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Abstract

Vascular endothelial growth factor (VEGF) and bone 
morphogenetic protein-2 (BMP-2) have been widely used 
in the fields of tissue engineering and regenerative medicine 
to stimulate angiogenesis and bone formation. The goal of 
this study was to determine whether VEGF and BMP-2 
are involved in the homing of bone marrow stem cells 
(BMSCs) for bone regeneration and to provide insights 
into their mechanism of action. The chemoattraction of 
BMSCs to VEGF and BMP-2 was analysed in vitro using 
a checkerboard assay. VEGF and BMP-2 stimulated the 
chemotaxis of BMSCs but not chemokinesis. In vivo, both 
VEGF and BMP-2 also have been confirmed to induce 
the homing of tail vein injected BMSCs to the site of silk 
scaffold subcutaneous implantation in nude mice. When 
the scaffolds were implanted in the rabbit skull defects, 
more SSEA4+ mesenchymal stem cells were mobilised and 
homed to silk scaffolds containing VEGF and/or BMP-2. 
More importantly, autogenic BMSCs were reinjected via 
the ear vein after labelling with lenti-GFP, and the cells 
were detected to home to the defects and differentiate into 
endothelial cells and osteogenic cells induced by VEGF 
and BMP-2. Finally, perfusion with Microfil showed that 
initial angiogenesis was enhanced in tissue-engineered 
complexes containing VEGF. Observations based on µCT 
assay and histological study revealed that bone formation 
was accelerated on BMP-2-containing scaffolds. These 
findings support our hypothesis that the localised release of 
VEGF and BMP-2 promote bone regeneration, in part by 
facilitating the mobilisation of endogenous stem cells and 
directing the differentiation of these cells into endothelial 
and osteogenic lineages.
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Introduction

Cell-based tissue engineering strategies have been adopted 
to promote tissue regeneration; however, exogenous cell 
delivery has many disadvantages, including the potential 
for pathogen transmission or tumourigenesis, complex 
operation procedures, high costs and extended regulatory 
approval processes. An alternative to cell-based tissue 
regeneration is to recruit endogenous cells (Chen et al., 
2011; Discher et al., 2009; Kim et al., 2010; Lee et al., 
2010). In addition, it has become apparent that cells seeded 
on biomaterial matrices usually do not survive for long 
in vivo but can secrete proteins to recruit endogenous 
cells that promote tissue regeneration (Vogel, 2011). 
Recently, scaffolds containing stromal derived factor-1 
(SDF-1), transforming growth factor-β (TGF-β) and other 
cytokines have been used to recruit endogenous stem cells 
to improve healing and promote tissue regeneration (Kim 
et al., 2010; Lee et al., 2010; Thevenot et al., 2010). Stem 
cell therapy shows tremendous value for many serious 
diseases and injuries. However, to facilitate clinical 
translation, combinations of cell-free scaffolds and growth 
factors must be developed to provide a simpler and more 
convenient strategy to direct the homing of endogenous 
cells (Chen et al., 2011; Lee et al., 2010; Sackstein et 
al., 2008).
 Scaffolds alone do not usually completely heal the 
defects due to the lack of sufficient osteoinduction. The 
incorporation of osteoinductive factors into scaffolds is 
usually required to promote sufficient bone regeneration 
(Chin et al., 2005; Li et al., 2011; Liu et al., 2009). 
Specific growth factors play important roles in the 
regeneration process of different tissues (James et al., 
2011; Lee et al., 2011; Sood et al., 2012). Bone is a highly 
vascularised tissue in which blood vessels and bone 
cells interact to maintain skeletal integrity (Jiang, 2012; 
Kanczler and Oreffo, 2008; Zou et al., 2011). Therefore, 
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angiogenesis and osteogenesis are both important for 
bone regeneration. Vascular endothelial growth factor 
(VEGF) and bone morphogenetic protein-2 (BMP-2) are 
two key regulators of angiogenesis and osteogenesis and 
promote the endothelial and osteogenic differentiation of 
stem cells, respectively. These two factors synergistically 
enhance bone regeneration (Lin et al., 2010; Peng et al., 
2005; Samee et al., 2008). Our recent work confirms that 
combinations of VEGF and BMP-2 have additive effects 
on bone regeneration (Zhang et al., 2011). However, 
there is still no direct evidence regarding the mechanism 
of action of these two factors on stem cell homing and 
differentiation during bone regeneration. Based on our 
previous observations that combinations of VEGF and 
BMP-2 promote tissue ingrowth into silk gels as well 
as angiogenesis and bone regeneration in the elevated 
sinus cavity (Zhang et al., 2011), we hypothesise that 
the localised release of VEGF and BMP-2 facilitates the 
homing of endogenous cells, including bone marrow 
stem cells (BMSCs). We further hypothesise that VEGF 
and BMP-2 direct these homing cells to differentiate into 
endothelial cells and osteogenic cells at the regeneration 
site.
 To test these hypotheses, porous silk protein scaffolds 
loaded with VEGF and BMP-2 were implanted in rabbit 
calvarial defects. At an early stage after implantation, 
endogenous stem cells recruited to the bone defects 
were identified by SSEA-4 immunoreactivity. Autogenic 

BMSCs were isolated and labelled with lenti-GFP, and 
then reinjected via the ear vein for cell tracing to determine 
whether VEGF and BMP-2 can attract these cells homing 
and direct their differentiation.

Materials and Methods

BMSC isolation and culture
Rabbit BMSCs were obtained as previously described 
(Jiang et al., 2009a). Rabbits were placed under general 
anaesthesia through the intramuscular injection of ketamine 
(40 mg/kg), 3 mL of bone marrow was harvested from their 
fibulae, and the bone marrow was cultured in Dulbecco’s 
modified Eagle medium (DMEM) (Gibco, Grand Island, 
NY, USA) containing 10 % foetal bovine serum (Hyclone, 
Logan, UT, USA). Non-adherent cells were removed after 
5 d incubation. Cells were sub-cultured using 0.25 % 
trypsin/EDTA until the cell density reached approximately 
80 % confluence.

VEGF and BMP-2 effects on BMSC chemotaxis
The transwell chemotactic migration model (Fig. 1a) was 
used to evaluate the recruitment capacity of VEGF and 
BMP-2 on BMSCs in vitro (Thevenot et al., 2010). Briefly, 
BMSCs were labelled with green fluorescent protein (GFP) 
by lentivirus transfection, as previously described (Zhu et 
al., 2011). These GFP-labelled BMSCs were suspended in 

Fig. 1. (a) Schematic of the transwell chemotaxis model. (b) Dose-response curve of chemotactic migration activity 
of rabbit BMMSCs to VEGF and BMP-2. Chemotactic index of three independent experiments are shown as mean ± 
standard deviation. (c) BMSCs adherent to the underside of the transwells were visualised by fluorescent microscopy, 
and cell migration to the underside of the chamber were quantified by cell counting (★, represents p < 0.05).
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DMEM and seeded in the upper chambers of 8 µm pore 
membranes of 24-well plates (Corning Costar, Oneonta, 
NY, USA). In the lower chambers, different media were 
added in the following four groups: (a) DMEM; (b) 
DMEM containing 6 ng/mL recombinant human VEGF 
(gift from Wyeth); (c) DMEM containing 10 ng/mL 
recombinant human BMP-2 (gift from Wyeth); and (d) 
DMEM containing 6 ng/mL VEGF and 10 ng/mL BMP-
2. The upper chambers were fixed and observed under the 
fluorescence microscope after 24 h culture. Six separate 
wells for each group were used in this experiment (n = 6). 
Five high power fields (HPF) were selected randomly in 
each well to count cell numbers.
 The checkerboard assay was further carried out to assess 
chemotactic activity as previously described (Kim and 
Broxmeyer, 1998; Lind et al., 1996). Four growth factor 
concentrations (0, 1, 10 and 100 ng/mL) were selected and 
used in this experiment. First, 2.0 x 105 cells were added to 
the upper well of the chamber. After incubation for 5 h at 
37 °C with 5 % CO2, cells migrating into the lower chamber 
were counted using the FACS Calibur flow cytometer 
(BD Biosciences, San Jose, CA, USA). The ratio of the 
number of migrated cells in the test well to the number of 
migrated cells in the control well (0 ng/mL growth factor) 
represents the chemotactic index. The data were plotted as 
the mean values plus/minus standard deviations for three 
independent experiments.

Effects of VEGF and BMP-2 on BMSC recruitment 
in vivo
Porous silk scaffolds (pore size 400-500 µm, disk shaped, 
5 mm in diameter and 2 mm thick) were prepared according 
to our previously published procedures (Nazarov et 
al., 2004). For growth factor loading, a 20 μL solution 
was added to each scaffold according to previous water 
absorption tests. Four study groups were prepared: (a) silk 
scaffolds loaded with 20 μL water as a blank control (Silk 
group); (b) silk scaffolds loaded with 6 μg VEGF (VEGF 
group); (c) silk scaffolds loaded with 10 μg BMP-2 (BMP-2 
group); and (d) silk scaffolds loaded with 6 μg VEGF and 
10 μg BMP-2 (V+B group). After 20 μL of growth factor 
solution were added in the scaffolds, the samples were 
placed in 4 °C overnight, and then the redundant solutions 
were removed using absorbent paper.
 In order to establish whether VEGF and BMP-2 
release was effective at mobilising stem cells from the 
circulation, cell tracing by tail vein injection in nude mice 
was performed, as previously described (Lee et al., 2012). 
Scaffolds were firstly implanted in the subcutaneous cavity 
of the nude mice for 7 d. And the mice were irradiated 
sub-lethally 1 d before cell transplantation. Finally, 200 μL 
of the GFP-labelled rabbit BMSCs (4.0 x 105 cells) were 
injected through the tail vein. Animals were sacrificed at 
2 d after injection and the implants and surrounding tissue 
was embedded and frozen in Tissue-Tek OCT compound. A 
cryomicrotome was used to cut 5 μm-thick sections, which 
were then placed onto microscope slides. All slides were 
stained with DAPI (Invitrogen, Carlsbad, CA, USA) before 
being observed under a confocal laser scanning microscope 
(CLSM) (Leica, Nusseloch, Germany).

Rabbit cranial defects model
A total of 20 male New Zealand white rabbits weighing 
between 2.5 kg and 3 kg were obtained from the Ninth 
People’s Hospital Animal Centre (Shanghai, China). The 
experimental protocol was approved by the Animal Care 
and Experiment Committee of the Ninth People’s Hospital. 
Four cranial defects were generated according to our 
previously reported model (Oktay et al., 2010). Briefly, 
a scalp incision was made under general anaesthesia, and 
the cranium was exposed by elevating both the skin and 
the periosteum. Four circular critical-sized defects were 
formed using a 5 mm diameter trephine bur. Silk scaffolds 
from the different study groups were placed in a specific 
order (Fig. 2). The cylinder model in the upper right of Fig. 
2 shows the location used for the subsequent histological 
analysis (labelled in blue).

Identification of initial stem cell recruitment
Three rabbits were sacrificed one week after the operation, 
and the scaffolds were harvested and rapidly frozen to 
approximately -30 °C. The samples were embedded in 
Tissue-Tek OCT compound and 5 μm-thick sections were 
cut using a cryomicrotome. For immunofluorescence 
staining, the slides were immersed in phosphate-buffered 
saline (PBS) for 20 min to remove the OCT. Next, the 
sections were blocked with 10 % goat serum for 30 min at 
room temperature. The treated sections were subsequently 
incubated with specific antibodies for 1 h at 37 °C. SSEA-4 
was used to identify mesenchymal stem cells (MSCs) that 
had migrated to the defect (Gang et al., 2007; Thevenot et 
al., 2010). FITC-conjugated anti-mouse IgG antibody (BD 
Bioscience) was used as secondary antibody. All slides 
were counterstained with DAPI (Invitrogen). Fluorescence 
images were captured by the CLSM.

Analysis of angiogenesis in early implants 
To observe angiogenesis at early stages after implantation, 
six rabbits were sacrificed at week 4 and perfused with 
Microfil (Flow Tech, Carver, MA, USA), as previously 
described (Zhang et al., 2011). Briefly, a perfusion 
channel was built via the bilateral carotid arteries, and 
the blood was cleared in the craniofacial vessels using 
200 mL heparinised saline. The blue Microfil solution 
was then perfused until the entire tongue turned blue. 
After polymerisation of the infused Microfil, the cranial 
defect samples were extracted and fixed in 10 % buffered 
formaldehyde solution. The samples were dehydrated 
in a series of increasing concentrations of alcohol (from 
25 % to 100 %) and placed into dimethylbenzene to clear 
the tissue. Digital images were acquired using a camera 
(Nikon, Tokyo, Japan) and analysed semi-automatically 
with ImageJ software (Fuchs et al., 2009; Zou et al., 2012). 
Blue blood vessels were extracted from the background 
after automatic thresholding and labelled in red. The area 
corresponding to blood vessels in the 5 mm-diameter defect 
region was then calculated. The samples were subsequently 
embedded in poly(methyl methacrylate) (PMMA) 
and cut into 150 μm-thick sections using a microtome 
(Leica). After being ground and polished to a thickness of 
approximately 100 μm, the specimens were stained with 
Van Gieson’s picro-fuchsin (Zhang et al., 2011).
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Bone regeneration analyses
Eight rabbits were sacrificed at week 12 to compare 
osteogenesis in the different study groups. The following 
analyses were performed.

Sequential fluorescent labelling
The time course of new bone formation and mineralisation 
was recorded using a polychrome sequential fluorescent 
labelling method, as previously described (Jiang et al., 
2009b; Wang et al., 2009). At 3, 6 and 9 weeks after the 
surgery, 25 mg/kg tetracycline hydrochloride (TE, Sigma, 
St. Louis, MO, USA), 20 mg/kg calcein (CA, Sigma) and 
30 mg/kg Alizarin Red S (AL, Sigma) were administered 
intraperitoneally.

Radiography and µCT analysis
Specimens were harvested and fixed in 10 % buffered 
formaldehyde solution. Samples were imaged using 
a desktop µCT system (μCT-80, Scanco Medical, 
Bassersdorf, Switzerland) in high-resolution scanning 
mode (pixel matrix, 1024×1024; voxel size, 20 μm; slice 
thickness, 20 μm), as previously described (Zhang et 
al., 2011). Cranial X-ray images were acquired before 
scanning. The percentage of newly formed bone area 
in the entire defect region was calculated based on the 
radiography images using ImageJ software. After scanning 
with the μCT system, three-dimensional (3D) images were 
reconstructed using the Analyze software package (Scanco 
Medical). To evaluate the quality of the new bone, a cubic 
region of approximately 3.5 mm x 3.5 mm x 1 mm in the 
defect region was analysed. Bone volume (BV), bone 
volume fraction (BVF), tissue mineral content (TMC) and 
trabecular number (TbN) were determined.

Histological and histomorphometric observations
Eight specimens from each group were bisected along their 
diameter. One half were decalcified, embedded in paraffin, 

cut into 4 μm-thick sections and stained with haematoxylin-
eosin (HE). The other half were dehydrated, embedded in 
PMMA, sectioned into 150 μm-thick sections and ground 
and polished to a final thickness of approximately 40 μm. 
The undecalcified sections were used to observe sequential 
fluorescent labelling with CLSM. The excitation/
emission wavelengths were 405/580 nm for TE (yellow), 
488/517 nm for CA (green) and 543/617 nm for AL (red). 
The undecalcified sections were further stained with Van 
Gieson’s picro-fuchsin.

Cell tracing in rabbit
Experiments on the other three rabbits (Fig. 6a) were 
carried out to confirm the effects of VEGF and BMP-2 
on BMSC recruitment and differentiation. Autogenic 
BMSCs were isolated and labelled with lenti-GFP in 
vitro. Four defects were made on the skull and implanted 
with the silk scaffolds as mentioned above. Then, 1 mL 
of the GFP-labelled rabbit BMSCs (2.0 x 106 cells) were 
reinjected to the circulation via the ear vein at 3 d, 1 
week and 2 weeks after implantation, respectively. All 
animals were sacrificed at week 4, and the samples were 
extracted and fixed in 4 % paraformaldehyde solution for 
30 min. The samples were stained with DAPI before being 
observed under a fluorescence microscope. The samples 
were then decalcified in 15 % EDTA and embedded in 
paraffin. Sections were made for immunohistochemical 
detection. After removal of paraffin and rehydration, 
sections were incubated with primary antibody against GFP 
(1:400 dilution; Abcam, Cambridge, UK). HRP-labelled 
secondary antibody and DAB substrate were sequentially 
added to detect the GFP+ cells in the specimens. Cell nuclei 
were slightly counterstained with haematoxylin.

Statistical analysis
Statistically significant differences (p < 0.05) among the 
various groups were measured using a one-way ANOVA 

Fig. 2. (a) Schematic drawing of rabbit cranial bone defects. Four 5 mm (diameter) critical size defects were made 
on the skull for the implants. Cylinders on the upper right represent the silk scaffold, and the blue area shows the 
location where the tissue was taken for histological observation. (b) Rabbit cranium defects with silk scaffold-grafted.
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followed by Tukey’s post hoc test. All calculations were 
performed using a SAS 8.2 statistical software package.

Results

Chemotactic activity of VEGF and BMP-2 on rabbit 
BMSCs in vitro
The checkerboard assay was carried out to evaluate and 
clarify the chemotactic or chemokinetic activities of 
VEGF and BMP-2 on rabbit BMSCs. As shown in Table 
1, the chemokinetic index demonstrated that the effects 
of both VEGF and BMP-2 were primarily chemotactic. 
The dose-response curves (Fig. 1b) for VEGF- and 
BMP-2-mediated cell responses were bell shaped, and 
the maximum response for both proteins was observed at 
10 ng/mL: the chemokinetic index values were 2.9 ±0.28 
for VEGF and 1.68 ±0.16 for BMP-2. When VEGF and 
BMP-2 were added into the lower chambers for 24 h, two 
groups containing VEGF recruited more GFP-labelled 
BMSCs than the other two groups (p < 0.05). Although 
there was no significant difference between the two groups 
in the present experiment, the recruited cell number in 
the BMP-2 group was slightly higher than in the control 
group. (Fig. 1c).

Effects of VEGF and BMP-2 on rabbit BMSC 
recruitment in vivo
Homing of intravenous. transplanted rabbit BMSCs in the 
nude mouse model was taken to establish whether VEGF 
and BMP-2 release was effective at mobilising stem cells 
from the circulation. Quantification of these responses on 
the basis of cell number reveals significant increase in the 
three groups containing growth factors (Fig. 3). In addition, 
the numbers of the recruited GFP-labelled BMSCs in the 
two groups containing VEGF were significantly higher 
than that in the BMP-2 group (p < 0.05).

Effects of VEGF and BMP-2 on MSC recruitment in 
rabbit
To assess whether VEGF and BMP-2 promoted stem cell 
mobilisation and migration into the silk scaffolds in rabbit, 

samples implanted in the cranial defects were extracted 
after one week and analysed. Silk scaffolds loaded with 
VEGF, BMP-2 or both factors attracted more MSCs 
(SSEA-4-positive) than the scaffolds without growth 
factors (Fig. 4).

Neo-angiogenesis in early defects
Blood vessels filled with blue Microfil were clearly 
visible in the specimens from week 4. A higher density 
of newly formed blood vessels was found in the VEGF 
and V+B groups than the other two groups (Fig. 5a). The 
lowest number of vessels was found in the Silk group. 
The blood vessel area was calculated (Fig. 6b). The 
VEGF group and the V+B group had blood vessel areas 
of 5.43 ±0.41 mm2 and 5.57 ±0.37 mm2, respectively. 
Both groups had significantly larger areas than the Silk 
group and the BMP-2 group. There was no significant 
difference between the VEGF group and V+B group. 
In addition, the blood vessel area in the BMP-2 group 
(4.12 ±0.32 mm2) was significantly larger than that of the 
Silk group (2.49 ±0.39 mm2).

New bone formation in the defects
Three-dimensional images of the newly formed bone 
were reconstructed by µCT (Fig. 5c). Bone repair in the 
V+B group was significantly greater than in the other 
three study groups. Tissue from cubic defect regions of 
approximately 3.5 mm x 3.5 mm x 1 mm was selected to 
evaluate the quality of the new bone. Bone volume, bone 
volume fraction, tissue mineral content and trabecular 
number were measured (Table 2). In the V+B group, 
the bone volume was 5.66 ±1.08 mm3, the bone volume 
fraction was 0.36 ±0.07, the tissue mineral content was 
3.24 ±0.69 mg, and the trabecular number was 2.44 ±0.23. 
All of these data were significantly higher compared with 
the other three study groups. In addition, X-ray images 
were taken to observe the area of newly formed bone in the 
defects (Fig. 5d). The percentage of new bone area in the 
V+B group was 91.39 ±6.87 %, which was significantly 
higher than the Silk group (27.87 ±6.80 %), VEGF group 
(43.71 ±9.40 %) and BMP-2 group (76.79 ±5.08 %). The 
histological analysis further supported the results of µCT 

VEGF concentration (ng/mL)
in Lower Chamber

VEGF concentration (ng/mL) in Upper Chamber
0 1 10 100

0 1 0.71 ± 0.01 0.53 ± 0.07 0.56 ± 0.07
1 1.96 ± 0.12  1.08 ± 0.11 0.85 ± 0.05 0.82 ± 0.09
10 2.9 ± 0.28 1.48 ± 0.06 0.95 ± 0.14 0.94 ± 0.05
100 2.47 ± 0.28 1.98 ± 0.09 1.55 ± 0.16 1.11 ± 0.15

BMP-2 concentration (ng/mL) 
in Lower Chamber

BMP-2 concentration (ng/mL) in Upper Chamber
0 1 10 100

0 1 0.85 ± 0.08 0.72 ± 0.12 0.67 ± 0.01
1 1.51 ± 0.19 0.98 ± 0.03 0.76 ± 0.01 0.71 ± 0.09
10 1.68 ± 0.16 1.23 ± 0.04 1.03 ± 0.17 0.83 ± 0.09
100 1.41 ± 0.17 1.38 ± 0.08 1.15 ± 0.05 0.91 ± 0.08

Table 1. Checkerboard analysis of response of BMSCs to VEGF and BMP-2.
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Fig. 3. (a) VEGF and BMP-2 increases engraftment of BMSCs (GFP+) to subcutaneously implanted silk scaffolds. 
(b) The density of BMSCs in the scaffold interior was quantified between groups by cell counting (★, represents 
p < 0.05).

Fig. 4. Samples implanted in rabbit cranial defects for one week. (a) Immunofluoresence observation for SSEA-4 
(green area represents FITC-labelled SSEA-4, and blue area represents DAPI-stained nuclei). (b) The percent of 
SSEA-4-positive areas in the observed field were calculated (★, represents p < 0.05).

Parameters
Groups

Silk VEGF BMP-2 V+B
BV (mm3) 0.64 ± 0.19 1.54 ± 0.25 3.79 ± 0.71 5.66 ± 1.08 *

BV/TV (%) 4.12 ± 1.23 10.14 ± 1.66 24.55 ± 4.92 35.62 ± 6.78 *

TMC (mg) 0.39 ± 0.13 0.86 ± 0.13 2.12 ± 0.40 3.24 ± 0.69 *

Tb.N (mm-1) 0.11 ± 0.04 0.76 ± 0.20 1.93 ± 0.23 2.44 ± 0.23 *

Data were expressed as mean ± standard deviation (n = 8). *, p < 0.05 when 
compared with the other three groups.

Table 2. Quantitative results of the µCT evaluation.
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measurements (Fig. 5e). The most robust bone formation 
occurred in the V+B group, with less bone formation 
occurring in the BMP-2 group and VEGF group and no 
obvious bone formation in the Silk scaffold group.

VEGF and BMP-2 induced BMSC homing and 
differentiation
Experiments on BMSC tracing were performed to confirm 
whether VEGF and BMP-2 could facilitate the mobilisation 
of stem cells and directing the differentiation of these 
cells into endothelial and osteogenic lineages. As shown 
in Fig. 6c, more GFP-positive cells were observed in the 

two groups loaded with VEGF, which is consistent with 
BMSC recruitment results in nude mice. The scaffolds 
containing BMP-2 attracted less injected cells, but the 
GFP+ cell number was still higher than that in the control 
group. Furthermore, in the V+B group, we detected 
the GFP+ BMSCs on the paraffin sections using the 
immunohistochemical method. Some of the positive cells 
were found to locate at newly formed bone and vessels, 
which might indicate that VEGF and BMP-2 can induce 
endogenous stem cell homing and differentiation into 
endothelial and osteogenic lineages.

Fig. 5. (a) Neo-angiogenesis detection at week 4. Observation of blood vessels (labelled with blue coloured Microfil) 
in the gross specimens, and histological observation on the undecalcified sections (red dash lines surround the blood 
vessels, SC = scaffold, NB = new bone). (b) Analysis of the local vessel area in the defects. (c) New bone formation 
at 12 weeks after implantation. The apical and antapical views of three-dimensional reconstruction image. Cubic 
regions about 3.5 mm x 3.5 mm x 1 mm within the defects were selected to evaluate the quality of new bone. (d) 
The graph shows the percentage of new bone area in the different groups. (e) Undecalcified sections were stained 
with Van Gieson’s picro fuchsin. The large yellow rectangles show the location of the critical sized defects. Partial 
magnifications of the small red rectangle area are displayed in the lower panel (★, represents p < 0.05).
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Discussion

The combination of VEGF and BMP-2 has been documented 
for its effects on angiogenesis and osteogenesis (Kanczler 
et al., 2010; Peng et al., 2005; Young et al., 2009). VEGF 
stimulates the formation of supportive vascular networks, 
which enhance the bone formation effects of BMP-2 
(Kempen et al., 2009). In addition, it is interesting to note 
that VEGF can also serve as a mobilisation cytokine for 
endothelial progenitor cells that promote bone regeneration 
(Lee et al., 2008). In the present study, we further 
investigated the roles of VEGF and BMP-2 as cell homing 

molecules that induce endogenous stem cell recruitment. 
Because bone marrow is a major source of MSCs that 
home to injured organs through the bloodstream (Chen et 
al., 2011), we selected rabbit BMSCs for use in transwell 
chemotaxis experiments and in vivo homing experiments. 
Interestingly, both VEGF and BMP-2, especially VEGF, 
stimulated the chemotactic migration of rabbit BMSCs 
in the checkerboard assay. More importantly, the effects 
of VEGF and BMP-2 on BMSC homing were further 
confirmed in the nude mouse model.
 To evaluate the homing capacity of these factors on 
endogenous stem cells in rabbit, we created four defects in 

Fig. 6. (a) Experimental protocol for cell tracing in rabbits. (b) Rabbit BMSCs labelled with lenti-GFP. (c) VEGF 
and BMP-2 increases engraftment of BMSCs (GFP+) to the scaffolds implanted in rabbit cranial defects for 4 weeks. 
(d) Immunostaining for GFP in V+B group. GFP positive cells stained brownish yellow (red arrows).
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one cranium for the implantation of four different scaffold 
types. One week later, the implants were extracted and 
analysed for the recruitment of stem cells. Consistent 
with the results in the nude mouse model, the SSEA-4-
positive MSC ratio in the Silk group was lower than the 
other three study groups containing growth factors. Cells 
from the neighbouring tissue rapidly migrated into the 
silk scaffolds to fill the defects after implantation. These 
migratory cells comprised large numbers of inflammatory 
or fibroblastic cells (similar to wound healing) but few 
MSCs. This initial migration process was caused by the 
wound response from the defect site, the physiological 
function of the cells, and the biocompatibility of the 
implant. In addition, MSCs from the bone marrow or other 
parts of the body are triggered by the defect sites and enter 
the circulation. The mobilisation of these MSCs may be 
correlated with the local concentration of cytokines (Chen 
et al., 2011). In this study, VEGF and BMP-2 released from 
silk scaffolds after implantation would have played a major 
role in the mobilisation of SSEA-4-positive cells. In the 
specimens collected one week after implantation, more 
CD31+ endothelial cells were observed in groups with 
VEGF, and more osterix-positive osteogenic cells were 
observed in groups with BMP-2 (data not shown). Two 
possible mechanisms provide a reasonable explanation 
for these results. First, VEGF and BMP-2 might serve as 
inducible factors to stimulate the chemotactic migration 
of endothelial cells and osteogenic cells, respectively 
(Asahara et al., 1999; Hutchings et al., 2003; Lind et 
al., 1996). Second, the CD31+ and osterix-positive cells 
might derive from the homing MSCs that subsequently 
differentiate due to local VEGF and BMP-2 stimulation. 
In the present study, the findings that VEGF and BMP-2 
induced the injected BMSC homing and differentiation 
appear to provide strong evidence for these presumptions.
 VEGF and BMP-2 released from scaffolds can 
stimulate endothelial cell and osteoblast migration from 
neighbouring tissue (Asahara et al., 1999; Hutchings 
et al., 2003; Lind et al., 1996). VEGF and BMP-2 can 
also promote MSC homing and induce these stem cells 
to differentiate into endothelial and osteogenic cells. In 
addition, VEGF and BMP-2 also have cross-coupling 
effects on osteogenic differentiation and angiogenesis, 
respectively. VEGF promotes bone regeneration by not 
only promoting angiogenesis but also directly inducing 
the osteogenic differentiation of MSCs (Behr et al., 2011). 
This has been confirmed by culturing BMSCs in medium 
containing VEGF (data not shown). Accordingly, BMP-2 
promotes angiogenesis by inducing osteoblast-derived 
VEGF expression or activating endothelial cells directly 
(Deckers et al., 2002; Langenfeld and Langenfeld, 2004; 
Raida et al., 2006). The analysis of angiogenesis in week 
4 specimens and bone formation in week 12 specimens 
confirmed these findings. Based on these findings, we 
concluded that combined VEGF and BMP-2 treatment is 
a promising strategy for bone regeneration.
 Revealing the mechanisms of VEGF and BMP-2 in 
bone regeneration will be important for directing future 
clinical applications. Appropriate scaffolds are another 
key factor that must be taken into consideration. Silk 

fibroin is recognised as a promising natural biomaterial 
for various clinical applications. Silk fibres have been 
used as medical sutures and are approved by the FDA 
(Altman et al., 2003; Omenetto and Kaplan, 2010; Tsioris 
et al., 2011). Silk scaffolds have also been used as drug 
delivery vehicles to repair bone defects (Karageorgiou 
et al., 2006; Kirker-Head et al., 2007). The porous silk 
scaffold used in the present study contains micropores in 
the range of 400-500 µm, which facilitate tissue ingrowth. 
All of these features contribute to the impressive results 
of bone regeneration in our study. After twelve weeks in 
vivo, the silk scaffolds were hardly detectable and had been 
replaced by mature bone-like structures (data not shown). 
The tissue-engineered silk scaffold constructs containing 
VEGF and BMP-2 were easily prepared and can be made 
readily available for clinical bone repair. Silk fibroin can 
be fabricated into different forms and different shapes to 
adapt to many types of bone defects. We believe that these 
growth factor-loaded scaffolds will be a good choice for 
future clinical application due to their functionality and 
operability.

Conclusions

We provide evidence that VEGF and BMP-2 act as homing 
molecules to stimulate MSC homing and subsequently 
induce the differentiation of MSCs into endothelial and 
osteogenic cells. Porous silk scaffolds served as suitable 
matrix vehicles to release VEGF and BMP-2 in vivo and 
bone defects were repaired by promoting both angiogenesis 
and new bone formation. These findings suggest that 
combined treatment with VEGF and BMP-2 could be a 
promising strategy for clinical bone regeneration.
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Discussion with Reviewers

Reviewer I: The doses added to the silk scaffolds are 
relatively high for the recruitment in vivo study. Due 
to the BMPs well known pro-osteoblastic and pro-
osteoclastic effects, higher doses of the BMP can result in 
a pro-osteoclastic response that could hinder regenerative 
potential in the model. While this study predominantly 
looked at early-stage response, the in vivo critical size 
defect model’s bone formation may be affected negatively 
by pro-osteoclastic triggers. Could the authors comment 
on any dose response work conducted to determine the 
dosages used? Was it a volume based ratio between the 
in vitro chemotaxis model compared to the implanted 
scaffold volume?
Authors: Firstly, we are sorry for the misdirection and 
inconvenience caused by omitting the details about the 
procedures of growth factor loading in the manuscript. 
Actually, after 20 μL of growth factor solution were 
added in each scaffold, the samples were kept at 4 °C 
overnight, and then the redundant solutions were removed 
using absorbent paper. Consequently, about 20 % of the 
added growth factors were still left in the scaffolds when 
implanted in vivo. In addition, in the present study, we 
initially launched the rabbit skull bone regeneration 
experiment to evaluate the effects of porous silk scaffolds 
carrying VEGF and BMP-2. Interestingly, the whole defect 
region was replaced by mature bone tissue in the V+B 
group, and the structure of the newly formed bone is similar 
to native bone. Given such a good result, we continued to 
use the dose for the recruitment in vivo study. So we did 
not perform any dose response work before, and there is 
not a volume based ratio. However, further efforts will be 
taken to study the dose response relationship for stem cells 
recruitment in vivo. It is indeed important to determine 
the optimal dosage for enhancing bone regeneration and 
avoiding the adverse reaction that you mentioned.

Reviewer I: Have the authors looked at or optimised 
the release rate of the both factors from the scaffolds? Is 
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there an inherent temporospatial release profile or are both 
presented simultaneously to the cells by the scaffolds?
Authors: In this study, VEGF and BMP-2 are mixed 
together before adding to the scaffolds, so the two factors 
will be released simultaneously but not in a temporospatial 
model. In addition, the release profile of growth factor from 
the porous silk scaffolds has been well documented in our 
previous study (Karageorgiou, et al., 2006). About 25 % 
of the initial BMP-2 was retained adsorbed to the scaffold 
after 1 week under dynamic culture conditions in vitro and 

the release process can continue for 4 weeks. Thus, silk 
fibroin is a favourable matrix for the incorporation and 
delivery of therapeutic agents (Wenk, et al., 2011).
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