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Abstract: Objective: One of the disadvantages of using CSC (calcium sulfate cement) in vivo is its weak osteogenic 
activity. Thus composite materials based on CSC have been recently studied. Silica-based mesoporous material 
(SBA-15) shows great potential for biological applications because of its functionalized surfaces and biocompatibil-
ity. We assumed that blending SBA-15 into CSC could improve the osteogenic activity of the CSC. Methods: SBA-15 
was blended into CSC powder at a mass ratio of 5%, 10% and 20% to make a CSC/SBA composite. Four groups 
including CSC (pure CSC), CSC-5S (5% mass ratio), CSC-10S (10% mass ratio) and CSC-20S (20% mass ratio) 
group were designed. The cell adherence was assessed using the cell counting. The cell proliferation was deter-
mined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The osteogenic differentiation 
was evaluated using alkaline phosphatase (ALP) staining, alizarin red staining analysis, and the expression levels of 
osteogenic related genes, mainly ALP, collagen I (COL1), osteopontin and osteocalcin. An in vivo animal study was 
performed using the radius bone defect in a rabbit model. The micro computed tomography (CT) and histological 
evaluation were used to investigate bone formation. Results: The number of adhered cells on the CSC-10S and CSC-
20S surface was higher than that on CSC and CSC-5S surface. The relative cell proliferation rate in CSC/SBA group 
was higher than that in CSC group. Compared with CSC and CSC-5S group, ALP staining in CSC-10S and CSC-20S 
group was increased. Alizarin red staining in the different CSC/SBA groups was higher than that in the CSC group. 
Higher expression levels of osteogenic differentiation-related genes were seen in cells grown on CSC/SBA compos-
ite. Micro CT and histological evaluation confirmed that CSC/SBA composite improved the efficiency of new bone 
formation in the bone defect. The above osteogenic activities were enhanced with increased mass ratio of SBS-15 
in CSC/SBA composite. Conclusion: Incorporation of SBA-15 into CSC could greatly improve the osteogenic activity 
of CSC, implying the CSC/SBA composite are more beneficial to the bone repairing than pristine CSC.
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Introduction

Reconstruction of the bone defect using bone 
filling material is a common practice in orthope-
dic surgery. A key aspect of the bone repairing 
procedure is the consistency between new 
bone formation and the resorption of the graft-
ing material. Calcium sulfate cement (CSC), 
with its good biocompatibility, osteoconduction 
and moldability, is widely used to repair bone 
defects. However, one of the disadvantages of 
using CSC in vivo is that its resorption rate is 
faster than new bone formation [1-3]. According 

to the literature reports, CSC can be completely 
resorbed within 4 to 8 weeks, and the rapid 
resorption may influence the quality of newly 
formed bone, thus decreasing the mechanical 
properties of the repaired bone structure and 
ultimately leading to the appearance of a new 
bone fracture [3-5]. Though the rapid degrada-
tion of CSC can be tailored by adjusting the 
grain morphology, its biological activity to pro-
mote cell attachment, proliferation, and osteo-
genic differentiation is not good [6, 7]. In order 
to meet the requirements of clinical bone repair, 
composite materials based on CSC have been 
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recently studied to optimize the degradation 
rates, the mechanical properties, and the bio-
logical activity of CSC, and satisfactory results 
are also obtained [8, 9].

For bone tissue engineering, mesoporous sil- 
ica materials with pore sizes between 2-50 nm 
have attracted significant attention owing to 
their structural properties, including uniform 
and tunable pore size distribution, high spe- 
cific surface area, and high pore volume [10]. 

These characteristics make the mesoporous 
silica materials greatly enhanced in vitro apa-
tite mineralization, and present an excellent 
delivery capability for osteogenic growth fac-
tors and drugs [11]. In addition, mesoporous 
silica materials have also been reported to  
support cell adhesion, proliferation, and differ-
entiation in vitro [12]. As one kind of the silica-
based mesoporous materials, SBA-15 showed 
potential for new biological applications bec- 
ause of its uniformly distributed nanopores, 
functionalized surfaces, and good biocomp- 
atibility [13]. Compared with the traditional 
nonmesoporous materials, SBA-15 has good 
bioactivity, which may promote the rapid for- 
mation of carbonated hydroxyapatite layers  
on its surface after soaking in simulated body 
fluids (SBF) [7]. Moreover, the ordered mesopo-
rous channels of SBA-15 are also capable of 
loading large amounts of drugs, presenting 
great potential for applications in bone regen-
eration [14, 15]. In addition, preparation meth-
ods of these mesoporous materials has been 
optimized allowing mass production [14, 15].

In order to overcome the defects of the CSC,  
we prepared CSC/SBA composite materials by 
blending SBA-15 into CSC with different mass 
ratio. An in vitro study has showed that the 
physical performance of CSC/SBA significantly 
improved, such as the compressive strength, 
the ability to adsorb BMP-2, and the degrada-
tion rates [7]. However, the impact of CSC/SBA 
composite on the biological behavior of the 
osteogenic cells as well as the ability to repair 
bone defects in vivo still remains unknown. 
Therefore, the purpose of this study was to  
further explore the in vitro effect of CSC/SBA 
composite on the functions of human bone 
marrow mesenchymal stem cells (hMSCs), inc- 
luding the cell adhesion, proliferation, spread-
ing and osteogenic differentiation, as well as to 
investigate the ability of the composite material 
to form new bone in vivo in a rabbit model with 
bone defect.

Materials and methods

Preparation of CSC/SBA

The powder component of CSC was calcium 
sulfate dihydrate (CSD; CaSO4.2H2O, Reagent- 
Plus®, ≥99%; Sigma-Aldrich). SBA-15 powder 
was kindly provided by Shengbing Yang (Engi- 
neering Research Center for Biomedical Mate- 
rials of Ministry of Education, East China Univ- 
ersity of Science and Technology, Shanghai, 
China). SBA-15 was blended homogeneously 
into CSC powder at 0%, 5%, 10%, and 20% 
mass ratio. The blended powder was mixed 
with simulated body fluid (SBF) at a liquid  
to powder ratio (L/P) of 0.25 ml/4 g in a bowl 
until the powder achieved a homogenous 
paste. The obtained paste was transferred to a 
Teflon mold with a disc hole of 10 mm diameter 
and 3 mm height for in vitro cell study. For  
the animal study, the Teflon mold had a cylin- 
drical hole of 6 mm diameter and 10 mm 
height. In both cases, the mold was then pres- 
sed between two metal plates for 24 hours. 
After the compound hardened, it was pulled  
out of the mold. The specimens were sterili- 
zed by gamma irradiation with 25 kGy of 60Co 
before use. According to the mass ratio of  
SBA-15, four groups were included in this  
study: CSC (no SBA-15), CSC-5S (5% mass 
ratio), CSC-10S (10% mass ratio), and CSC-20S 
(20% mass ratio) group. 

Cell culture

hMSCs were kindly provided by Shanghai Key 
Laboratory of Orthopedic Implants, and cul-
tured as described in a previous study [16]. In 
brief, cells were cultured in α-MEM culture 
medium supplemented with 10% fetal bovine 
serum (FBS), 1% penicillin (100 Uml-1), and 
streptomycin sulphate (100 mg·ml-1) (GibcoBRL, 
Grand Island, NY). The cells were incubated  
at 37°C in a humidified atmosphere of 5%  
CO2 and 95% air, with the growth medium 
changed every 48 h until the cells reached 
80-90% confluence. hMSCs passaged up to 
the third generation were used for the following 
experiments.

Cell attachment and spreading

Cell attachment was evaluated as previously 
described [17, 18]. One milliliter of cell suspen-
sion with 2×104 cells was seeded in a 48-well 
plate (Costar 3548, USA) that contained the 
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Fisher Scientific Inc., Miami, FL, U.S.A.) supple-
mented with 10% fetal bovine serum (FBS; 
GibcoBRL, Grand Island, NY, U.S.A.), 1% penicil-
lin (100 U/ml; GibcoBRL), streptomycin sulfate 
(100 mg/ml; GibcoBRL), 100 μM dexametha-
sone, 50 μM ascorbic acid, and 10 mM β- 
glycerophosphate sodium (Sigma-Aldrich). The 
osteogenic induction medium was replaced 
every two days.

After 7 and 14 days of culture, the substrates 
were washed three times with PBS, and then 
lysed in a 0.2% Triton X-100 solution through 
four standard freeze-thaw cycles. The ALP 
activity was performed according to the proce-
dures reported in the literature [16]. After 14 
days of culture, the ALP staining was accom-
plished following the procedures in the litera-
ture [19]. Briefly, the cells on the substrates 
were detached with 0.25% trypsin solution  
and removed to another 48-well plate contain-
ing 1 mL culture media. After 24-hour culture, 
the cells spread on the bottom of the wells. 
Then according to the procedures provided  
by the ALP staining kit (Renbao, Shanghai, 
People’s Republic of China), the cells were rin- 
sed twice with PBS, and fixed using buffered 
formalin for 30 seconds. After removing the  
formalin and washing with PBS, the cells were 
treated with a staining reagent for 60 minutes. 
Stained cells were photographed using a mic- 
roscope (TE2000U; Nikon, Tokyo, Japan). 

After 14 and 28 days incubation in osteogenic 
induction culture medium, the cells on the  
samples were fixed in 4% PFA for 15 min and 
stained with 1% alizarin red solution (Sigma-
Aldrich) for 45 min at room temperature. The 
samples were then washed with PBS and dried 
at 37°C. Samples that were not seeded with 
cells were stained with alizarin red solution as  
a blank control. The images were then obtained 
using a digital camera (Nikon D90, Japan). After 
28 days incubation in osteogenic induction cul-
ture medium, the quantitative analysis of the 
alizarin red was accomplished following the 
procedure in the literature [20]. In brief, the 
cells on the samples were fixed in 4% PFA for 
15 min and stained with 1% alizarin red solu-
tion (Sigma-Aldrich) for 45 min at room tem- 
perature. The samples were then washed with 
PBS and the staining was dissolved in 10% 
cetylpyridinum chloride (Sigma-Aldrich), and 
the ODs were measured at a wavelength of  
620 nm using a microplate reader (Synergy HT, 
Bio-Tek).

different CSC/SBA discs and incubated at  
37°C in a humidified atmosphere of 5% CO2. 
After 24 hours of cell culture, the cells on the 
substrate surface were gently washed three 
times with phosphate-buffered saline (PBS) 
and then fixed with 4% paraformaldehyde (PFA) 
for 15 min at room temperature. The cells  
were permeabilized with 0.1% Triton X-100 in 
PBS for 15 minutes, and then incubated with 
fluorescein isothiocyanate-phalloidin (Sigma-
Aldrich) for 1 hour. After washing with PBS, the 
cell nuclei were stained with 4,6-diamidino-
2-phenylindole (DAPI, Molecular Probe, Sigma-
Aldrich). The cell numbers in five random fields 
were counted under a fluorescence micro-
scope. The cells spreading were visualized  
and measured using confocal laser scann- 
ing microscopy (CLSM, Leica TCS SP2; Leica 
Microsystems, Heidelberg, German).

Cell proliferation

Cell proliferation on the substrates was inve- 
stigated using MTT assay after 1, 3, and 7 days 
of cell culture. Briefly, one milliliter of cell  
suspension with 5×103 cells was seeded in 
48-well plates (Costar 3548, USA) that con-
tained different CSC/SBA discs and incubated 
at 37°C in a humidified atmosphere of 5%. A 
48-well plate containing 1 ml of α-MEM and 
CSC/SBA discs was used as a blank control.  
At the specified time points, 0.1 ml of the MTT 
solution (Sigma-Aldrich) was added to each 
well, and the plates were incubated for 4 h  
to form formazan. The supernatant was then 
discarded and 1 ml of dimethyl sulfoxide 
(DMSO, Sigma-Aldrich) was added to dissolve 
the formazan salts. The suspension contain- 
ing formazan salts was transferred to ano- 
ther 48-well plate, and read at a wavelength  
of 570 nm using a microplate reader (Synergy 
HT, Biotek, Winooski, VT, USA). The mean OD 
values obtained from the blank control well 
were subtracted from the OD of the test gro- 
ups. The modified OD values at day 3 and 7 
were normalized to those at day 1 because the 
numbers of attached cells grown on different 
samples were different at day 1.

Osteogenic differentiation of hMSCs

Cells were seeded at a density of 3×104/ml in 
48-well plates containing CSC/SBA samples. 
After incubation for 24 hours, the culture medi-
um was changed to the osteogenic induction 
culture medium containing Dulbecco’s Modi- 
fied Eagle Medium (DMEM; Hyclone, Thermo 
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Quantitative real-time polymerase chain reac-
tion (PCR)

hMSCs were seeded onto four specimens in 
48-well plates at a density of 3×105 cells/well 
and harvested after culture in osteogenic 
induction medium for 7, 14, and 21 days. The 
mRNA expression of osteogenic differentia- 
tion-related genes, h-alkaline phosphatase (h- 
ALP), h-collagen type I (h-COL1), h-osteopontin 
(h-OPN), and h-osteocalcin (h-OC), were quan- 
titatively determined via real-time PCR. Total 
RNA was isolated from hMSCs grown on the 
samples using the TRIzol reagent (Invitrogen, 
Carlsbad, CA) according to the manufacturer’s 
protocol. Quantitative real-time PCR was per-
formed using an ABI 7500 Real-Time PCR 
System (Applied Biosystems, USA) with a PCR 
kit (SYBR Premix EX Taq,TaKaRa). The express- 
ion of the housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (h-GAPDH) was 
used as an internal control to normalize the 
transcription levels of the genes results. The 
primers used for RT-qPCR were synthesized 
commercially and as follows: h-COL, forward 

5’-CCTGAGCCAGCAGATCGAGAA-3’, reverse 5’- 
GGTACACGCAGGTCTCACCAGT-3’; h-ALP, 5’-TT- 
GACCTCCTCGGAAGACACTC-3’, reverse 5’-CCA- 
TACAGGATGGCAGTGAAGG-3’; h-OPN, 5’-CTGA- 
ACGCGCCTTCTGATTG-3’, reverse 5’-ACATCGG- 
AATGCTCATTGCTCT-3’; h-OC, 5’-GGCGCTACCT- 
GTATCAATGGC-3’, reverse 5’-TGCCTGGAGAGG- 
AGCAGAACT-3’; h-GAPDH, 5’-CCTGCACCACCA- 
ACTGCTTA-3’, reverse 5’-AGGCCATGCCAGTGA- 
GCTT-3’.

In vivo bone formation

In order to assess the ability of the materials  
to promote bone tissue regeneration, the radi-
us bone defect in a rabbit model was used as 
animal model [21]. Surgical procedures and 
animal care were performed according to the 
institutional guidance of Luoyang orthopedics 
on animal experiment. All experiments were 
approved by the local animal welfare commit-
tee. Twenty-four adult female New Zealand 
White rabbits (2.86 ± 0.20 kg) were used. 
Surgery was performed under general anes- 
thesia via weight-adapted intramuscular injec-
tion of 2% xylazine (12 mg/kg body weight) and 
ketamine (80 mg/kg body weight). The animals 
were placed in a supine position on sterile 
drapes, and their bodies were covered with 
sterile sheets. The right front limb was shaved, 
and the skin was cleaned with betadine. A  
longitudinal incision was made along the  
forearm skin. The periosteum was incised to 
approach to the radius bone. A critical sized 
defect of 10 mm in length was created at the 
middle position of the radius bone by using  
a high-speed micromotor. The different sam-
ples with 6 mm diameter and 10 mm height 
were implanted into the defect, and the perios-
teum was repositioned with an absorbable 
suture. The wound was then closed with a non-
absorbable suture. The number of animals per 
group was six.

After two months, the rabbits were euthani- 
zed and the radius was excised and fixed in  
a 1.5% phosphate buffered glutaraldehyde 
solution. The radius was scanned using a  
Micro CT (X-RAY CT System, SMX-100CT-SV3 
TYPE; Shimadzu Ltd, Kyoto, Japan). Images 
were reconstructed and analyzed using the 
Analyze software package (Biomedical Imag- 
ing Resource; Mayo Clinic, Rochester, MN, 
USA). After CT analysis, the specimen were 
dehydrated in a graded series of alcohol and 

Figure 1. Attachment and proliferation of hMSC. A: 
Cell number of attachment. *P<0.05 vs. CSC-10S 
and CSC-20S. B: The relative proliferation rate. Each 
group displayed an increasing tendency from day 1 
to day 7. *P<0.05 vs. CSC-5S, CSC-10S and CSC-20S 
at day 7.
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embedded in methylmethacrylate for histolo- 
gical analysis. Sections were stained with he- 
matoxylin and eosin staining and picrofuchsin 
staining for evaluation of new bone formation.

Statistical analysis

All quantitative data were expressed as the 
mean ± standard deviation. Statistical analysis 
was performed with one-way analysis of vari-
ance. All the data analyses were carried out 

using SPSS software (SPSS 14.0, 
IBM Corporation, Armonk, NY, 
USA). A value of P<0.05 was con-
sidered statistically significant.

Results

Cell attachment and proliferation

The number of adherent cells on 
CSC-10S or CSC-20S were higher 
than that on the CSC or CSC-5S 
samples (P<0.05), no statistical 
differences were found between 
the CSC and CSC-5S, as well as 
between the CSC-10S and CSC-
20S groups (P>0.05, Figure 1A). 
The relative cell proliferation rate 
in each group displayed an incr- 
easing tendency from day 1 to  
day 7, presenting statistical diff- 
erences among the three time 
points (P<0.05). The relative cell 
proliferation rate in CSC-5S, CSC-
10S and CSC-20S groups was 
higher than that in CSC group at 
day 7 (P<0.05, Figure 1B). 

Cell spreading

The mean cell area on CSC, CSC-
5S, CSC-10S and CSC-20S was 
620.25 ± 302.37, 3780.50 ± 
1113.06, 3750.00 ± 369.68, and 
3357.50 ± 1326.61 μm2, respe- 
ctively. Compared with CSC-5S, 
CSC-10S and CSC-20S group, the 
cell spreading area on CSC sur-
face was considerably smaller 
(Figure 2A). The cells on CSC- 
5S, CSC-10S and CSC-20S com- 
posite presented polygonal and 
spread morphology, whereas cells 
on CSC surface displayed a sph- 

Figure 2. Morphology of hMSC. A: The spreading area. *P<0.05 vs. CSC-
5S, CSC-10S and CSC-20S. B: Images of cells stained with rhodamine 
phalloidin for actin filaments (green) and nuclei counterstained with 
DAPI (blue).

erical morphology. Cells on CSC-20S surface 
also exhibited clustering and confluent mor-
phology (Figure 2B).

Differentiation of hMSCs

hMSCs in CSC and CSC-5S group presented 
lower ALP activity than that in CSC-10S and 
CSC-20S group at day 7 (P<0.05). No differ-
ences were observed between CSC and CSC-
5S group, as well as CSC-10S and CSC-20S 
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group. At day 14, ALP activity levels in CSC, 
CSC-5S, CSC-10S, and CSC-20S group incre- 
ased, presenting significant differences bet- 
ween any two groups (P<0.05) (Figure 3A). The 
positive ALP staining on CSC-10S and CSC- 
20S surface was stronger than that on CSC  
and CSC-5S surface at day 14 (Figure 3B).

CSC-10S and CSC-20S group exhibited higher 
mineralization than CSC and CSC-5S group at 
day 14 (P<0.01). The amount of mineralization 
in CSC-5S, CSC-10S and CSC-20S group at  
day 28 was higher that in CSC group (P<0.01). 
No differences were found among CSC-5S, 
CSC-10S and CSC-20S group (Figure 4A). The 
alizarin red staining was similar on CSC-5S, 
CSC-10S and CSC-20S surface, and was con-
siderably stronger than that on CSC surface at 
day 28 (Figure 4B).

Expression of osteogenic 
differentiation-related genes

The expression of h-COL1, 
h-ALP, h-OPN and h-OC mR- 
NA increased from day 7 to 
day 14. At day 21, the expr- 
ession of h-COL1, h-ALP and 
h-OPN mRNA decreased, wh- 
ile h-OC mRNA expression co- 
ntinued to increase. At day 7, 
CSC-10S and CSC-20S group 
showed higher expression lev-
els of h-COL1 compared with 
CSC and CSC-5S group; CSC-
5S, CSC-10S and CSC-20S 
group showed higher expr- 
ession level of h-ALP, h-OPN 
and h-OC compared with CSC 
group. At day 14, compared 
with CSC group, CSC-5S, CSC-
10S and CSC-20S group ex- 
hibited higher levels of h- 
COL1, h-ALP, h-OPN and h-OC 
expression, and the gene ex- 
pression levels increased wi- 
th increasing the SBA-15 ma- 
ss ratio in CSC/SBA compos-
ite. At day 21, the highest 
expression levels of all genes 
were still found in CSC-20S 
group (Figure 5).

In vivo animal study

The CSC group had the low- 
est bone binding, with less 

new bone formation in the bone defect; CSC- 
5S group was comparatively better than CSC 
group in bone integrity but still presented low 
bone formation. Nevertheless, both CSC-10S 
and CSC-20S group exhibited good bone bri- 
dging and healing, showing that CSC-20S  
group performed slightly better than CSC-10S 
group (Figure 6A). The regenerated bone min-
eral content (BMC) and bone mineral density 
(BMD) of the defect area were calculated to  
further quantitatively analyze the ability to  
promote bone formation. An increase in BMC 
values was observed for CSC/SBA composite 
which was dependent on the amount of SBA- 
15 incorporated, among which CSC-10S and 
CSC-20S group had much higher BMC than 
CSC and CSC-5S groups (Figure 6B). BMD val-
ues implied a similar profile, with the lowest 

Figure 3. ALP activity and staining assay. A: Relative ALP activity. *P<0.05 
vs. CSC-10S and CSC-20S at day 7. There existed significant differences 
between any two groups at day 14 (P<0.05). B: ALP staining on CSC/SBA 
composite at day 14.
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being found in CSC group and the highest in 
CSC-20S group (Figure 6C).

In CSC group, extensive fibrous connective tis-
sues were observed in the bone defect site, in 
which few bone trabeculae appeared (Figure 
7A, 7B). In CSC-5S group, more new bone for-
mation was seen at the defect site although 
fibrous connective tissues were also present 
(Figure 7C and 7D). For CSC-10S and CSC-20S 
group, the bone defect was mostly filled by 
dense woven bone trabeculae. It is worth high-
lighting that the CSC-20S group surpassed 
CSC-10S group in bone formation (Figure 7E-H).

Discussion

In addition to good physical and biomechani- 
cal performance, biomaterial used for bone 

Besides the initial adhesion and proliferation, 
the subsequent osteogenic differentiation of 
hMSCs is also important for the bone repair 
promoted by the biomaterial [27]. As an enz- 
yme, ALP is an early marker of the differe- 
ntiation of hMSCs to osteoblasts, whereas  
alizarin red is a late marker of the osteogenic 
differentiation [28]. Compared with the pris- 
tine CSC, the introduction of mesoporous S 
BA-15 into CSC can obviously increase the 
osteogenic activity of CSC/SBA. Cells on the 
composite surface expressed stronger ALP 
staining and higher mineralization in cell ma- 
trix, and the osteogenic activity of CSC/SBA 
also increased with the increase of meso- 
porous material mass ratio, which indicated 
that SBA-15 was more beneficial to the osteo-
genic differentiation of hMSCs. 

graft should possess the fol-
lowing features: osteoconduc-
tion, which provides scaffold 
for the creeping substitution  
of new bone, and osteogenic 
activity, which induces the dif-
ferentiation of the pluripotent 
stem cell in surrounding tis- 
sue to the osteogenic cells 
[22]. Based on the deficien-
cies of CSC and the merits of 
the mesoporous silica mate- 
rial, the novel CSC/SBA com-
posite was synthesized. The 
osteogenic activities of CSC/
SBA were further investigated 
in this study, and found that 
the composite was more ben-
eficial to the adhesion, spre- 
ading, and proliferation of 
hMSCs on the surface com-
pared to the pristine CSC,  
and the biocompatibility of  
the composite was enhanced 
with increasing the mass ra- 
tio of SBA-15. This may be  
due to the increase of biolo- 
gical activity of composite 
material after combining CSC 
with ordered mesoporous sili-
con-based material SBA-15, 
which was in accordance with 
the results of mesoporous  
silica material reported in the 
literature [23-26].

Figure 4. Alizarin red staining assay. A: At day 14, *P<0.01 vs. CSC-10S and 
CSC-20S. At day 21, *P<0.01 vs. CSC-5S, CSC-10S and CSC-20S. B: Colori-
metric quantitative analysis of the extracellular matrix mineralization on the 
sample surface at day 21.
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In order to further verify the aforementioned 
results, real-time PCR was used to detect the 
expression level of osteogenic differentiation-
related genes at different time points. With 
respect to the CSC group, hMSCs in CSC-5S, 
CSC-10S and CSC-20S group showed higher 
ALP, COL1 and OP expression level from day  
7 to day 14. Though the expression levels 
showed a decreasing trend after 21 days, they 
were still higher than that in CSC group. As  
for h-OC gene, CSC-10S and CSC-20S group 
manifested high expression during cell culture. 
Meanwhile, the gene expression levels were 
also increased with increasing the mass ratio 
of SBA-15. The results further indicated that 
CSC/SBA composite was more conductive to 
the osteogenic differentiation of hMSCs than 
the pristine CSC.

In this study, we also compared the in vivo 
effect of CSC/SBA composite on osteogen- 
esis by implanting the materials into defects 
produced in the radius of New Zealand rab- 
bits. The micro CT and histological analyses 
confirmed that CSC-10S and CSC-20S group 
showed higher bone union and denser woven 
bone formation after 2 months implantation, 
and that CSC-20S materials were superior to 
CSC-10S group. However, CSC and CSC-5  
group exhibited extensive fibrous connective 
tissues and few bone formation in the defect. 
The in vivo findings confirmed that CSC/SBA 
composite exhibited high efficiency for bone 
regeneration.

Resent research on mesoporous materials for 
bone regeneration mainly focused on the bio-
logical behavior of the material to osteoblast.  

Figure 5. Relative gene expressions. A: h-COL1 gene. *P<0.01 vs. CSC-10S and CSC-20S at day 7. *P<0.01 vs. CSC-
5S, CSC-10S and CSC-20S at day 14. *P<0.01, **P<0.05 vs. CSC-20S at day 21. B: h-ALP gene. *P<0.05 vs. CSC-10S 
and CSC-20S at day 7. *P<0.05 vs. CSC-10S and CSC-20S; **P<0.05 vs. CSC-5S, CSC-10S and CSC-20S at day 14. 
*P<0.05 vs. CSC-20S at day 21. C: h-OPN gene. *P<0.05 vs. CSC-10S and CSC-20S at day 7. **P<0.05 vs. CSC-10S 
and CSC-20S; ***P<0.05 vs. CSC-20S at day 14. D: h-OC gene. *P<0.05 vs. CSC-5S, CSC-10S and CSC-20S at day 
7. **P<0.05 vs. CSC-10S and CSC-20S at day 14. ***P<0.05 vs. CSC-10S and CSC-20S; ****P<0.05 vs. CSC-20S at 
day 21.
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A series of novel mesoporous bioactive glas- 
ses with different pore diameters and com- 
positions have been synthesized, and their 
potential to promote proliferation and differen-
tiation of osteoblast was superior to the ordi-
nary bioactive glasses [29]. The mesoporous 
silica-based xerogels, which are mainly com-
posed of a Si-O skeleton, possessed huge spe-
cific surface area, regular mesoporous chan- 
nel and good biodegradation, which were then 
shown to promote the biological activity of 
osteoblast [30]. In addition, the silica-based 
xerogel combined with carbonate and phos-
phate was shown to greatly improve the osteo-
blast behavior by controlling the release ra- 
tes of Ca, P and Si ions [30]. Radin et al.  
have shown that the dissolution speed of Si 
decreased by 25% after the deposition of car-
bonate and calcium phosphate on the sur- 
face of silica-based xerogel, and the active  
calcium phosphate layer can promote the 
adsorption of proteins, especially for the sticky 
protein, which can enhance the adhesive 
capacity of the cell on the material surface 
[31]. On the other hand, Ca and P can induce 
the proliferation and osteogenic differentiation 

of bone marrow mesenchymal cells [31]. Some 
scholars also found that the formation of 
hydroxylapatite on the surface of silica-based 
xerogel was obviously accelerated due to the 
huge specific surface area, and thus the bio-
logical activity of xerogel surface was greatly 
improved [32]. In our study, the in vitro rese- 
arch showed that the CSC/SBA composite  
with the introduction of mesoporous SBA-15 
was more favorable to hMSC adhesion, prolif-
eration and differentiation to the osteoblast 
than pure calcium sulfate. The results were  
in accordance with the literature reports in 
which the performance of the self-curing ma- 
terial composited by calcium sulfate, dical- 
cium silicate and tricalcium silicate showed 
improved mechanical properties, osteogenic 
activity and degradation compared with CSC 
[33]. Combined with the literature reports and 
the results in our work, the improvement of 
osteogenic activity of CSC/SBA may be related 
with the ionic composition and physical proper-
ties of ordered mesoporous material SBA-15.

In conclusions, incorporation of SBA-15 into 
CSC could greatly improve the osteogenic activ-

Figure 6. Micro CT images and quantitative data of bone formation. A: Three-dimensional Micro CT images. The 
boxed region in photograph represent the location of the radius bone defect. B: Bone mineral content (BMC). 
*P<0.05 vs. CSC-5S. **P<0.01 vs. CSC and CSC-5S. ***P<0.05 vs. CSC-10S. C: Bone mineral density (BMD). *P<0.05 
vs. CSC-5S. ** P<0.01 vs. CSC-10S and CSC-20S.
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ity of calcium sulfate cement, which was more 
favorable to hMSC adhesion, proliferation and 
osteogenic differentiation than pristine CSC. 
Micro CT and histological evaluations confir- 
med that CSC/SBA promoted new bone for- 
mation in the bone defect. The osteogenic 
activities of CSC/SBA composite were enhan- 
ced with increasing mass ratio of the SBS-15. 

Thus, The CSC/SBA composite are more bene- 
ficial to the bone repairing than pristine CSC.
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