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bone tissue engineering (TE) has become an alternative 
strategy to regenerate lost bone8. The principle of TE is 
to employ biocompatible materials or scaffolds seeded 
with stem cells and/or loaded with appropriate growth 
factors to promote bone repair and regeneration9,10. 

Porous biodegradable polymers are widely used in 
TE as a temporary support for cell growth and tissue 
regeneration11,12. The collagen scaffold, which has a 
similar chemical constitution and biological properties 
as natural bone tissue, is drawing more and more atten-
tion13-15. As TE scaffolds require architecture that bal-
ances function and strength, mineralised collagen has 
a promising potential for its inherent biocompatibility 
and strength16-18. In our previous study, we have proven 
that biomimetic, mineralised collagen can improve 
cell growth, proliferation and osteogenic differen-
tiation with prominent nanomechanical properties16. 
However, despite these initial in vitro studies16,17,19, 
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Objective:  To create an in situ matrix environment conducive to stem cells from host bone 
marrow to promote bone regeneration.
Methods: Three-dimensional porous, mineralised collagen (MC) scaffolds were prepared 
using a freeze-drying process. The microstructure of scaffolds was observed by field emission 
scanning electron microscopy. The Bose BioDynamic test system was applied to examine 
their mechanical properties in wet conditions. The effect of scaffolds loaded with stromal cell-
derived factor-�Į (6D)-�Į) on migration of stem cells was assessed using a ��-well transwell 
system. 6D)-�Į-loaded scaffolds were implanted in the critical size defect in rats and histo-
logical staining was used to evaluate the new bone formation.
Results: Mechanical testing showed that the MC scaffold featured an increased Young’s 
modulus compared with the pure collagen (Col) scaffold in wet conditions. In addition, the 
MC scaffold loaded with 6D)-�Į chemoNine improved bone marrow stromal cells’ migration. 
When implanted in mandibular bone defects with 5 mm diameter, the MC scaffolds containing 
6D)-�Į significantly improved the formation of new bone and blood capillaries within the 
scaffolds, compared with the 6D)-�Į-loaded Col scaffolds and the control group.
Conclusion: The mineralised collagen scaffolds loaded with 6D)-�Į, which creates a matrix 
environment conducive to stem cell migration, can be exploited to improve bone self-repair as 
an alternative to contemporary cell seeding approaches.
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Bone defects resulting from tumor, trauma, or inflam-
mation usually require reconstruction, which 

remains a major clinical problem1-3. Present therapies 
including autologous, homologous or heterologous 
bone grafts, and implants of different biomaterials have 
not been able to reach satisfactory effects3-7. Recently, 
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)ield emission scanning electron microscopy ()(-6(M) 
examination

The lyophilised samples were mounted on aluminum 
stubs and sputter-coated with gold for 2  min at 20  mA. 
The microstructure of samples was observed by FE-
SEM (Hitachi S-4800) at 15  kV. The elemental analysis 
of mineralised collagen was performed by Energy Dis-
persive Spectroscopy (EDS) coupled to the FE-SEM.

Mechanical testing

Cyclic loading experiments were performed using a 
Bose ELF 5200 BioDynamic test system (Bose) in wet 
conditions. The scaffolds (6  mm in thickness and 8  mm 
in diameter) were soaked in PBS for 24  h before testing. 
Then the wet scaffolds were compressed 50 times to half 
of their initial height by maintaining a cross-head speed 
of 1  mm/min. Young’s modulus was calculated from the 
slope of a linear fit to the elastic range of the stress-strain 
curve and presented as mean ± standard deviation.

Cell isolation and cultivation

Three-week-old male SD rats (90 to 100  g) were 
obtained from the Department of Laboratory Animal 
Science, Peking University Health Science Center (Bei-
jing, China). All procedures concerning animal use 
were approved by the Peking University Institutional 
Animal Care and Use Committee (No. LA2012-77). 
Rat bone marrow stromal cells (BMSCs) were isolated 
and cultured by the method described by Maniatopulos 
using their plastic adherence capability23. Briefly, both 
ends of the femora were cut off at the epiphysis and the 
bone marrow was flushed out with 10  ml PBS. Cells 
were cultured in Alpha Modification of Eagles Medium 
( -MEM, Gibco BRL) containing 20  FBS (Hyclone), 
100  U/mL penicillin and 100  μg/mL streptomycin, sup-
plemented with 2  mM Glutamine (Glu, Gibco), 55  uM 
2-ME (Gibco) and 0.1  mM L-ascorbic acid phosphate 
( ako) at 37  C in an atmosphere of 5  CO2. The medi-
um was changed after 48 h to remove non-adherent cells 
and was then renewed three times a week. When 80 to 
90  confluence was reached, BMSCs were released 
from the culture substratum using trypsin/EDTA (0.25  
w/v trypsin, 0.02  EDTA), and were moved to dishes 
(10  cm in diameter) at 1.0×106 cells/ml in 10  ml. The 
third passage BMSCs were used for this study.

much remains to be investigated regarding the effect of 
the mineralised collagen scaffold on bone regeneration. 

Scaffold-based delivery of signaling molecules that 
stimulate cell migration, growth and differentiation 
is another essential factor for TE20. Stromal cell-
derived factor-1  (SDF-1 ) is a ligand for the C CR4 
chemokine receptor, which plays a major role in cell 
trafficking and homing of host stem cells to injured tis-
sues21. Furthermore, SDF-1  molecules are positively 
charged at pH 7.4, which can be electrostatically bound 
to the negatively charged carboxyl groups on the sur-
face of the mineralised collagen scaffold22. Therefore, 
in the present study, we hypothesise that the mineralised 
collagen scaffold loaded with SDF-1  may improve 
bone regeneration by attracting host bone marrow stro-
mal cells to defect area. 

Materials and methods 

Preparation of collagen scaffolds

The biomimetic, MC scaffolds were prepared as described 
previously16. Briefly, type I tropocollagen solution from 
rat tails (BD Biosciences, 8.94  mg/mL) contained in a 
dialysis membrane (3,500 Da) was immersed in simu-
lated body fluid (SBF, 136.8  mM NaCl, 4.2  mM NaH-
CO3, 3.0  mM KCl, 1.0  mM K2HPO4.3H2O, 1.5  mM 
MgCl2.6H2O, 2.5  mM CaCl2, 0.5  mM Na2SO4, and 
3.08  mM Na3N, pH = 7.0) as a phosphate source 37  °C. 
Set Type I white Portland cement (PC, Lehigh Cement) 
was used as a calcium source. In the presence of SBF, PC 
continuously released calcium and hydroxyl ions. The 
pH of the salts/collagen solution increased from 5 to 9.5. 
To prepare pure collagen (Col) scaffolds, the tropocol-
lagen solution was directly dialysed using a phosphate 
buffer saline (PBS, 0.1 M) at 37  °C. After 3 days, the 
fibrillised collagen was immersed in deionised water to 
remove remnant salts.  

To prepare porous scaffolds, the fibrilised collagen 
was collected by centrifugation, mixed with PBS and 
stirred up until a castable suspension was formed. Then, 
the suspension was filled into the cavities of 48-well 
polystyrene culture dishes and frozen at -30°C for 
24  h. The samples were lyophilised and cross-linked 
with 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
(0.3  M)/ N-hydroxysuccinimide (0.06  M) for 4  h to 
stabilise the scaffolds. Then, the scaffolds were rinsed 
thoroughly in deionised water, 1  glycine solution, 
once again in water and finally lyophilised for use. 
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In vitro cell homing

The effect of different collagen scaffolds loaded with 
recombinant murine SDF-1 (R&D Systems) on migration 
of BMSCs was assessed using a 24-well transwell system 
(Corning Costar, MA, USA)20. The third passage BMSCs 
with the number of 2×104 in 100  ml -MEM) were placed 
in the upper chamber. The sterilised collagen scaffolds 
loaded with 120  ng SDF-1 were put in the lower chamber, 
which contained 600  ml -MEM supplemented with 1  
BSA. For the negative control (NC) group, only 600  ml 

-MEM supplemented with 1  BSA was added into the 
lower chamber. The growth medium of the positive con-
trol (PC) consisted of 200  ng/ml of SDF-1  and 600  μl of 

-MEM supplemented with 1  BSA. After 16  h of incu-
bation, the cells were fixed with 10  formaldehyde for 
30  min. The upper surface of the transwell was scraped 
free of cells and debris. Cells that migrated through the 
pores of the transwell membrane to the bottom of the 
transwell were stained with crystal violet and counted in 
five randomly-selected fields for each membrane (20 × 
magnification). The data was expressed as mean ± stand-
ard deviation (SD) and confirmed in three independent 
experiments. Statistical analysis between groups was per-
formed by one-way ANOVA at a = 0.05. 

Animal experiments

Twelve male SD rats (150 to 200  g, 6- to 8-weeks-old) 
were used in this study. The animals were anaesthetised 
by intraperitoneal injection of pentobarbital (Nembutal 
4.5  mg/100  g). Incision along the left mandible was 
made on the skin, followed by masseter muscle dissec-
tion and periosteum incision. A critical size defect (CSD) 
of 5  mm diameter was then created with a bur cooled 
continuously by 0.9  saline solution irrigation on the 
ascending ramus of the mandible. A total of 12 mandibu-
lar defects were randomly divided into three groups that 
received the following implants: 
 Control group without any scaffolds 
 Collagen scaffolds loaded with 200  ng/ml SDF-1  

(Col group)
 MC scaffolds loaded with 200 ng/ml SDF-1α (MC 

group) 

The wound was closed in layers using 6-0 sutures. All 
rats were sacrificed after 12 weeks.

Histological evaluation

All the tissues from the original defect area of each group 
were fixed with 10  formalin for 24  h, and decalcified 

in 10  EDTA for 8 weeks. Samples were then embed-
ded in paraffin and serial sections were made. Three ran-
domly selected cross-sections from each implant were 
stained with hematoxylin and eosin (HE). The new bone 
formation was assessed by Goldner’s Masson trichrome 
staining. The stained slides were observed using a light 
microscope (Carl Zeiss).

Results

Microstructure of collagen scaffolds 

As shown in Fig  1, three-dimensional (3D) porous scaf-
folds were produced by a freeze-drying process. The 
Control scaffold showed uniform pores with diameter 
of 118.2 ± 37.2  ȝm, while uneven pores with diameter 
of 108.3 ± 43.7  ȝm were formed in the MC scaffold. 
After 3 days, collagen molecules self-assembled into 
interconnecting nanofibers (268.9 ± 66.0  ȝm) in PBS. 
In the crystallization system, flower-like apatites (1.7 
± 0.3  mm) deposited around the collagen nanofibres. 
This may lead to a decrease of the MC scaffold poros-
ity. The chemical composition analysis of the MC scaf-
fold was carried out by EDS mapping (Fig  2). The main 
composition was similar to natural bone and Ca and P 
atoms have similar distributions, with the Ca-to-P ratio 
of approximately 1.6. 

Fig 1  Microstructure of Col and MC scaffolds observed by 
FE-SEM. (a) Col scaffold with even porosity (118.2 ± 37.2  μm). 
(b) High magnification of (a). (c) MC scaffold with uneven 
porosity (108.3 ± 43.7  μm). (d) High magnification of (c).
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In vitro cell homing

The in vitro chemotaxis assay showed that the SDF-1  
released from chemokine-loaded scaffolds could attract 
BMSCs’ migration from the top to the bottom of the 
transwells (Fig  4). The number of migratory BMSCs 
induced by the SDF-1-loaded MC scaffold (76.2 ± 8.2) 
was significantly increased in comparison with the SDF-
1 -loaded Col scaffold (30.6 ± 6.1) and the negative con-
trol group (13.0 ± 5.4) (P < 0.05). However, compared 
with the number of the cells migrated in the presence of 
200 ng/ml unbound SDF-1 in solution (114.2 ± 11.6), the 
number of those migrated by the released SDF-1  from 
chemokine-loaded scaffolds was much lower (P  <  0.05). 

Mechanical properties 

Typical stress-strain curves of the Col and MC scaffolds 
obtained by applying 50 cycles of uniaxial compression 
in wet conditions were shown in Fig  3. Testing was per-
formed at a constant displacement rate until reaching a 
displacement of 3  mm. The average compressive stress 
over the 50 cycles was used to calculate the modulus of 
the scaffold. The Young’s modulus of the MC scaffold 
was 0.084 ± 0.005  MPa, which was about 2 times higher 
than that of the Col scaffold (0.043 ± 0.002  MPa) (n = 3) 
at 50  compression. This result demonstrated that min-
eralisation resulted in the enhancement of the modulus 
of the collagen. 

Fig 2  Chemical composition 
analysis of MC scaffold by EDS 
mapping. (a) Element distribution 
maps. (b) EDS spectrum and ele-
ment percentage by weight (WT%) 
and by number of atoms (AT%).

Fig 3  Typical stress-strain curves of the Col and MC scaffolds 
obtained by applying 50 cycles of uniaxial compression in wet 
conditions.

Fig 4  The chemotaxis effect of SDF-1α on BMSCs migration. 
(a) Representative crystal violet-stained images of migratory 
BMSCs with SDF-1α-loaded Col scaffold (top left panel) and 
MC scaffold (top right panel) being placed in the lower cham-
ber. (b) Quantity of migratory cells in vitro cell homing assay. *: 
P < 0.05 versus NC; #: P < 0.05 versus PC; $: P < 0.05 versus 
all of the other groups, by one-way ANOVA. NC: negative con-
trol; PC: positive control; Col-200, SDF-1α-loaded Col scaffold 
with concentration of 200 ng/ml; MC-200, SDF-1α-loaded MC 
scaffold with concentration of 200 ng/ml.
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This demonstrated that the loaded SDF-1  could not be 
completely released from the chemokine-loaded scaf-
folds.

Histological analysis of bone regeneration

To test whether the MC scaffolds function in large bone 
defect repair in vivo, the MC scaffolds (5 mm in diame-
ter) loaded 200 ng/ml SDF-1  were implanted in 5  mm-
diameter rat mandible bone defects (Fig  5). Histopatho-
logical analysis of bone regeneration after 12 weeks 
was performed in HE (Fig  6) and Masson’s trichrome 
staining sections (Fig  7). HE staining showed that more 
newly formed bone tissue could be observed in the MC 
group than the Col group. In addition, plenty of residual 
scaffolds could be seen in the defect region (Fig  6e), and 
a large amount of ingrowth blood vessels could be found 
inside the residual scaffolds in the MC group (star). Very 
limited amount of newly formed bone restricted to areas 

Fig 5  Surgical procedure of the critical size defect (CSD). (a) 
Full thickness CSD of 5  mm in diameter. (b) The mandibular 
defect was filled with collagen scaffold loaded with SDF-1α.

Fig 6  Histological images of the mandibular bone defect sites 
by HE staining. (b) Control group, the defect site was filled 
with fibrous tissue. (b) Col group, few new generated bone tis-
sue with plenty of fibrous tissue. (c) MC group, large amounts 
of newly formed bone tissue. (d) Magnification of (c), show-
ing bone marrow in newly formed bone tissue (arrow). (e) MC 
group. Arrows: residual scaffolds. (f) Magnification of (e). Star: 
blood cells.

Fig 7  Masson trichrome staining of the mandibular bone 
defect sites. (a) Control group, the defect site was filled with 
myofibre (red). (b) Col group, few new generated bone tissue 
with plenty of fibrous tissue. (c) MC group, showing newly 
formed bone tissue (arrows). (d) Magnification of (c), show-
ing bone marrow in newly formed bone tissue (arrows). (e) 
MC group, showing blood vessels inside the residual scaf-
folds (arrows). (f) Magnification of (e) Stars: blood cells and 
vessels.

close to the defect margin and small amount of residual 
scaffolds was observed in the Col group. When no scaf-
folds were implanted in the control group, the defect 
sites were mostly filled with fibrous connective tissue.

Goldner’s Masson trichrome staining was also 
applied to selectively visualise newly formed bone tis-
sue and residual scaffolds (Fig  7)24. In this method, the 
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combination of three different staining solutions with 
different molecular sizes can stain regenerated tissue 
differentially. Staining on bone tissue depends on the 
degree of mineralisation, for instance, mature bone tis-
sue can be stained to brick red, immature bone tissue to 
light blue or in between. In the MC and Col group, the 
defect margin was stained to light blue, while in the con-
trol group, it  was stained to red and blue. This indicated 
that the osteogenic event was in both scaffold-implanted 
groups. The color blue, indicating newly formed bone, 
was distinct in Goldner’s Masson trichrome staining. 
Increased new bone formation was observed in the MC 
group compared with the Col group. Areas near the 
defect margin showed a high degree of direct contact 
with the newly formed bone and plenty of residual scaf-
folds could be seen with a large amount of ingrowth 
blood vessels (stars) in the MC group. 

Discussion

Osteoconductive scaffolds and growth factors are of 
great importance for bone tissue engineering25. It has 
been shown that mineralized collagen fibrils constitute 
the basic structure of collagenous mineralised tissues 
such as bone and teeth26. Therefore, the MC scaffold, 
fabricated by biomimetic approach, is thought to be an 
ideal candidate for bone regeneration. In this study, the 
biomimetic MC scaffold was prepared by a synchronous 
precipitation process, in which the collagen molecules 
self-assembled into fibrils and the amorphous calcium 
phosphate transformed into crystalline apatites at the 
same time16,27. After collection of the mineralised col-
lagen fibrils by centrifugation, 3D porous scaffolds were 
produced applying a freeze-drying process18, which 
mimics the extracellular matrix of bone tissue.

Mineralisation has been proven to improve mechani-
cal properties and biological activities of collagen 
scaffolds such as initial cell adhesion, morphology, 
proliferation and differentiation in 2D thin collagen 
film16. However, the stiffness of 3D collagen scaf-
folds was much lower than that of the single collagen 
fibril. This may be attributed to the high porosity of 
the scaffold, with those porous extrafibrillar spaces 
filled with water during testing. In order to maximise 
bone regeneration in vivo, SDF-1 , which is a major 
cytokine regulating stem cell homing and inflammatory 
cell recruitment, was loaded on the scaffolds to create 
a matrix environment conducive to stem cell migration 
to the mandibular bone defect area28. The in vitro cell 
homing experiments showed that SDF-1  could be 
released from chemokine-loaded scaffolds and induced 
BMSCs’ migration.

In our in vivo study, increased regenerated bone with 
activated osteoblast and residual scaffolds was observed 
in the MC group, while the histological appearance of 
the Col group and control group showed fibrous tissue 
and non-active osteoblast along the defect margin. This 
is in accordance with our previous in vitro study that 
mineralisation could improve the osteogenic potential 
of collagen scaffolds16. In addition, plenty of residual 
scaffolds could be observed in the MC group. This fur-
ther confirms that mineralisation can protect collagen 
from degradation29. The delayed degradation of scaf-
fold may be beneficial for further osteogenesis, since 
the defect area has not been fully repaired. Moreover, 
we also found a large amount of ingrowing blood ves-
sels inside the MC scaffolds, which indicates that the 
vascularization degree of the collagen scaffolds can also 
be improved after mineralisation. 

The blood supply to the mandible in rats is lim-
ited, which makes it even harder to regenerate than 
other hard tissue such as skull bone30. Findings in this 
research prove that the MC scaffold is a promising 
candidate for TE scaffolds. This scaffold can not only 
promote osteogenesis, but also provide adequate repair 
time and an affluent blood supply. Therefore, within 
the limits of the present study, it may be concluded that 
the MC scaffold, loaded with SDF-1  creating a matrix 
environment conducive to stem cell migration, can be 
exploited to improve bone regeneration as an alterna-
tive to contemporary cell seeding approaches. Further 
research should be directed toward the fabrication of 
3D porous collagen scaffolds with a hierarchical nano-
structure to natural bone to achieve more satisfactory 
bone regeneration.
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