with added VEGF has been found to
enhance microcapsule expression, which is attributed to
the low-phosphate nature of this medium (8,9).

Vascular endothelial growth factor (VEGF) is a growth
factor that promotes epithelial cell proliferation and che-
motaxis (10). It has also been shown to regulate bone
formation, development and regeneration (11). VEGF has
recently been shown to prevent or treat ischemia (1).
We hypothesized that rMSC (rat MSC) vascularization in
tissue-engineered bone might be improved in the exis-
tence of VEGF. Bone morphogenetic proteins (BMPs) are
bone growth factors that promote osteogenesis (12,13).
Under certain conditions, BMPs can also induce the trans-
formation of undifferentiated mesenchymal cells into bone
cells and induce the proliferation of bone cells, indicating
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that they are one of the most important factors in oste-
ogenesis (14,15). The effects of BMP-2 on the osteogenic
differentiation of bMSCs have been reported (14). The
bone growth factors that are known to induce osteogen-
esis and BMP-2 are currently being used in various animal
experiments and clinical settings (13–16). In this study,
we investigated the effects of BMP-2- and VEGF-based
microcapsules on the growth of rMSCs. The involvement
of MAPK signaling and Wnt and b-catenin in this process
were also explored.

Material and Methods

Material
BMP-2 and VEGF were purchased from Sigma (USA).

Antibodies to IgG, b-actin, alkaline phosphatase (ALP),
EKR1/2, JNK, p38, p-ERK1/2, p-JNK, p-p38, Wnt and
b-catenin were purchased from Cell Signaling Technol-
ogy (USA).

Preparation of BMP- and VEGF-loaded microcapsules
Microcapsules containing BMP-2 and VEGF were

prepared using the improved double emulsion/solvent
evaporation technique as previously described (17). In
brief, 3 mg of BMP-2 was dissolved in 200 mL of distilled
water, which was then combined with 4 mL of dichlor-
omethane containing 280 mg of polylactide-poly (ethylene
glycol)-polylactide (PELA) (MW 20,000). After sonication
for 20 min, the primary emulsion was combined with
40 mL of 0.8% polyvinyl alcohol and stirred for 40 min.
The microparticles were washed, centrifuged thrice, mixed
with 2 mL of phosphate buffered saline (PBS), pH 7.4,
containing 3 mg of VEGF and stirred for 10 min. BMP-2-
encapsulated microparticles encased by VEGF (BMP-2/
PELA/VEGF) were lyophilized overnight and then col-
lected. The four types of microcapsules (groups A, B, C, D
and E) are listed in Table 1.

Scaffold construction
Microcapsules (polylactic acid-polyethylene glycol-

polylactic acid, PLA-PEG-PLA, PELA) were fused with
scaffolds using the dichloromethane vapor method as
previously described (17). In brief, 30 mg of microcapsules
was placed into a 35-mm dish, which was then sealed

in a 60-mm dish containing 5 mL of dichloromethane.
The scaffolds were incubated for 10 min. After air-drying
for 10 min, the scaffolds were sterilized by ethylene oxide
and stored at –20°C until further use. Four types of scaf-
folds were prepared with the indicated microcapsules.

In vitro swelling and degradation of scaffolds
Scaffold swelling and degradation tests were performed

in PBS pH 7.4 at 37°C. Sixty milligrams of scaffolds
were placed into 15-mL tubes containing 10 mL of PBS
and incubated at 37°C. The PBS was replaced every
third day. At each time (1, 2, 5, 8, 11, 14, 18, 22, 26, 32,
39, and 46 days), scaffolds were centrifuged and their
wet weight (Ww) was recorded. Thereafter, scaffolds were
lyophilized for 12 h and their dry weight (Wd) was
recorded. The weight loss of each scaffold was calculated.
The swelling ratio was calculated as the in vitro swelling
and degradation.

BMP-2 and VEGF assays
The release of BMP2 from BMP-2/PELA/VEGF scaf-

folds in PBS pH 7.4 was measured at 37°C. The concen-
trations of BMP-2 and VEGF at each time point (1, 2, 4, 8,
12, 16, 22, 28, 35, and 42 days) were measured using
human BMP-2 and VEGF. ELISA kits were purchased
from R&D Systems, Germany. VEGF and BMP-2 expres-
sion was evaluated in an ELISA plate reader at 450 nm
with a correction at 570 nm. Results were normalized to
picogram VEGF and BMP-2 per hour treatment per 104 cells.
This experiment was carried out in triplicate.

Isolation and culture of rMSCs
rMSCs were obtained from a neonatal New Zealand

white rabbit. The bone marrow was flushed with a 1-mL
syringe containing low glucose Dulbecco’s modified
Eagle’s medium (DMEM). Cells were harvested, trans-
ferred to a dish, and cultured in an incubator at 37°C with
5% CO2. The Inner Mongolia Medical University Experi-
mental Animal Management Committee approved the
animal protocol.

Western blotting
Proteins derived from rMSCs were separated by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis using

Table 1. Microcapsules containing BMP-2 for scaffolds fusing.

Microcapsules Material Encapsulated protein Covered protein

Group A 280 mg PELA 3 mg BMP-2 3 mg VEGF

Group B 280 mg PELA 3 mg BMP-2 –
Group C 280 mg PELA – 3 mg VEGF
Group D 280 mg PELA – –

BMP-2: bone morphogenetic protein-2; PELA: polylactide-poly (ethylene glycol)-polylac-
tide; VEGF: vascular endothelial growth factor.
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12% gels and transferred to nitrocellulose membranes for
immunoblotting analysis. Membranes were blocked and
incubated with primary antibodies overnight at 4°C. Mem-
branes were subsequently washed three times with PBS
and incubated with peroxidase-conjugated secondary
antibodies. Immunoreactive bands were detected with

Pierce ECL reagents (USA). The endogenous control
was GAPHD.

Osteogenic differentiation
rMSCs were seeded on 48-wellplates at 5� 104 cell/

cm2 and incubated with10 mg of scaffolds in every well.

Figure 1.Weight loss (A), swelling ratio (B) and cumulative release profile (C) of BMP-2/PELA/VEGF scaffolds in PBS at 37°C. Data are
reported as means±SD. BMP-2: bone morphogenetic protein-2; PELA: polylactide-poly (ethylene glycol)-polylactide; VEGF: vascular
endothelial growth factor; Ww: wet weight; Wd: dry weight.
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The cell culture medium (containing transforming growth
factor beta 1 (TGF-b1, 10 mg/mL) was refreshed once
every 3 days. Cells were cultured at 37°C in a humidified
atmosphere with 5% CO2. At days 3, 7, and 14, cells were
obtained. Osteogenic differentiation was achieved follow-
ing established in vitro protocols.

Statistical analyses
Statistical analyses were conducted by one-way anal-

ysis of variance (ANOVA) using the GraphPad Prism Soft-
ware (version 5.0; GraphPad Software, USA, www.graph
pad.com/company/). Data are reported as means±SD.

Results

Swelling ratio and degradation of scaffolds and the
measurement of released BMP-2 and VEGF

The swelling and degradation of scaffolds in PBS
were assessed at 37°C for 28 days. The swelling ratio
was significantly higher from days 1 to 14 than from days
15 to 28, reaching its peak on day 14. The swelling ratio
then decreased, reaching its lowest level on day 28.
Furthermore, there was no significant loss in scaffold
weight from days 1 to 12 (Figure 1A), consistent with the
increased swelling ratio. However, the scaffold weight
decreased from days 13 to 28, and by day 22, the weight
was 50% of the initial value.

The concentrations of BMP-2 and VEGF released
from BMP-2/PELA/VEGF scaffolds were measured by
ELISA (Figure 1C). The BMP-2 level increased by 60%
on day 2, followed by a further increase until the end of
the experiment. By contrast, the VEGF level increased
by only 32% on day 2, followed by an increase of 1% daily.
After 3 weeks, the VEGF level reached a plateau.

Viability of rMSCs in the presence of PELA scaffolds
There was no difference in cell viability between

PELA and control scaffolds at all time points (Figure 2).
Viability was higher at 3 days in cells of group B than in
those of the control group, although the difference was
not statistically significant. These results indicate that
BMP-based PELA scaffolds do not affect cell viability
within the first 14 days.

BMP-2/PELA/VEGF promoted the differentiation of
rMSCs into osteoblasts via the ERK1/2 andWnt pathway

To identify the signaling pathway through which BMP-
2/PELA/VEG promotes the differentiation of rMSCs into
osteoblasts, cells were cultured for 3, 7, and 14 days
in the presence of control, BMP-2/PELA/VEGF, BMP-2/
PELA or PELA/VEGF scaffolds. The level of phosphory-
lated ERK1/2 was also examined (Figures 3A and 4). The
level of phosphorylated ERK1/2 was higher from days 3
to 14 in cells cultured in the presence of BMP-2/PELA/
VEGF scaffolds than in those cultured in the presence
of control scaffolds. There were no changes in the levels

Figure 2. Results of the MTT assay after
incubation of cells with PELA scaffolds. Cells
cultured in the absence of scaffolds served as the
positive control. Data are reported as means
±SD. BMP-2: bone morphogenetic protein-2;
PELA: polylactide-poly (ethylene glycol)-polylac-
tide; VEGF: vascular endothelial growth factor.

Figure 3. Effects of BMP-2/PELA/VEGF scaffolds on the activa-
tion of mitogen-activated protein kinase (MAPK) signaling in rats
mesenchymal stem cells. A, Expression of total and phosphory-
lated ERK1/2, JNKs, and p38 proteins. B, Contrast gray values
corresponding to phosphorylated ERK1/2, JNKs, and p38 based
on western blotting analysis. Results are reported as means±SD
(n=5). *Po0.05, compared to the 3-day group (ANOVA). BMP-2:
bone morphogenetic protein-2; PELA: polylactide-poly (ethylene
glycol)-polylactide; VEGF: vascular endothelial growth factor.
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of phosphorylated JNK and p38 in cells cultured in the
presence of BMP-2/PELA/VEGF scaffolds (Figure 3B).

The Wnt and b-catenin were also detected (Figure 5A
and B). The expression level of Wnt and b-catenin were
higher from days 3 to 14 in cells cultured in the presence
of BMP-2/PELA/VEGF scaffolds than in those cultured in
the presence of control scaffolds

To investigate the effects of BMP-2/PELA/VEGF scaf-
folds on rMSC-derived osteoblasts, we induced the differ-
entiation of rMSCs into osteoblasts and cultured cells in
the presence of control, BMP-2/PELA/VEGF, BMP-2/PELA
or PELA/VEGF scaffolds. Thereafter, the ALP level was
examined. There was a significant change in the ALP level
in cells cultured in the presence of BMP-2/PELA/VEGF

Figure 4. Effects of BMP-2/PELA (A) and PELA/
VEGF (B) scaffolds, as well as the positive con-
trol (C), on the activation of mitogen-activated
protein kinase (MAPK) signaling in rBMSCs cells.
Results are reported as means±SD.
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scaffolds than in those cultured in the presence of control
scaffolds (Figure 6).

Discussion

Many factors, including porosity, temperature and
medium, can affect the scaffold degradation rate (17).
For example, triblock polymers are composed of biode-
gradable PLA and an inlaid hydrophilic PEG block, and
PELA has been successfully used as a carrier of both
hydrophilic and hydrophobic drugs (8). In this study, PELA
was used to construct the microcapsule wall and PBS was
used as the degradation medium. Based on the swelling
ratio and the weight loss profile, fast degradation was
achieved at week 2 after initial swelling, which was similar
to previously reported.

In scaffolds, BMP-2 was attached to the surface of
PELA microcapsules, which was responsible for its rapid
burst release, whereas VEGF was encapsulated by PELA
microcapsules, which was responsible for its sustained
release. According to the in vitro release profile of BMP-2/

PELA/VEGF scaffolds, BMP-2 exhibited a classic initial
burst release, followed by a sustained release for more
than 28 days. This release profile has been reported to
improve bone regeneration compared to a sustained release
without a burst.

To gain further insight into the mechanism by which
BMP-2/PELA/VEGF scaffolds enhance rMSC prolifera-
tion, we investigated the involvement of the MAPK signal-
ing pathway. The MAPK signaling pathway is comprised
of ERK, JNK and p38 serine/threonine kinases that are
primarily involved in the activation of nuclear transcription
factors that control cell proliferation, differentiation and
apoptosis (18). Extracellular signal-related kinase (ERK)
is a member of the MAP kinase family that stimulates the
differentiation of hMSC into osteoblasts via phosphorylation
of the osteogenic transcription factor runx2/CBFA-1 (19).
The Wnt/b-catenin signaling is activated by the binding
of Wnt ligands to the frizzled family of receptors (20). The
b-catenin signaling also plays an important role in regu-
lating the commitment of the differentiation of pluripotent
stem cell into the osteoblasts during fracture healing (21).

Figure 5. Expression of Wnt and b-catenin proteins in BMP-2/PELA/VEGF and BMP-2/PELA scaffolds, as well as the positive control.
A, Western blotting images. B, Quantification of Wnt and b-catenin expression based on western blotting analysis. Results are reported
as means±SD (n=5). *Po0.05, compared to the 3-day group (ANOVA). BMP-2: bone morphogenetic protein-2; PELA: polylactide-poly
(ethylene glycol)-polylactide; VEGF: vascular endothelial growth factor.
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In this study, the differentiation into osteoblasts repre-
sented by ALP activity was promoted by BMP-2/PELA/
VEG treatment. Phosphorylation of ERK1/2, Wnt and
b-catenin were increased by BMP-2/PELA/VEG treatment.

In summary, our results indicate that BMP-2/PELA/VEGF
scaffold promoted the differentiation of rMSCs to osteo-
blasts. These results indicate that BMP-2/PELA/VEGF
scaffolds can potentially repair bone defects.
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