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Abstract

Stem cell-based tissue engineering shows promise for bone regeneration and requires artificial microenvironments to
enhance the survival, proliferation and differentiation of the seeded cells. Silk fibroin, as a natural protein polymer, has
unique properties for tissue regeneration. The present study aimed to evaluate the influence of porous silk scaffolds on rat
bone marrow stem cells (BMSCs) by lenti-GFP tracking both in vitro and in vivo in cranial bone defects. The number of cells
seeded within silk scaffolds in rat cranial bone defects increased from 2 days to 2 weeks after implantation, followed by a
decrease at eight weeks. Importantly, the implanted cells survived for 8 weeks in vivo and some of the cells might
differentiate into endothelial cells and osteoblasts induced by the presence of VEGF and BMP-2 in the scaffolds to promote
angiogenesis and osteogenesis. The results demonstrate that porous silk scaffolds provide a suitable niche to maintain long
survival and function of the implanted cells for bone regeneration.
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Introduction

Tissue-engineered bone is a relatively new strategy to treat
massive bone defects, instead of the use of autologous bone grafts
which present drawbacks [1-2]. The development of stem cells as
a cell-based strategy has also been approved as a promising
approach for bone regeneration [3—4]. However, a major obstacle
to this approach is the survival of transplanted seeded cells [5-7].
The long-term survival of seeded cells after transplantation along
with biomaterial scaffolds is a prerequisite for the cells to promote
tissue regeneration by directly participating in the process or by
secreting key growth factors. Therefore, the survival time and fate
of the seeded cells in vivo plays an important role in influencing
the effectiveness of tissue regeneration.

Stem cell fate in vivo is controlled by many factors including
matrix chemistry and morphology, soluble factors, ions, mechan-
ical forces and other features of the physiological microenviron-
ment, all of which constitute the stem cell niche [8-9]. For in vitro
tissue engineering, synthetic scaffolds serve as the carrier and the
living microenvironment for the transplanted stem cells [1,10]. In
order to ensure that the transplanted cells directly participate in
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tissue regeneration, it is critical to mimic the stem cell niche [8,11—
12]. In addition, for bone tissue engineering scaffolds, essential
characteristics, such as a highly porous structure, mechanical
properties, biocompatibility, slow degradation and suitable surface
chemistry are key [13]. With all of these requirements taken into
consideration, porous silk scaffolds offer very useful features to
meet these needs as a carrier for stem cells in bone tissue
engineering.

Silk is biocompatible with low inflammatory and immunogenic
responses and has been approved by the FDA for some medical
devices [14]. Moreover, silk materials exhibit excellent strength
and toughness to meet the requirements for scaffolds for bone
tissue engineering [15]. The combination of silk matrices with
growth factors also can be employed for bone regeneration [16—
18]. More importantly, silk-based biomaterials can be tailored for
diverse applications [19]; including morphological changes,
structural control, and a range of material formats can be
prepared such as sponges, hydrogels, fibers, films and other forms
[19]. Bio-functional modification of silk materials, changes in
elasticity, control of surface roughness [20], biomimetic coatings
[21], and collagen incorporation [22] to direct stem cell behavior
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have all been explored. In total, silk is a useful material for artificial
stem cell microenvironment fabrication to deliver seeded cells for
bone regeneration, with porous silk scaffolds to facilitate cell
survival, proliferation and migration in vitro [23]. However, there
has been little direct evidence for the fate of stem cells transplanted
with silk scaffolds in vivo. Thus, the goal of the present study was
to address this question by tracking the seeded cells in vivo during
bone regeneration.

In the present study, the objective was to track stem cell survival
i vivo to determine if the in vitro survival and functions of these
cells was valid in vivo as a key step toward future clinical
translation. CD90+ and CDI105+ bone marrow stem cells
(BMSCis) from rat femurs were isolated and cultured. Porous silk
scaffolds with pore sizes 400-500 pm were used to carry the stem
cells for repair of rat critical-sized calvarial defects. The survival of
the cells with silk scaffolds in vivo was monitored by GFP-labeling
for 8 weeks. Furthermore, in order to evaluate biological activity,
the differentiation of the implanted cells was studied in combina-
tion with angiogenic and osteogenic growth factors.

Materials and Methods

Ethics Statement

The Ethics Committee for Animal Research at the Ninth
People’s Hospital affiliated to Shanghai Jiao Tong University
approved all the experimental protocols involving the use of rats.

Animals

Thirty-three 12-week-old male Fischer 344 rats, weighing about
280 g, were obtained from the Ninth People’s Hospital Animal
Center (Shanghai, China) for the cranial defect repair experiment,
which is a common model to evaluate the i vivo bone-forming
capacity of tissue-engineered complex. Twelve 4-week-old male
Fischer 344 rats, weighing about 70 g, were also obtained from the
Ninth People’s Hospital Animal Center and used for BMSCs
1solation and culture.

Silk scaffolds

The disk-shaped porous silk fibroin scaffolds with pore sizes
400-500 pm (5 mm in diameter and 2 mm in thick) were
fabricated according to our previously published procedures
[24]. Recombinant VEGF and BMP-2 proteins used to modify
the silk scaffolds were kindly provided by Wyeth [16].

BMSCs culture

BMSCis were isolated and cultured from 4-week-old rats femurs
according to our previously published procedures and totally
twelve rats were used to obtain sufficient cells for both in vitro and
in vivo experiments [25]. Firstly, the rats were euthanized with an
overdose of pentobarbital by intraperitoneal injection. After
separating the femurs and removing remaining surface muscle,
both ends of the femur were cut off at the epiphysis and the
marrow was quickly rinsed out with DMEM (Gibco BRL, USA)
with 10% fetal bovine serum (FBS) (Hyclone, USA). Then the
isolated cells were incubated at 37°C in an atmosphere of 5% COy
in DMEM supplemented with 10% FBS, 100 U/ml streptomycin
and 100 U/ml penicillin, and 72 hours later, and non-adherent
cells were rinsed away using PBS several times. After 7 days the
primary cells were fixed in 4% paraformaldehyde and stained with
0.1% toluidine blue to observe cell colonies.

BMSCs identification

When cells reached about 90% confluence, BMSCs were
subcultured into new dishes at a density of 1.0x10° cells/ml using
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trypsin/ EDTA (0.25% w/v trypsin, 0.02% EDTA). For flow
cytometry [25], 1.0x10° cells were collected in PBS and
sequentially incubated with CD105-PE solution (eBioscience,
USA) and CD90-FITC (Invitrogen, USA) for 30 min at 37°C in
the dark. Then the samples were assayed on a FACS Calibur flow
cytometer (BD). Multilineage differentiation potential of rat
BMSCs was further verified by incubation in chondrogenic,
adipogenic and osteogenic media (Cyagen, China) as previously
reported [26]. For chondrogenic differentiation, 2.5x10° cells
were collected into 15 ml polypropylene culture tubes and
centrifuged at 150 g for 5 minutes to form cell pellets, and then
incubated in the chondrogenic differentiation medium for 21 days.
Finally, the cell pellets were prepared into paraffin sections and
stained with Alcian Blue. For adipogenic differentiation, cells were
fixed and stained using Oil Red O after 21 days induction. ALP
staining and calcium nodule formation were used to assess
osteogenic differentiation. After 14 days of induction in osteogenic
medium, cells were fixed and stained for ALP (Beyotime, China).
For calcium nodule formation assay, cells were initially cultured in
osteogenic medium for 14 days, and then incubated in osteogenic
media with 20 mg/L calcein for another 7 days before observing
under a fluorescence microscope.

Incubating BMSCs with silk scaffolds in vitro

Rat BMSCs were transfected with Lenti-EGFP as we have
previously described [27]. The cells were infected with Lenti-
EGFP at a multiplicity of infection (MOI) of 12 in the presence of
8 ng/ml polybrene. GPF positive (GFP+) cells were further
selected by adding 500 ug/ml G418 to the culture medium.
Before seeding the cells, porous silk scaffolds were pre-immersed in
DMEM with 10% FBS for 24 hours. Then GFP+ cells were
collected and resuspended to a concentration of 2x107 cells/ml. A
total of 20 ul cell suspension was seeded on each piece of scaffold
in 24-well plates. Two hours later, 1 ml of complete medium was
added to each well (n =6). Non-adherent cells were removed by
changing medium the next day. The survival of the GFP+ cells on
the scaffolds was observed by fluorescence microscopy at 2 days, 2
weeks and 8 weeks, respectively.

Incubating BMSCs with silk scaffolds in vivo

A rat calvarial defect model was used to evaluate the survival of
BMSCs within the silk scaffolds in vivo. According to our
previously published procedures [27] (Figure 1), bilateral critically-
sized full thickness defects (5 mm in diameter) were made in both
sides of the animal skulls. Nine rats were anesthetized by an
intraperitoneal injection of pentobarbital (Nembutal 3.5 mg/
100 g). Totally eighteen defects were created and then filled with
the silk scaffolds seeded with 20 ul GFP+ BMSCs suspension at a
concentration of 2x107 cells/ml. At 2 days, 2 weeks and 8 wecks
after the operation, three rats were sacrificed with an overdose of
pentobarbital and the implanted constructs were explanted,
respectively (n=6 for each time point). To observe GFP+ cells
in the scaffolds, the samples were embedded in Tissue-tek OCT
compound, and 5 pum thick sections were cut using a cryomicro-
tome. Before observed under Confocal Laser Scanning Microsco-
py (CLSM, Leica, Germany), all sections were counterstained with
DAPI (Invitrogen). In the right circular defect (Figure 1a) the blue
area represents the location selected for histological observation.

BMSCs differentiation induced by VEGF and BMP-2 in
vivo

The calvarial defect model described above was used to evaluate
the differentiation capacity of the BMSCs upon induction with
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Figure 1. Animal model. (a) Schematic of rat cranial bone defects. Two 5 mm diameter critical size defects were made on the skull. The blue area
shows the location where the tissue was taken for immunohistochemistry. (b) Rat cranial bone defects with silk scaffold-grafted.

doi:10.1371/journal.pone.0102371.g001

VEGF and BMP-2. For growth factor loading, each scaffold
carried 2 ug VEGF and 3 ug BMP-2, and the scaffolds were
stored at —80°C. before seeding cells. For BMSCis seeding, a 20 ul
cell suspension at a concentration of 2x107 cells/ml was added on
each porous scaffold. A total of 4 study groups were used: (a) silk
scaffolds alone (Silk group); (b) silk scaffolds seeded with BMSCs
(S+cells group); (c) silk scaffolds loaded with VEGTF and BMP-2 (S+
V/B group); (d) silk scaffolds loaded with VEGF and BMP-2 and
the BMSCs (S+V/B+cells group). For evaluation of the osteogenic
potential, twelve rats were anesthetized by an intraperitoneal
injection of pentobarbital, calvarial defects were created and silk
scaffolds of the different study groups were placed in the defects
randomly. After 8 weeks, the rats were sacrificed with an overdose
of pentobarbital and specimens harvested and fixed in 10%
buffered formaldehyde solution. The area of newly formed bone
within defect region was captured by scanning with an x-ray tube
with potential of 80 kV, a tube current of 0.45 mA and 15 pm
voxel resolution using a desktop Micro-CT system (uCT-80,
Scanco Medical, Switzerland) as we have previously described
[28]. For assessment of vascularization, another six rats implanted
with scaffolds of the four groups were perfused with Microfil (Flow
Tech, USA) as we have reported [29-30]. The rats were
anesthetized with an intraperitoneal injection of pentobarbital,
and the left ventricle was exposed and penetrated with an
angiocatheter after the descending aorta was clamped. And then,
20 ml of Microfil was perfused at 2 ml/min following perfusion
with saline. Finally, the rats were set at 4°C for 2 hours before
collecting the specimens. After fixing in 10% buffered formalde-
hyde solution, blue colored Microfil labeled rat skulls were
dehydrated using a series of ascending concentrations of alcohols
from 25% to 100% and then placed into dimethylbenzene to
transparentize the tissue. Digital pictures were captured with a
Nikon digital camera and the areas of newly formed blood vessels
were quantified using Image] software [30].

Tracking BMSCs by immunohistochemical assay

To detect whether the implanted BMSCs differentiated into
blood-forming cells and bone-forming cells induced by the
presence of VEGF and BMP-2, an additional six rats were
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implanted with GFP+ BMSCs under general anesthesia with an
intraperitoneal injection of pentobarbital. At 8 weeks after the
operation, the rats were sacrificed with an overdose of pentobar-
bital. The samples were extracted and fixed in 4% paraformal-
dehyde for 1 day, and then decalcified in 15% EDTA for 2-3
weeks. After embedding in paraffin, a series of 5 mm sections were
cut along the coronal cross using a microtome. For immunohis-
tochemical detection, the sections were deparaffinized and
hydrated through xylene and graded alcohols, and incubated
with primary antibodies against GFP (1:400 dilution; Abcam,
USA). HRP-labeled secondary antibody and DAB substrate were
sequentially added to detect the GFP+ cells in the specimens. Cell
nuclei were slightly counterstained with hematoxylin.

Statistical analysis

All data are expressed as the mean * SD. Statistically
significant differences (p<<0.05 or $<<0.01) among the various
groups were measured with One-way ANOVA and Student-
Newman-Keuls (SNK) using a SAS 8.2 statistical software
package.

Results

Identification of rat BMSCs

For the BMSCs, many colonies of different sizes were observed
after 7 days of primary culture and it was difficult to find discrete
single cells under the microscope (Figure 2a). After subculture, the
GFP labeled BMSCs showed spindle shapes and the presence of
vortex-like growth (Figure 2b). Based on the cytometry results, up
to 99.71% of the cultured cells positively expressed CD90 and
CD105 simultaneously (Figure 2c). We also tested the multi-
directional differentiation potential of rat BMSCs. After 3 weeks of
induction, the CD90+ and CD105+ cells developed into Alcian
Blue positive chondrocytes (Figure 2d), Oil Red O positive
adipocytes (Figure 2e) and osteoblasts with ALP positive staining
and calcium nodule-formation (Figure 2f).
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Figure 2. Cell culture and identification. (a) Cell colonies of different sizes observed after 7 days of primary culture. (b) Spindle shaped BMSCs of
passage 2 labeled with GFP. (c) CD90 and CD105 co-expression by cells detected by FACS. (d-f) Multi-directional differentiation potential assay of rat

BMSCs.
doi:10.1371/journal.pone.0102371.9002

Fate of rat BMSCs with silk scaffolds in vitro

Rat BMSCs labeled with GFP were seeded in the porous silk
scaffolds and incubated in DMEM in vitro. After 2 days, 2 weeks
and 8 weeks of culture, changes of GFP+ cells in the scaffold were
recorded using a fluorescence microscope. The GFP+ cells
pervaded the whole scaffold at 2 days (Figure 3a). By comparison,
more cells were observed at 2 weeks and we concluded that the
silk scaffold was favorable for promoting the survival and
proliferation of rat BMSCs. By the eighth week, cell numbers
decreased, leaving scattered GFP+ cells in the scaffolds. To
quantify the amount of GFP+ cells at different time points, green
fluorescent images were transformed into black-and-white
pictures (Figure 3b) and the slightly green glow from silk
autofluorescence was eliminated by adjusting the threshold using
Image] software. As shown in Figure 3c, the area of the GFP+
regions within the whole scaffold at week 2 was significantly
higher than that at day 2 (p<<0.01), and the area at week 8 was
only 0.54+0.16 mm?, which is less compared to the two earlier
groups (p<<0.01).

Survival of implanted cells with silk scaffolds in rat cranial
defects

The constructs consisting of GFP+ cells and silk scaffolds were
extracted and observed under CLSM at 2 days, 2 weeks and 8
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weeks after implantation (Figure 4). At 2 days, many GFP+ cells
survived and were observed within the scaffolds. The GFP+ cells
adhered to the silk scaffold surfaces, and extensive matrix
penetrated into the scaffolds through interconnected pores and
might also served as the carrier for the implanted cells
(Figure 4c). In contrast, 2 weeks after implantation, the amount
of GFP+ cells increased in the scaffold pores (p<<0.01) (Figure 4f
and Figure 5). Over time, the number of GFP+ cells
dramatically decreased at 8 weeks when compared to the 2
week group (p<<0.01). The proportion of GFP+ cells at 8 weeks
also decreased when compared to the 2 day group (Figure 4h).
However, as shown in Figure 5, there was no obvious difference
in the total amount of GFP+ cells between 2 days and 8 weeks,
which suggests that the porous silk scaffolds served as cell
carriers in vivo to facilitate the implanted cells survival for
extended time frames.

Bone formation evaluated by radiographic analysis

To evaluate new bone formation induced by the presence of
VEGF and BMP-2, the specimens were collected 8 weeks after
implantation and X-ray images were obtained to calculate the area
of new bone formation. More new bone was observed in the two
groups loaded with VEGF and BMP-2 (Figure 6a), which is in
agreement with the Micro-C'T observations (Figure S1). The new
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Figure 3. The fate of rat BMSCs cultured with silk scaffolds in vitro. (a) Sequential observation of GFP labelled cells in the scaffolds by
fluorescence microscopy. (b) Black-white images processed using Image J software. (c) The graph shows the area of GFP positive regions for the

different study groups. (%%, represents p<<0.01).
doi:10.1371/journal.pone.0102371.g003

bone area in group S+V/B and group S+V/B+cells were
13.35+1.85 mm® and 17.23+1.04 mm? respectively. There was
a significant difference between the two groups (p<<0.01)
(Figure 6b). In addition, the comparison between group Silk
(5.13+1.15 mm? and group S+cells (7.06%1.17 mm?) showed a
statistically significant difference ($<<0.05). However, the gap
between the Silk group and the S+cells group was less than that
between the S+V/B group and S+V/B+cells group. We conclude
from the results that the growth factors play an important role in
promoting bone formation from stem cells.

Blood vessel formation displayed by Microfil infusion

At 8 weeks after implantation the rats used for the evaluation of
vascularization were sacrificed with an overdose of pentobarbital
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and perfused with Microfil. After the transparentizing process
(Figure S2), blood vessels labeled by blue-colored Microfil were
vividly displayed in the defects and the density of blood vessels in
group S+V/B and group S+V/B+cells are higher than in the other
two groups. Blood vessels were extracted from the original digital
images via Image] and used to reconstruct the blood vessel area
(Figure 6a). There was no significant difference in the extent of
vascularization between group Silk and group S+cells according to
the statistical results (Figure 6c). However, the area of newly
formed blood vessels in the S+V/B+cells group was significantly
increased when compared with group S+V/B ($<<0.05). All of the
results demonstrate that the implanted growth factors promoted
rat BMSCs to participate in blood vessel formation.
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Figure 4. Sequential observation of GFP labelled cells in the
silk scaffolds in rat cranial bone defects for 8 weeks. ‘Merge’
represented the merged images of GFP/DAPI image and transmitted
light image. Scale bars are 50 um.
doi:10.1371/journal.pone.0102371.9g004

Cells tracking in rat cranial defects

The implanted cells were detected using immunohistochemistry
for GFP. As shown in Figure 7b and d, many GFP+ cells were still
observed in both the S+cells group and S+V/B+cells group at 8
weeks after surgery. More importantly, the implanted GFP
positive cells in group S+V/B+cells were detected both in the
newly formed blood vessels and bone tissues. It was interesting to
note that the seeded cells within silk scaffolds not only survived
after 8 weeks in vivo, but might also functionally differentiate into
osteocytes, osteoblasts and endothelial cells under the influence of
BMP-2 and VEGF.

Discussion

It is generally recognized that stem cells show significant
promise in tissue engineering and in promoting tissue regeneration
[3,31-32]. In the process of tissue engineering and regeneration
scaffolds offer an essential microenvironment for seeded cells to
reside in and carry out their functions [33]. Therefore, the
exploration of favorable biomaterials for cell survival is important.
The current study evaluated the effect of porous silk scaffolds
carrying BMSCis for bone regeneration in rat cranial defects. The
survival and differentiation of the implanted cells were traced with
GFP labeling.

Silk is a natural protein polymer which has been widely used in
biomedical applications. Silk exhibits comparable or even more
favorable biocompatibility when compared other biomaterials
such as collagen and polylactic acid [14]. Previous studies
confirmed the advantages of porous silk scaffolds to support cell
cultures [23,34]. The scaffolds with interconnected pores play an
important role in promoting cell proliferation and migration, while
also maintaining good mass transfer for oxygen and nutrients
during tissue formation or regeneration [23]. After initial seeding
of rat BMSCs, cells rapidly adhered to and spread on the silk
matrices ¢ vitro. Sufficient nutrition supply through the
interconnect pores promoted cell proliferation at this early stage.
In this study, the cells seeded in the porous silk scaffolds grew well
both in-vitro and in-vivo from 2 days to 2 weeks. Although the
number of cells decreased in-vitro at 8 weeks, the number of cells
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Area of GFP+ region (%)

Figure 5. Histomorphometric analysis. The graph shows the area
of GFP positive regions for the different study groups. (%%, represents
p<<0.01).

doi:10.1371/journal.pone.0102371.g005

implanted in-vivo with silk scaffolds stayed at a high level. The
decrease of cells numbers in-vilro may be caused by culture
conditions which do not completely mimic the environment of
cells i situ. Silk is also a mechanically robust biomaterial with
predictable long-term degradation characteristics [35]. Topically,
the porous silk scaffolds were a suitable carrier for delivering
seeded cells for bone tissue engineering by facilitating the survival
and maintaining the proliferation of the cells.

BMSCs, with multi-directional differentiation potential, are
suitable seeded cells for tissue engineering [36-37]. As a relatively
accessible source for therapeutic use, BMSCs have been widely
adopted in promoting bone regeneration [32,38]. The number of
seeded cells is critical for successful bone regeneration, and the
amount of newly formed bone increases with more cells within a
suitable range [39]. It is generally assumed that BMSCs secrete
cytokines and growth factors or directly differentiate into
osteoblasts to participate in bone regeneration [40]. In addition,
these cells are able to differentiate into endothelial cells to enhance
the formation of new bone [29]. Therefore, it is beneficial for the
quality of new bone to prolong the lifespan and enhance the
bioactivity of implanted cells i vivo. Our present results
demonstrate the advantages of porous silk scaffold as a carrier
for BMSC:s for rat cranial bone defects. A large number of GFP+
cells were still detected at 8 weeks after implantation. To further
confirm whether the biological function of the implanted cells was
influenced over this time frame of incubation within the silk
scaffolds, VEGF and BMP-2 were delivered to direct the
differentiation of those cells.

VEGF and BMP-2 have been well documented with the potent
capacity to promote angiogenesis and osteogenesis [41-44]. They
are two important regulators extensively used to induce endothe-
lial and osteogenic differentiation of stem cells [45—48]. The
combination of VEGF and BMP-2 is the most common growth
factor group used in the bone regeneration for their synergistic
effects [49-50]. Recently, we further confirmed the ability of
VEGF and BMP-2 transported by silk hydrogels to enhance
vacularized bone regeneration in the elevated sinus cavity [16].
Silk has several unique properties making it a favorable matrix for
the incorporation and delivery of growth factors [51]. The porous
silk scaffold, used in this study, also has been used for delivering
BMP-2 for bone regeneration, and there was still 25% of the initial
BMP-2 retained after culturing in the medium for 1 week [17]. In
the present study, the combination of VEGF and BMP-2 was
incorporated into the silk scaffolds to induce BMSCis differenti-
ation in the rat cranial bone defects. According to both
angiogenesis and osteogenesis results, the differences between the
S+V/B group and S+V/B+cells group was larger than that
between the Silk group and the S+cells group, which indicated that
the loaded growth factors enhanced the ability of BMSCs to
participate in vascularized bone regeneration. In contrast to
previous studies, the seeded CD90+ and CD105+ BMSCs did not
undergo osteogenic induction in vitro. Using a lenti-GFP labeling
strategy, we further detected that the implanted cells in group S+
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Figure 6. Bone and blood vessels formation assay. (a)Representative X-ray images and images of Microfil labeled blood vessels analyzed using
Image J. (b) Analysis of the new bone area in the cranial bone defects. (c) Analysis of the local newly formed blood vessel area in the defects. (,

represents p<<0.05; % %, represents p<<0.01).
doi:10.1371/journal.pone.0102371.9g006

V/B+cells eventually located both in the newly formed blood
vessels and bone tissues, which indicated that the implanted cells
might differentiate into endothelial cells and osteoblasts induced
by VEGF and BMP-2.

Dynamic i vivo tracking of stem cells in animal models is
essential for optimizing treatments [52]. Various strategies have
been developed to label cells, amongst which GFP labelling is a
powerful tool to follow the fate of the transplanted cells [53]. While
stem cell-based bone tissue engineering has been well-documented
in the past decade, only a few studies have reported on real time
tracking of cell fate. Polycaprolactone (PCL) scaffolds have served
as a BMSC carrier for femur segmental bone defects, and cell
numbers decreased significantly at 2 weeks post-implantation [54].
In other studies, a chitosan and glycerophosphate gel carrying
BMSCs was used in osteochondral defects, and the cells migrated

PLOS ONE | www.plosone.org

into the surrounding tissue without actively participating in defect
repair [53]. Accordingly, we speculate that different defect regions
and specifics of the repair requirements may impact cell fate. More
importantly, stem cell carriers, the artificial microenvironment,
play a more important role, inasmuch as we also detect that the
implanted cells only adhere to the surface of calcium phosphate
cements (CPC) scaffold 2 weeks later after implantation in rat
cranial bone defects (Figure S3), distinguished from silk scaffolds.
The possible reason is that favorable biological characteristics and
suitable aperture size of the porous silk scaffold facilitate blood
serum proteins adhesion to supply living space for more implanted
cells (Figure 4c).
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Figure 7. Immunostaining for GFP in each group at 8 weeks post-operation. GFP positive cells stained brownish yellow (b and d). Black
arrow shows remnant of silk scaffold. Blue arrows indicate osteoblasts and osteocytes. Red arrows indicate endothelial cells.

doi:10.1371/journal.pone.0102371.9g007

Conclusion

The present study shows that porous silk scaffolds promoted rat
cells survival and proliferation both in vitro and in vivo. More
importantly, the implanted cells survived for long time frames in
vivo, and also play an important role in promoting angiogenesis
and osteogenesis with the stimulation of VEGF and BMP-2. The
results provide direct support that porous silk scaffolds can serve as
a suitable carrier for seed cells for bone regeneration. The results
also indicated the possible differentiation capacity of BMSCs,
without osteogenic induction before implantation n vitro, into
endothelial cells and osteoblasts induced by the presence of VEGF
and BMP-2.

Supporting Information

Figure S1 Micro-CT analysis of the repaired skull 8
weeks after implantation. (a) The apical and antapical views
of three-dimensional reconstruction image. Bone volume (b) and
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