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Abstract: The silk fibroin (SF) nanofibrous membrane is a good candidate for clinical application in bone and peri-
odontal regenerative therapy. Strontium (Sr), as a natural element in human bone, can hinder osteoclast activity 
and promote bone formation. This study aims to evaluate in vitro and in vivo the feasibility of strontium-loaded 
silk fibroin nanofibrous membrane (Sr-SFM) for guided bone regeneration (GBR). The Sr-SFM was fabricated by 
electrospinning, and the structure characteristics and strontium ion release pattern were analyzed. To examine the 
biocompatibility of Sr-SFM, we investigated cell morphology, proliferation and differentiation. The GBR efficacy of 
Sr-SFM was evaluated in rat calvarial defects. The Sr-SFM exhibited uniform nanofibrous structure and a sustained 
release of strontium over a 14-day period. In vitro tests, the cell numbers and ALP activities of rBMSCs cultured in 
Sr-SFMs were significantly higher than that in pure SFM. In vivo test at 6 weeks, both micro-CT and histological analy-
ses showed that the Sr-SFM group got significantly greater bone formation than pure SFM or uncovered groups. In 
conclusion, the Sr-SFMs developed in this study showed long-term release of Sr2+, improved cell proliferation and 
osteogenic differentiation of hMSCs in vitro, and increased new bone formation in vivo, strongly suggesting their 
potential application towards GBR.
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Introduction

Guided bone regeneration (GBR) is a widely 
used strategy to preserve and reconstruct alve-
olar bony defects. The GBR technique uses a 
membrane, which serves as a barrier to resist 
the fast growing epithelial and connective tis-
sue migration into the bony defect. Meanwhile 
the membrane maintains a secluded space to 
allow the necessary time for osteogenic cell 
proliferation and new bone formation [1]. The 
ideal GBR membrane needs to satisfy the fol-
lowing criteria such as biocompatibility, space 
creation and maintenance, ability to exclude 
epithelial and connective tissue, osteogenesis, 

proper degradation rate, clinical manageability 
and cost-effectiveness [2].

In general, there are two types of GBR mem-
branes materials: resorbable and non-resorb-
able, according to their degradation character-
istics. The non-resorbable membranes (e.g. 
expanded polytetrafluoroethylene, e-PTFE) 
have a desirable correlation between the level 
of bone regeneration and space maintenance. 
However, they need a secondary surgical proce-
dure for membrane removal, which may result 
in additional discomfort, infection, and incre- 
ased economic burden [3]. In order to overcome 
these problems, all kinds of resorbable mem-
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branes have been developed, and the main 
resorbable membrane in GBR technique is nat-
ural collagen membrane. They show well bone 
regenerative results due to their excellent  
biocompatibility and cell affinity. However, the 
collagen derived from animal sources may  
have problems such as disease transmission, 
increased cost, ethical and cultural issues. 
Moreover its low mechanical strength and vari-
able degradation rate are a concern to many 
clinicians [4]. Because of these shortcomings 
or defects in currently used membranes, new 
composite biomaterials with better properties 
are required.

Silk fibroin (SF) is obtained from cocoons of 
Silkworm Bombyx mori, which has been used 
as a potential biomedical material for more 
than ten years [5]. SF has some favorable prop-
erties, such as good biocompatibility, oxygen 
and water vapor permeability, non-cytotoxici- 
ty, controllable biodegradability, high tensile 
strength, and non-inflammatory characteristics 
[6, 7]. Recently, SF nanofibrous membranes 
(SFMs) for guided bone regeneration had been 
developed by electrospinning technique. It can 
provide a biomimetic cellular environment by 
mimicking the dimensions of the extracellular 
matrix (ECM), which can improve osteoblastic 
cells function and bone regeneration [8]. 
Furthermore, because the pore size of the  
electrospun membranes is smaller than the 
average cell size, the membranes can inhibit 
cell penetration but allow efficient exchange  
of nutrients and metabolic wastes [9, 10]. 
However silk fibroins do not exert favorable bio-
logical activity to induce osteogenesis. Thus 
the current studies have attempted to develop 
a novel GBR membrane that not only as a bar-
rier membrane, but also provide bioactive prop-
erties to stimulate bone regeneration in defect 
site [11-13].

Recently, the positive effects of strontium have 
been approved for the treatment of osteopo-
rotic bone or bone defects [14-16]. Strontium 
was found to increase new bone formation by 
inducing osteoblast proliferation and differen-
tiation. Meanwhile it was proved to reduce 
bone resorption by inhibiting osteoclast matu-
ration [17, 18]. Since 2004, strontium ranelate 
(SrR) as a daily oral drug has been recommend-
ed for the treatment and prevention of osteopo-
rosis. However, the bioavailability of SrR is rela-
tively low and the actual concentration of stron-

tium at a specific bone-healing site cannot be 
measured and therefore remains unknown. 
Since high-dose administration of SrR is asso-
ciated with the occurrence of diarrhea, head-
ache and nausea [19], a local or targeted 
release system for strontium ions would be a 
better solution. Therefore several approaches 
have been used in order to stimulate bone  
formation, osseointegration, and also inhibit 
bone resorption through local administration of 
strontium ions, such as strontium modified cal-
cium phosphate cement [15], strontium-substi-
tuted calcium silicate bioactive ceramics [20], 
strontium containing coated on implant surfac-
es [21, 22]. However, very few studies focused 
on the application of Sr-loading in GBR 
technique.

In the present study, the first introduction of Sr 
(in the forms of SrCl) into electrospun silk fibro-
in nanofibrous membrane was designed and 
achieved for GBR. The physical-chemical char-
acterizations were performed in order to deter-
mine the effects of Sr-loading on the morphol-
ogy, structure and properties of SFM. Rat bone-
marrow stromal cells (rBMSCs) were cultured 
on Sr-SFM to evaluate the effect of Sr on the 
SFM properties related to biological responses, 
such as cell proliferation, differentiation. Finally, 
Sr-SFM was implanted into a rat calvarial defect 
to ascertain potential advantages of Sr-SFM for 
GBR.

Materials and methods

Preparation of SF nanofibrous membranes 
containing strontium (Sr-SFMs)

Bombyx mori cocoons were degummed three 
times with a 0.05 wt% Na2CO3 solution at 
100°C for 50 min, and then rinsed thoroughly 
with distilled water to extract the sericin pro-
teins. The dried degummed silk was then dis-
solved in LiBr-formic acid with LiBr concentra-
tion of 4% to prepare 8% (w/w) SF solutions. 
The solutions were poured into on the culture 
dish to get dried film after formic acid evapora-
tion. The dried film was then rinsed with deion-
ized water to desalt. Then, SF electrospin solu-
tion was prepared by dissolving degummed silk 
film in 98% formic acid (FA) containing 0, 1%, 
5% and 10% SrCl2 at a concentration of 8% w. 
This SF-SrCl2-FA solution was used for electros-
pinning with the following electrospin para- 
meters: needle spinneret diameter 0.42 mm, 
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injection rate 1 ml/h, working distance 10 cm, 
and voltage 15 kV. After 20 h electrospinning 
preparation, 0.4 mm thickness SF nanofibrous 
membranes were obtained. For post-treatment, 
the electrospun SF nanofibers were put in 75% 
ethanol vapor for 1 h and then dried in air.

Thereafter, the Sr-SFMs were trimmed into disc 
sharp with 15 mm in diameter matching the 
size of 24-well plate for vitro tests. Meanwhile, 
the Sr-SFMs were also cut into 6 mm×6 mm 
squares for vivo tests. Finally, all the prepared 
Sr-SFMs were sterilized by gamma irradiation at 
standard dose of 25 kGy before experiments.

Characterization of Sr-SFMs

Scanning electron microscopy (SEM): The mor-
phology of the prepared Sr-SFMs (0, 1, 5 and 
10%) were observed using an SEM (Hitachi 
S-4800, Japan) at 20°C, 60 RH. Before being 
observed by SEM, these membranes were gold 
coated. The nanofiber diameter in each sample 
was calculated using Image-J software.

X-ray diffraction (XRD): The structure of the pre-
pared Sr-SFMs (0, 1, 5 and 10%) were analyzed 
by X-ray diffractometer (X’Pert-Pro MPD, Panaly- 
tical B.V. Holland).

X-ray photoelectron spectroscopy (XPS): Chemi- 
cal compositions of the prepared Sr-SFMs (1,  
5 and 10%) were determined by SHIMADZU/
KRATOS X-ray photoelectron spectrometer 
(XPS) to confirm the existence of Sr.

In vitro strontium release tests

The prepared Sr-SFMs (1, 5 and 10%) were 
placed in a 24-well cell culture plate (Sigma, 
USA), and then 1 ml phosphate buffer saline 
(PBS) (Sigma, USA) was added into each well at 
37°C/5% CO2 under static conditions. The total 
volume of PBS were collected and replaced 
with fresh PBS at 1 h, 6 h, 12 h, 1 d, 3 d, 7 d, 14 
d. The amounts of strontium release in the col-
lected PBS samples were measured using 
inductively coupled plasma-optical emission 
spectrometer (ICP-OES) (Thermo Fisher, USA). 
Each measurement was carried out in tripli- 
cate.

In vitro cell culture study

BMSCs isolation and culture: Rat bone marrow 
stromal cells (rBMSCs) were isolated and cul-

tured according to the previous published 
method [23]. Briefly, rBMSCs were isolated 
from the femora of 4-weeks-old male Sprague-
Dawley rats and incubated in DMEM (Gibco, 
USA) supplemented with 10% fetal bovine 
serum (FBS) (Hyclone, USA), 100 U/ml strepto-
mycin and 100 U/ml penicillin, and at 37°C in a 
humid atmosphere of 5% CO2. After 24 hours, 
the non-adherent cells were rinsed away using 
PBS several times and the medium was 
refreshed every 2 or 3 days. Its passage was 
performed at 80% confluence by treatment 
with 0.25% trypsin/0.01% EDTA (Gibco, USA). 
rBMSCs in passage 3-4 were used for subse-
quent experiments.

Fluorescence-activated cell sorting (FACS) 
analysis: For phenotypic characterization analy-
sis, cells were incubated for 30 min on ice  
with phycoerythrin (PE)-conjugated antibodies 
against CD45, CD73 and fluorescein isothiocy-
anate (FITC)-conjugated antibodies against 
CD34, CD90 (all from Boster, China). Analysis 
was performed by a flow cytometer (BD Accuri 
C6, BD Biosciences, Germany).

Proliferation of rBMSCs on Sr-SFMs: Cell 
Counting Kit-8 (CCK-8) (Dojindo Laboratories, 
Japan) assay was used to evaluate cellular pro-
liferation on Sr-SFMs (0, 1, 5 and 10%; three 
membranes per group). Briefly, 1×104 rBMSCs 
in 1ml medium were seeded onto each mem-
brane, which were incubated at 37°C in a humid 
air of 5% CO2. The analysis was performed at 
days 1, 3, 5 and 7 under manufacturer’s 
instruction. Measurement was done at 450 nm 
using a micro-plate reader (μQuant, Biotek, 
USA).

Morphology of rBMSCs on Sr-SFMs: In order to 
observe themorphology of rBMSCs on Sr-SFMs 
(0, 1, 5 and 10%), we seeded 1×104 rBMSCs 
onto each membrane in a 24-well plate. After 
culturing for 1 and 7 days, all the samples were 
fixed with 4% paraformaldehyde (Sigma, USA) 
and 3% glutaraldehyde (Sigma, USA) overnight, 
washed in PBS for 15 min, dehydrated in a 
graded ethanol (50, 60, 70, 90, 95 and 100% 
(v/v)), and dried in hexamethyldisilazane. 
Finally, samples were coated with gold, and 
observed by SEM.

Alkaline phosphatase (ALP) activity of rBMSCs 
on Sr-SFMs: For osteogenic differentiation, the 
cells were cultured in osteogenic medium. It 
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was composed of DMEM supplemented with 
0.1 μM dexamethasone, 50 μg/ml ascorbic 
acid and 10 mM β-glycerophosphate (all from 
Sigma, USA). After cells cultured on Sr-SFMs (0, 
1, 5 and 10%; three membranes per group) for 
7 and 14 days, the ALP activity, a marker of 
osteoblast differentiation, was measured using 
Alkaline Phosphatase Assay Kit (Beyotime, 
China) according to the manufacturer’s instruc-
tion. The results were expressed as the OD 
value by an ELISA reader (Multiskan Spectrum, 
Thermo Fisher Scientific, USA) at a wavelength 
of 405 nm.

In vivo guided bone regeneration study

Animal surgery for rat calvarial defect model: 
This entire experimental protocol was approved 
by the Animal Care and Experiment Committee 
of Institute of Soochow University (Suzhou, 
China). Nine healthy male Sprague-Dawley rats 
with an average weight of 250 g were used in 
this experiment. The rats were randomly divid-
ed into three groups: (1) Sr-SFM; (2) SFM; (3) 
control group. Rats were general anesthetized 
and a longitudinal incision was made in skull 
from the nasal to occipital region. After sepa-
rating the skin and muscle, the calvarial sur-
face on both sides of midline were exposed.  
A dental-trephine bur (5 mm in diameter; 
Dentium, Korea) was used to create bilateral 
full-thickness calvarial defects under sterile 
saline irrigation (Figure 1A). Then calvarial 
defects were covered with Sr-SFMs, SFMs or 
left empty as negative control. The membranes 
were trimmed into rectangle (14 mm×7 mm in 
size) to fit well of the defects (Figure 1B). The 
pericranium and skin were sutured in layers 
with 3-0 silk sutures. After surgery, the rats 
were caged and received food and water indi-
vidually. After 6 week healing, the animals were 
euthanized and the calvarial samples including 
the defects, the membranes and the surround-
ing tissue were removed from the bodies. These 
samples were fixed with 4% paraformaldehyde 
for 24 h at room temperature.

Micro-computed tomography analysis: The pre-
pared samples were scanned by using a micro-
CT (SkyScan 1176, Bruker-microCT, Kontich, 
Belgium). The scanning conditions were set at 
voltage 65 KV; current 100 μA, exposure time 
600 ms, and Al filter 1 mm. The scanning width 
was 50 mm and the axis of ray was vertical to 
the bone defect surface. The system software 

was used to reconstruct 3D images. The upper 
and lower threshold values for bone were 255 
and 85 grey. Because the initial bone defect 
was round in 5 mm diameter, the region of 
interest (ROI) was selected to reflect the initial 
shape. The ROI of each sample was analyzed in 
bone volume (BV) and bone mineral density 
(BMD).

Histological staining: Following micro-CT test-
ing, samples were decalcified and dehydrated 
in a graded series of ethanol. Then samples 
were embedded in paraffin and cut into 5 μm 
sections from the center area of the bony 
defects. For histological staining, the sections 
were stained with hematoxylin and eosin (H&E) 
and then were evaluated by a microscope 
(Axioveter 40 CFL, Zeiss, Germany).

Statistical analysis

All quantitative date were expressed as mean ± 
standard deviation. Comparisons of the data 
between the groups over time were performed 
by ANOVA tests with Tukey’s post hoc test. 
Statistical significance was noted at P<0.05.

Results

Characterization of Sr-SFMs

The Sr-SFMs were prepared by electrospinning 
SF solution with different content of SrCl. The 
morphology was observed by SEM and fiber 
diameter was also measured. SEM images in 
Figure 2 showed a nanofibrous structure and a 
morphological change from wire to belt-like 
morphology. A few strontium chloride nanopar-
ticles were also observed inlaid in the surface 
of Sr-loaded SFMs. Meanwhile, with the in- 
crease of Sr contents, the diameter of nanofi-
bers increased. The average nanofibrous diam-
eter of Sr-SFMs (0, 1, 5 and 10%) were 230±62 
nm, 525±150 nm, 701±143 nm and 824±381 
nm respectively (P<0.05).

The XRD analysis of Sr-SFMs was showed in 
Figure 3A. When Sr was introduced into the 
SFMs in the form of strontium chloride, no addi-
tional phase was detected compared to the 
pure SFMs regardless of the content of stron-
tium chloride. The XPS spectra were shown in 
Figure 3B. All Sr-SFMs revealed four separated 
peaks referred to C1s (285eV), N1s (403eV), 
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O1s (532eV), and Sr3d (134eV) which is absent 
in pure SFMs. The relative intensity of the Sr 

peak clearly increased as the increase of the 
initial load of strontium chloride.

Figure 1. The establishment of rat calvarial defect model. A. Before covered with membranes; B. Covered with 
membranes.

Figure 2. The SEM images of electrospun SF nanofibrous membranes. A. Pure SF, B. 1% Sr-SFM, C. 5% Sr-SFM, D. 
10% Sr-SFM.
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The release experiments were performed to 
determine the concentration of Sr released 
from the Sr-SFMs, as shown in Figure 4. For all 
three groups, a similar release behavior was 
observed: Sr was continuously released from 
Sr-SFMs, with an initial burst release during the 
first 6 hours and slow release rate afterward. 
After 1 day, the released Sr amounts presented 
sustainability and slight decline up to 14 days. 
Except for the burst release after 6 hours, the 
average Sr amounts released daily from 
Sr-SFMs (1, 5 and 10%) were 0.094, 0.451, 
0.459 ppm, respectively.

Cellular responses to Sr-SFMs in vitro

Characterization of BMSCs: In our study, the 
primary cultured BMSCs from 4-weeks-old 
Sprague-Dawley rats were plastic-adherent 

and exhibited a fibroblast-like morphology after 
three passages. Consistent with previous re- 
ports [24], these cells were positive for CD73, 
CD90, and negative for CD34, CD45 when ana-
lyzed by FACScan flow cytometry (Figure 5).

Morphology and proliferation of BMSCs on 
Sr-SFMs: The morphology of BMSCs cultured 
on Sr-SFMs at 1 and 7 days was observed by 
SEM. After 1 day, BMSCs attached to the 
Sr-SFMs, and presented well spread morpholo-
gy along or across the nanofiber. After 7 days, 
the cell numbers had significantly increased, 
and formed a cell monolayer almost covered 
film surface. In addition, the number of BMSCs 
attaching on the Sr-SFMs was significantly high-
er than on the the pure SFM based on the SEM 
observation (Figure 6).

Figure 3. (A) XRD patterns and (B) XPS survey spectra of the samples. (0) pure SF, (1) 1% Sr-SFM, (2) 5% Sr-SFM, 
(3) 10% Sr-SFM.

Figure 4. Non-cumulative Sr release time profiles from Sr-SFMs into PBS. A. Release time up to 14 days. B. Release 
time in first 24 hours.
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Figure 5. Phenotypic characterization of BMSCs analyzed by flow cytometry.

Figure 6. The morphology of BMSCs cultured on membranes. A. Pure SF after 1 day, B. 1% Sr-SFM after 1 day, C. 5% Sr-SFM after 1 day, D. 10% Sr-SFM after 1 day, 
E. Pure SF after 7 days, F. 1% Sr-SFM after 7 days, G. 5% Sr-SFM after 7 days, H. 10% Sr-SFM after 7 days.
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The proliferation of BMSCs on the Sr-SFMs 
from day 1 to day 7 evaluated byCCK8 assay 
was shown in Figure 7A. The results further 
revealed that the cell numbers increased lin-
early along with the extending of culture time. 
In addition, the proliferation rates on the 
Sr-SFMs (1, 5 and 10%) were significantly high-
er than that on the pure SFM (P<0.05). However, 
the differences between the Sr-SFM groups 
were not obvious.

ALP activity: The osteogenic differentiation of 
BMSCs cultured on Sr-SFMs was evaluated by 
ALP activity assay. Similar to the cell prolifera-
tion results, the ALP activity rose sharply as cul-
ture time increased from day 7 to day 14, indi-
cating the osteogenic differentiation of BMSCs. 
The BMSCs cultured on the Sr-SFMs showed 

significantly higher ALP activity than that on the 
pure SFM (Figure 7B). Based on these results 
in vitro studies, we chose 10% Sr-SFM in the 
follow-up animal studies.

Guided bone regeneration in vivo

Animal general observation: All rats recovered 
well from the surgery and remained in good 
health. There was no significant infection, 
weight reduction or rejection of the membranes 
until the end of study.

Micro-CT analysis: Micro-CT analysis images 
and data were presented in Figures 8 and 9. At 
6 weeks after surgery, the newly formed bone 
area in 10% Sr-SFM group was greater than  
in SFM group and control group. The BV value  

Figure 7. The effect of Sr in SF membranes on the proliferation (A) and ALP activity (B) of BMSCs. Significant dif-
ference between the control group and other groups was marked with *P<0.05, **P<0.01. Significant difference 
between the 1% Sr-SFM group and other Sr-SFM groups was marked with #P<0.05.

Figure 8. The micro-CT reconstruction images of bone defects at 6 weeks postoperatively. (A) Control group; (B) 
Covered with SFM group; (C) Covered with 10% Sr-SFM group; (D) The ROI image of (A); (E) The ROI image of (B); (F) 
The ROI image of (C).
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in 10% Sr-SFM, SFM, control groups was 
3.66±0.85, 2.77±0.69, and 1.85±0.47 mm3, 
respectively. More importantly, the BV value  
in 10% Sr-SFM group was significantly higher  
than that of the control group (P<0.01) or SFM 
group (P<0.05). The BMD values in 10% Sr- 
SFM, SFM, control groups were 158.8±38.5, 
138.1±35.3, and 98.0±19.7 mg/mm3, respec-
tively. The BMD values in covered groups were 
significantly higher than in the control group 
(P<0.05). In addition, the BMD in 10% Sr-SFM 
group was slightly higher than in SFM group, 
but there was no statistically difference (P> 
0.05).

Histological evaluation: H&E staining of rat cal-
varial defects repaired after 6 weeks were 
shown in Figure 10. In the control group, only 
small amount of new bone was formed at the 
defect margins, and the central part of defect 
was occupied by fibrous connective tissue. In 
contrast, there were nearly complete closure of 
the defect in most of the 10% Sr-SFM group 
and some of the SFM group. Furthermore, new 
bone and blood vessel formed nicely under the 
Sr loaded membranes, and a number of woven 
bones had already been replaced by lamellar 
bone, whereas a large amount of new bone was 
still woven bone in the SFM group. In addition, 

Figure 9. Analysis of new bone formation by micro-CT at 6 weeks postoperatively. A. Bone volume; B. Bone mineral 
density. Significant difference between the control group and other groups was marked with *P<0.05, **P<0.01. 
Significant difference between the SFM group and 10% Sr-SFM group was marked with #P<0.05.

Figure 10. The histological observation of bone defects at 6 weeks postoperatively. (A) Control group (20×); (B) 
Covered with SFM group (20×); (C) Covered with 10% Sr-SFM group (20×); (D) Higher magnification of selected site 
of (A) (100×); (E) Higher magnification of selected site of (B) (100×); (F) Higher magnification of selected site of (C) 
(100×). Arrows: membranes; NB: new bone; OB: original bone.
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some osteoblast and new bone formation  
was found occurring in the layers of the 
membranes.

Discussion

Silk fibroin is an attractive biomaterial and has 
been used as membranes for GBR because of 
its desirable properties, such as good biocom-
patibility, low inflammation and immunogenici-
ty, controllable degradation [6-8]. Recently, 
electrospun nanofibers have attracted consid-
erable interest in tissue regeneration, including 
bone reconstruction [25]. SF nanofiber pre-
pared by electrospinning supported MSC 
attachment, proliferation and ECM deposition, 
and significantly improved new bone formation 
at the defect area, demonstrated a potential 
application for GBR [8]. However, electrospun 
SF nanofibers usually suffered from the poor 
tensile strength, which limited its clinical appli-
cation [26]. Our recent research reported a 
novel strategy to fabricate SF nanofibrous 
membrane with significantly improved mechan-
ical properties by preserving silk nanofibril 
structure during dissolving process [27, 28], 
which could be an ideal GBR membrane for 
bone defect repair.

To further enhance the biological activity, stron-
tium chloride was introduced into SFM in con-
sideration of its role in promoting bone forma-
tion and remineralization. The SEM observation 
found that the incorporation of strontium chlo-
ride into SF significantly increased the nanofi-
ber diameter under the same electrospinning 
process. The diameter of pure SF fibers ranged 
from 200 nm to 350 nm. By contrast, the diam-
eters of Sr-loaded SF fibers were increased to 
around 800 nm with a belt-like morphology. It 
was well known that electrospun fiber diameter 
was proportional to inter fiber spacing, so it was 
reasonable to expected that the increase in 
fiber diameter would lead to an increase in inter 
fiber spacing, thus created an expand and more 
loose fiber network. The nanofibrous network 
architectures resulted in high porosity, wide 
distribution of poor sizes and large surface 
area to volume ratio, which were favorable fac-
tors for cell and tissue in growth, as previous 
studies [29, 30]. The XRD spectra didn’t show 
diffraction peak of strontium clearly. This result 
was consistent with Tadier’s research, which 
mainly due to the low crystallinity of strontium 

chloride [31]. In addition, the XPS analysis iden-
tified and quantified strontium distributed on 
the surface of SFMs.

Many studies reported association between 
silk fibroin and drugs as controlled drug release 
systems [32-35]. The SF materials exhibit drug 
released behavior dependent on the diffusion 
of the drug through the SF, the degradation of 
the SF matrix, or a combination of both [32]. 
However there was no studies investigated 
strontium release from Sr-loaded SF. In our ICP-
OES study, the SF membranes loaded with dif-
ferent amounts of strontium chloride showed a 
sustained release profile of Sr2+ over at least 
14 days. Because of the high solubility and dif-
fusion rate of strontium chloride, a large initial 
burst release within 6 h was observed, which 
was similar to a previous report, where stron-
tium chloride was loaded in mineral bone 
cements [31]. Considering the potential cyto-
toxicity associated with high concentration of 
Sr2+, the controlled Sr release system is impor-
tant for bone tissue engineering application. 
The effect of Sr dose on osteoblast lineage and 
mesenchymal stem cells have been described 
before. Sila-Asna et al. found that a Sr2+ con-
centration between 0.21 and 21.07 ppm in the 
culture medium enhanced ALP activity and the 
expression of a key osteoblast transcription 
factor gene (Cbfa1) in hMSCs [36]. Schumacher 
M et al. reported a maximum Sr2+ concentra-
tion ~0.1 Mm (8.8 ppm), above which a delete-
rious effect on proliferation and osteogenic dif-
ferentiation of hMSCs had to be considered 
[37]. However, in other studies a stimulation 
effect of up to 2 mM (176 ppm) Sr2+ on ALP 
expression and bone nodule formation in cul-
tures of MSCs as well as a positive influence of 
1 mM Sr2+ on cultures of MC3T3 cells had been 
shown [18, 38]. In our data, the Sr2+ dose 
released from the 10% Sr-SFMs during the first 
6 h were close to the maximum Sr2+ concentra-
tion in culture medium. Meanwhile, except for 
this initial burst, the Sr2+ doses were all in 
appropriate range, which wouldn’t cause any 
potential cytotoxicity.

Initial cell adhesion is the key step for cell pro-
liferation and differentiation on biomaterials 
[39]. In our vitro studies, the adhesion and pro-
liferation of MSCs cultured on Sr-SFMs were 
evaluated by SEM images and CCK-8 assay. 
From our results, well spread MSCs with a typi-
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cal polygonal and flattened morphology were 
observed on all tested membranes. However, 
compared to Sr-SFMs, the initial cell adherence 
was lower on pure SFM and the cell number 
increased fewer during the culture time. Similar 
results have been described in previous stud-
ies about strontium incorporation other bioma-
terials. Xue et al. compared sintered SrHA with 
pure HA ceramic scaffolds and found an 
improved attachment and higher proliferation 
of human osteoprecursor cells [40]. Meanwhile, 
Panzavolta et al. found that Sr incorporation 
has a slight positive effect on the early adher-
ent cell number [41]. It has been proved that 
well spread MSCs are inclined to undergoing 
osteogenesis [42]. The ALP activity is consid-
ered as a major early marker of osteogenic dif-
ferentiation of osteoblast lineage. In this study, 
the ALP activity of BMSCs on Sr-SFMs was high-
er than that on pure SFM. The data were con-
sistent with earlier findings that strontium could 
enhance osteogenic process by increasing ALP 
expression during induction time [18, 37, 43]. 
Since Sr overdose may lead to cytotoxicity [44], 
our in vitro data didn’t show any deleterious 
effect of the Sr release levels and it is likely that 
the samples releasing higher levels of Sr would 
be able to observe further increase beneficial 
effects.

To explore the potential clinical application of 
Sr-SFM for guided bone regeneration, the rat 
calvarial defect model was used in vivo study. A 
critical defect size of 5 mm in rat calvarial has 
been defined as the smallest bone defect which 
does not heal spontaneously in its lifetime [45]. 
In present study, the Micro-CT and histology 
results indicated that the Sr incorporated with 
SF could enhance bone regeneration as com-
pared to pure SF material. The mechanical sta-
bility of GBR membranes is an essential factor 
for the clinical success of GBR therapy. More- 
over, the extent and rate of degradation may 
influence the new bone formation by changing 
the mechanical stability of the membranes 
used [46]. In our previous studies, we reported 
a new strategy to fabricate silk fibroin nanofi-
bers with improved mechanical properties by 
dissolving silk in CaCl2-FA, which could provide 
remarkable mechanical stability compared to 
other commercial materials [27, 47]. Thus, in 
histological study, no collapse or distortion of 
membranes was observed at the 6 weeks. 
Meanwhile, partially degradation from the inte-

rior parts of the membranes was found and 
they were separated into layers with different 
thickness. However, the surface of the mem-
branes could maintain morphological integrity, 
which provided the space for bone formation, 
and prevented invasion of soft tissue. It was 
interesting to notice that some osteoblast and 
new bone formed under the separated layers. 
Therefore, we assumed that the separated  
layers of the degradative membranes could 
form as lots of GBR membranes with different 
thickness, thus increased the new bone 
regeneration.

As is evident from our Sr release results, a large 
amount of Sr was released in the first 6 h. A 
large burst release was often regarded as a 
negative effect for a long term controlled 
released system, as it might shorten the 
release profile, which required more frequent 
dosing [48]. However, Tadier S et al. suggested 
that the early released dose of Sr had a deter-
minate role on the cell proliferation [31]. In 
addition, Ji W et al. considered the large initial 
burst release was favorable for clinical applica-
tion, because it was likely to enable local 
released-dose up to effective threshold within 
a short time, hence triggering stem/progenitor 
cell recruitment as well as subsequent tissue 
regeneration [49]. In relation to further study, it 
would be interesting to design Sr-SF material 
with a stable long-term release profile, and 
compare the burst versus long-term character-
istics, in order to investigate which of the two 
characteristics is more effective for bone tis-
sue regeneration.

Conclusions

We fabricated a novel strontium-loaded silk 
fibroin nanofibrous membrane by electrospin-
ning process. It provided good biocompatibility, 
slow strontium ion release, clinical manageabil-
ity and cost efficiency. With the limitation of 
this study, long-term research in large animal 
defect model is required to further assess. 
Based on present results, the strontium-loaded 
silk fibroin nanofibrous membrane is an effi-
cient potential candidate as GBR membrane.
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