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Co-delivery and controlled release of stromal cell-derived
factor-1a chemically conjugated on collagen scaffolds enhances
bone morphogenetic protein-2-driven osteogenesis in rats
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Abstract. There has been considerable focus in investiga-
tions on the delivery systems and clinical applications of bone
morphogenetic protein-2 (BMP-2) for novel bone formation.
However, current delivery systems require high levels of BMP-2
to exert a biological function. There are several concerns in
using of high levels of BMP-2, including safety and the high
cost of treatment. Therefore, the development of strategies to
decrease the levels of BMP-2 required in these delivery systems
is required. In our previous studies, a controlled-release system
was developed, which used Traut's reagent and the cross-linker,
4-(N-maleimi-domethyl) cyclohexane-1-carboxylic acid
3-sulfo-N-hydroxysuccinimide ester sodium salt (Sulfo-SMCC),
to chemically conjugate BMP-2 directly on collagen discs. In
the current study, retention efficiency and release kinetics of
stromal cell-derived factor-1a (SDF-1a) cross-linked on collagen
scaffolds were detected. In addition, the osteogenic activity
of SDF-1la and suboptimal doses of BMP-2 cross-linked on
collagen discs following subcutaneous implantation in rats were
evaluated. Independent two-tailed t-tests and one-way analysis
of variance were used for analysis. In the present study, the
controlled release of SDF-1a chemically conjugated on collagen
scaffolds was demonstrated. By optimizing the concentrations of
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Traut's reagent and the Sulfo-SMCC cross-linker, a significantly
higher level of SDF-1a was covalently retained on the collagen
scaffold, compared with that retained using a physical adsorp-
tion method. Mesenchymal stem cell homing indicated that the
biological function of the SDF-1a. cross-linked on the collagen
scaffolds remained intact. In rats, co-treatment with SDF-1a and
a suboptimal dose of BMP-2 cross-linked on collagen scaffolds
using this chemically conjugated method induced higher levels
of ectopic bone formation, compared with the physical adsorp-
tion method. No ectopic bone formation was observed following
treatment with a suboptimal dose of BMP-2 alone. Therefore,
the co-delivery of SDF-la and a suboptimal dose of BMP-2
chemically conjugated on collagen scaffolds for the treatment of
bone injuries reduced the level of BMP-2 required, reducing the
risks of side effects.

Introduction

Bone graft procedures are frequently performed in oral
and maxillofacial surgery to treat defects of the maxilla or
mandible resulting from tumor resection, fractures, infec-
tion and skeletal dysplasia (1). Currently, the gold standard
approach involves autograft bone treatment, however, autograft
bone is not readily available and is associated with donor site
morbidity (2,3). Allograft bone and xenograft bone are feasible
alternatives, however, the risks of host rejection, disease trans-
mission and infections have limited their use (4).

Bone formation is a complex process, which involves inter-
actions between different cells, growth factors and extracellular
matrix to promote the proliferation, differentiation and migra-
tion of osteoprogenitor cells (5,6). The application of growth
factors to induce the natural healing of bone and promote bone
tissue remodeling may be a possible strategy to improve current
approaches for bone regeneration. During laboratory experi-
ments and clinical trials, growth factors have exhibited promising
therapeutic potential, however, few have been approved for clin-
ical use (4). Bone morphogenetic protein-2 (BMP-2) has been
approved for clinical application since 2002 (1). BMP-2 has been
successfully used in non-union fractures, joint fusions, critical
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bone defects and aseptic bone necrosis, which demonstrated
its use as a possible alternative to autografts (7-9). However,
soluble BMP-2 is rapidly degraded by proteolytic enzymes in
the body, making it difficult to achieve a stable maintenance
dose for treatment throughout the period of bone regeneration.
Furthermore, particularly in larger animal models and humans,
current delivery methods require high levels of BMP-2 to exert a
biological function (10). Using of high levels of BMP-2 is associ-
ated with several issues, including safety and the high cost of
treatment (11). Several strategies are being developed to decrease
the high doses of BMP-2 required, one of which is to develop a
controlled-release delivery system, which not only prevents the
fast degradation of BMP-2, but also provides continued release
throughout the entire process of bone formation (12-14). Other
possible approaches include augmenting bone healing using
different growth factors, cytokines or chemokines as co-thera-
peutics with treatments such as BMP-2 (15-17).

Stromal cell-derived factor-1 (SDF-1) belongs to the
proinflammatory CXC chemokine family (18); its receptor is
CXC chemokine receptor 4 (CXCR4) and they are expressed in
various tissues (19,20). The binding of SDF-1 to its complemen-
tary receptor, CXCR4, induces the homing of stem cells to the
bone marrow, and previous investigations have demonstrated
that SDF-1 is an important chemokine in recruiting stem and
progenitor cells for tissue restoration following injury, including
during the acute phase of bone repair (21-24). Several reports
have also shown that SDF-1 directly regulates the signaling
during BMP-2-induced mesenchymal cell progression towards
osteogenic differentiation in vitro (25,26) and in vivo (27-29).
In our previous study, a controlled-release system of BMP-2
cross-linked on a collagen disc was developed. The BMP-2
was chemically conjugated onto the collagen disc using
Traut's reagent and the cross-linker, 4-(N-maleimi-domethyl)
cyclohexane-1-carboxylic acid 3-sulfo-N-hydroxysuccinimide
ester sodium salt (Sulfo-SMCC) (30). This delivery system
was found to be suitable for use in bone tissue engineering.

In the present study, the chemical combination method using
Traut's reagent and the Sulfo-SMCC cross-linker was adapted to
chemically conjugate SDF-1a. on collagen discs. It was hypoth-
esized that this method can significantly increase the retention of
SDF-1a on the collagen scaffold without decreasing its biological
activity, and reduce the rate of release. The SDF-1a binding and
release rates were determined following cross-linking in vitro,
and cell homing assays were performed to investigate the
biological function of SDF-1a chemically conjugated on the
collagen disc. It was further hypothesized that the co-delivery of
BMP-2 and SDF-1a cross-linked on collagen scaffolds enhances
bone formation, whilst requiring significantly reduced levels of
BMP-2. By evaluating ectopic bone growth 28 days following
implantation in rats, the present study investigated the coop-
erative osteogenic effect of SDF-1a. and a suboptimal dose of
BMP-2, which were cross-linked on separate collagen discs. The
current study aimed to investigate whether the strategy inves-
tigated may enable reductions in BMP-2 doses, consequently
reducing the risk of side effects and the cost of therapy.

Materials and methods

Collagen discs. The collagen membranes, derived from ox
leather, (Fig. 1A) were provided by Zhenghai Biotechnology
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(Shandong, China). The uniform round collagen discs (6.4 mm
diameter; 0.5 mm thickness; Fig. 1B) were sterilized using
12 kGy Co-60 irradiation (GM-II; Beijing Gamma High-tech
Co., Ltd., Beijing, China) and were prepared, cut with a hole
puncher into uniform discs with a diameter of 6.4 mm and
thickness of 0.5 mm, as described previously (30,31). The
collagen discs were observed under a scanning electron micro-
scope (SEM; model S-4800; Hitachi, Tokyo, Japan; Fig. 1C).

Collagen scaffold modification using Traut's reagent.
Sulfhydryl (SH) groups were added to the collagen discs,
according to previously described methods (31). Briefly,
Traut's reagent (2-iminothiolane hydrochloride; Thermo
Fisher Scientific, Inc., Rockford, IL, USA) was dissolved in
phosphate-buffered saline (PBS) and 4 mM ethylenediamine
tetraacetic acid disodium (EDTA; Guangzhou Chemical
Reagent Company, Guangzhou, China), with a final concentra-
tion of 2.5 mg ml”. The collagen discs were placed into 100 pl
of Traut's reagent solution in a 96-well plate. After 12 h incuba-
tion at 4°C, the collagen-SH samples were rinsed three times
with 100 xl1 PBS and 4 mM EDTA (5 min/wash).

Cross-linking of SDF-1a onthe collagen disc using Sulfo-SMCC.
According to the manufacturer's protocol, a 50-fold molar
overdose of Sulfo-SMCC (Sigma-Aldrich, St. Louis, MO, USA)
was mixed with SDF-la (recombinant rat SDF-1a; PeproTech,
Rocky Hill, NJ, USA) at room temperature for 5 min. The
SDF-1-SMCC complex solution (100 uI) was then incubated with
the collagen-SH for 1 h at 4°C to form the collagen-SH-SMCC
construct. The collagen-SH-SMCC construct was rinsed
three times with PBS (5 min/wash) on a shaker to remove any
non-binding SDF-1a or excess cross-linking agent.

Efficiency of SDF-la retention on the collagen scaffolds.
The collagen discs were divided randomly into a cross-linked
collagen group and a physical adsorbed collagen group to assess
the efficiency of the conjugation of SDF-1a. The collagen discs
in the cross-linked group were modified using Traut's reagent, as
described above, and serially diluted SDF-1a. (20, 10, 5,2.5, 1.25
and 0 ugml™') was combined with the Sulfo-SMCC, as described
above. For each SDF-1a concentration, the collagen-SH was
soaked in 100 pl of the SDF-1a-SMCC solution for 1 h at 4°C.
The collagen discs in the physical adsorbed collagen group were
soaked in 100 1 PBS for 12 h at 4°C, and were then immersed in
each SDF-1la concentration solution in PBS for 1 h at 4°C. The
cross-linked collagen group and the physical adsorbed collagen
group were then washed with PBS (three times; 5 min/wash) to
remove any non-binding SDF-1a or excess cross-linking agent.

The present study used the improved direct enzyme-linked
immunosorbent assay (ELISA) technique to quantify the reten-
tion of SDF-1a on the collagen discs; this improved ELISA
was successfully used in our previous studies and those of
others (30-33). Briefly, the discs were blocked with 100 y1 bovine
serum albumin (50 mg ml'; MP Biomedicals, Solon, OH, USA)
in PBS for 1 h at room temperature in a 96-well plate. Following
washing twice in PBS with 0.05% Tween-20 (PBST), the discs
were incubated with 100 p1 rabbit polyclonal antibody to SDF-1a.
(1:1,000 in PBS; ab9797; Abcam, Cambridge UK) for 1 h at
room temperature. Following washing three times in PBST for
5 min, 100 ul of the AffiniPure goat anti-rabbit IgG (1:10,000 in
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PBS; E030220-01; EarthOx Life Sciences, San Francisco, CA,
USA) conjugated with alkaline phosphatase (AP) was added for
1 h at room temperature. Following washing, as above, three
times, 200 pl of 2 mg ml"' phosphorylated-nitrophenyl phos-
phate hexahydrate (Sigma-Aldrich) in AP buffer, containing
100 mM NaCl, 10 mM MgCl, and 100 mM Tris HCI (pH 9.6)
was added for 15 min. The bound protein was determined by
removing 100 pl of the colored substrate solution into a separate
96-well plate and measuring at an absorbance/optical density
(OD) of 405 nm (OD405) in an ELISA reader (Infinite 2000;
Tecan Group, Ltd., Médnnedorf, Switzerland).

Release kinetics of SDF-1a cross-linked on collagen scaffolds.
SDF-la (1 pg in 100 pl) was loaded onto collagen discs using
the cross-linking or physical adsorption techniques, according
to the methods described above. The collagen discs were
immersed in 100 1 PBS +0.02% sodium azide (Sigma-Aldrich).
After 0, 12, 24, 48,72, 96 and 120 h on a shaker at 37°C, the
dose of SDF-1a immobilized on the collagen discs at each time
point was analyzed using ELISA, as described above.

In vitro cell-homing. The bioactivity of SDF-1a cross-linked
on collagen was assessed by analyzing the chemotaxis of
mesenchymal stem cells (MSCs) in response to the SDF-1a
stimulus using a Transwell (Boyden chamber) migration assay.
Sprague-Dawley rat bone MSCs were isolated and purified for
culture in vitro and serial passage by the attachment culture
method in basal cell culture media. The third-generation
cells were digested with 0.25% trypsin and 0.02% EDTA to
obtain a single-cell suspension. The rat MSCs (2x10* cells in
250 ul) were placed in the upper chamber of 24-well Transwell
inserts containing polycarbonate membranes with 8-pm pores
(Corning Costar, Corning, NY, USA). Blank collagen scaffolds
and the collagen scaffolds cross-linked or physically adsorbed
with SDF-1a (1 ug) were placed in the lower chamber of
each Transwell containing 500 ul of Dulbecco's modified
Eagle's medium (Thermo Fisher Scientific, Inc.) supplemented
with 2% fetal bovin serum (Thermo Fisher Scientific, Inc.).
Following incubation at 37°C for 24 h, the cells were fixed
in 4% paraformaldehyde (Guangzhou Chemical Reagent
Company) for 15 min. The cells retained on top of the poly-
carbonate membrane of each Transwell were removed. The
migrated cells in the lower chamber of the Transwells were
analyzed by staining with 4',6-diamidino-2-phenylindole
(DAPI; Beijing Leagene Biotechnology Co., Ltd., Beijing,
China) and were detected in five randomly selected fields
(0.25 mm?; magnification, x200; Axiovert 40 C inverted
fluorescence microscope; Zeiss, Oberkochen, Germany). The
mean numbers of cells from the five fields were calculated.
The experiments were repeated three times.

Osteogenic activity of SDF-la and suboptimal doses of
BMP-2 cross-linked on collagen discs following subcutaneous
implantation in rats. A total of 24 male Sprague-Dawley rats
(weight, 220-250 g; age, 6~8 weeks) were housed in a tempera-
ture- (24~26°C) and light- (12/12 h light/dark cycle) controlled
environment, with free access to food and water. The rats were
used to evaluate the osteogenic activity of SDF-1a and subop-
timal doses of BMP-2 cross-linked on collagen discs. The
animal experiments were approved by the Animal Care and
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Research Committee of Sun Yat-sen University (Guangzhou,
China). Animal care and surgical procedures were performed
in accordance with the guidelines of Guangdong Association
on Laboratory Animal Care (Guangdong, China).

BMP-2 (2.5 ug thBMP-2; PeproTech, Rocky Hill, NJ, USA)
and SDF-la (1 ug rmSDF-la; PeproTech) were loaded onto
separate sterile collagen discs in a biosafety cabinet and trans-
ported for surgery in sterile boxes. Surgery was performed with
the animals above a heated pad. The rats were anesthetized via
an intraperitoneal injection of 30 mg kg™ pentobarbital sodium
(Military Veterinary Institute, Changchun, China). The dorsal
surface of the implant sites were shaved and disinfected using
a 10% betadine solution (Guangzhou Chemical Reagent
Company). A total of four 0.8-cm transverse incisions were
made, ~3 cm apart, on the dorsal midline of the rat, and the
skin and subcutaneous tissues were bluntly dissected to form
subcutaneous pockets. The four groups of implants were as
follows: i) Blank control group, the implant contained two
blank collagen scaffolds; ii) suboptimal BMP-2-cross-linked
group, the implant contained one blank collagen scaffold
and one collagen scaffold cross-linked with 2.5 ug BMP-2;
iii) SDF-1a/suboptimal BMP-2-physically adsorbed collagen
group, the implant contained one collagen scaffold adsorbed
with 1 ug SDF-1la and one collagen scaffold adsorbed with
2.5 ug BMP-2; iv) SDF-la/suboptimal BMP-2-cross-linked
group, the implant contained one collagen scaffold cross-linked
with 1 g SDF-1a and one collagen scaffold cross-linked with
2.5 ug BMP-2. The two overlapped discs were fixed with
absorbable sutures (Vicryl; Johnson & Johnson, Shanghai,
China) forming a compound implant. The four groups of
implants were randomly inserted into the pockets of each rat.
The rats were housed with one animal/cage and fed a normal
diet and water. A total of six animals were sacrificed 4 weeks
post-implantation by injection with an overdose of pentobarbital
sodium, and the discs were carefully removed. The specimens
were fixed in 4% paraformaldehyde for 2 days, embedded
in paraffin (Guangzhou Chemical Reagent Company) and
cut into 5-um sections. The sections were stained with von
Kossa staining (1% silver nitrate solution and counterstained
with hematoxylin and eosin staining; Guangzhou Chemical
Reagent Company). Quantitative analysis of the percentage
of calcium content was performed using Image-Pro Plus 6.0
software (Media Cybernetics, Inc., Silver Spring, MD, USA).

Statistical analysis. All statistical data were analyzed
using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA).
Independent two-tailed #-tests were used for two group
comparison, and one-way analysis of variance, followed by
Tukey's test was used for multiple group comparisons. All data
are expressed as the mean + standard deviation. P<0.05 was
considered to indicate a statistically significant difference.

Results and Discussion

Properties of collagen membranes. The SEM examina-
tion of the collagen membranes, obtained from Zhenghai
Biotechnology, showed that the surface contained multiple
pores (range, 50-200 um), and collagen fibers were loosely
packed and linked with each other to form a three-dimensional
network structure (Fig. 1C). This pore size range is conducive
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Figure 1. Collagen disc dimensions. (A) Overview of collagen scaffold (length, 2.5 cm; width, 2 cm). (B) Uniform round collagen disc (diameter, 6.4 mm;
thickness, x0.5 mm). (C) Scanning electron microscopy of the collagen disc (scale bar=50 ym).
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(B) Conjugation of SDF-1a on the collagen-SH scaffold using Sulfo-SMCC. SDF-1a, stromal cell-derived factor-1a; Sulfo-SMCC, 4-(N-maleimi-domethyl)

cyclohexane-1-carboxylic acid 3-sulfo-N-hydroxysuccinimide ester sodium salt.

to the attachment of cells and growth factors (31), and the stable
and mechanical structure of the collagen were suitable for
cell guidance and attachment. Collagen has several beneficial
properties, including low antigenicity, biocompatibility and
biodegradability (34,35), which has led to it being widely used
in the development and wound repair of organs and tissues,
including skin, bone and the vascular system (36-38).

SDF-1a conjugation on collagen-SH discs using Sulfo-SMCC.
In our previous experiment, collagen-SH discs (Fig. 2A) were
formed by treating collagen membranes with Traut's reagent,
which can add SH groups to primary amines (39). It was found
that saturation of the SH groups on the small round collagen
discs was achieved at a concentration of 2.5 mg ml” of Traut's
reagent (31). The cross-linker, Sulfo-SMCC, was then used
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Figure 3. Binding curves for SDF-1a with the Sulfo-SMCC cross-linker
and collagen-SH (SDF-1a cross-linked collagen group), and with phos-
phate-buffered saline and collagen (SDF-1la physically adsorbed collagen
group). ELISA was used to obtain measurements. Data are expressed as the
mean =+ standard deviation, “P<0.01. SDF-1a, stromal cell-derived factor-la;
Sulfo-SMCC, 4-(N-maleimi-domethyl) cyclohexane-1-carboxylic acid
3-sulfo-N-hydroxysuccinimide ester sodium salt; OD, optical density.

to conjugate vascular endothelial growth factor (VEGF) or
BMP-2 on the collagen-SH scaffolds, and the biological func-
tion of these growth factors was maintained (30,31).

In the present study, SDF-la was cross-linked on the
collagen scaffolds using the above strategy with Traut's reagent
and Sulfo-SMCC. The same (2.5 mg ml') concentration of
Traut's reagent was used to form the collagen-SH scaffolds. The
Sulfo-SMCC cross-linker reagent can covalently conjugate
amine- and SH-containing molecules. The amino groups of
SDF-1a can create amide bonds with the maleimide groups of
Sulfo-SMCC to form maleimide-activated SDF-1a (Fig. 2B),
which selectively reacts with the collagen-SH scaffolds made
by Traut's reagent. The results from the ELISA indicated that
SDF-la at concentrations >1.25 pg ml' showed improved
immobilization on the collagen-SH disc using Sulfo-SMCC,
compared with physical adsorption (Fig. 3). The immobilized
SDF-1a directly bound to the collagen scaffold reduced its
distribution and degradation, thus reducing the concentration
of SDF-1a required. The covalently conjugated SDF-1a on the
collagen scaffold was able to maintain an effective concentra-
tion of SDF-1a at the target location.

Release kinetics of SDF-1a post cross-linkage. The release of
SDF-1a cross-linked or physically adsorbed on the collagen
scaffolds within a 120 h period was detected by analyzing
the remaining protein on the collagen scaffolds at each time
point (Fig. 4). The cross-linked SDF-1a showed decreased
release, compared with the physically adsorbed SDF-1a, and
this release occurred in a controlled time-dependent manner
within the 120 h period. The physically adsorbed SDF-1a typi-
cally exhibited rapid release during the first 24 h, releasing
almost 60% of the SDF-1a adsorbed on the collagen scaf-
fold, compared with 20% of the SDF-1a cross-linked on the
collagen scaffold in the same period. Although equal doses of
SDF-1a were applied on the collagen scaffolds in each group,
a high level of SDF-1a remained in the cross-linked group,
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Figure 4. Release kinetics of SDF-1a from the collagen scaffold in vitro. Data
are expressed as the mean + standard deviation, "P<0.05, “P<0.01. SDF-1a,
stromal cell-derived factor-1a.

compared with the physical adsorption group at 0 h, even with
repeated washes during the assessment, which may be attrib-
uted to the manner of the binding of SDF-1la. These results
verified that cross-linked collagen scaffolds may be used for
sustained chemokine-release.

Therapeutic growth factors are required to bind non-specif-
ically to tissue constructs, maintain their conformation, and be
released in a manner that does not affect their biological func-
tions. Optimal carriers of therapeutic growth factors have two
predominant properties: i) The degradation rate of the carrier
is consistent with the rate of tissue repair from several weeks to
several months, with maintained release of appropriate growth
factors; and ii) have a high surface area to volume ratio and a
sufficient number of interconnected pores to provide sufficient
space, and a conducive environment for cellular growth and
neovascularization (4). Collagen, the predominant protein
component of natural extracellular matrix, has been extensively
investigated as a natural scaffold in tissue engineering, and its
capability to deliver growth factors to induce bone formation
has been well established (40). In our previous study, it was
confirmed that the degradation rate of cross-linked collagen
discs was reduced, compared with normal collagen discs, which
was of benefit to tissue restoration (31). In the present study,
the ability to control the slow release of SDF-1a conjugated to
collagen improved its effectiveness as a cell-homing agent by
reducing the requirement for continuous replenishment of the
SDF-1a, which is constantly lost by diffusion and/or degrada-
tion by exopeptidases and matrix metalloproteinases in an
inflammatory environment in vivo (41).

In vitro cell-homing. The bioactivity of SDF-1a cross-linked
on collagen scaffolds was evaluated using a modified Boyden
chamber (Transwell migration) assay, to determine whether
the released SDF-1a maintained its biological function as a
chemoattractant for stem cells. As shown in Fig. 5A and B, the
nuclei of the migrated MSCs were stained blue with DAPI, and
increased MSC migration was observed from the top to the
bottom of the Transwell in the SDF-1a cross-linked collagen
group, compared with the blank collagen group. The chemo-
tactic effect of the SDF-1a released from chemokine-loaded
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Figure 6. Von Kossa staining 4 weeks post-implantation. The black/brown staining shows positive calcium deposition. (A and B) The blank collagen group;
(C and D) the low dose BMP-2 cross-linked collagen group; (E and F) the SDF-1o/low dose BMP-2-physically adsorbed collagen group; and (G and H) the
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(B,D,F,H), scale bar = 20 ym, magnification, x400. SDF-1a, stromal cell-derived factor-la; BMP-2, bone morphogenetic protein-2.
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collagen scaffolds caused the MSCs to migrate from the top
to the bottom of the Transwells. Compared with the SDF-1a
physically absorbed collagen group, the SDF-1a. cross-linked
collagen group exhibited significantly reduced homing effects,
which may be explained by the burst release of SDF-1la in
the SDF-1a physical absorbed collagen group during the first
24 h. It was concluded that SDF-la retained on cross-linking
collagen scaffolds had preserved biological activity and slower
release.

Ectopic bone formation in vivo. In addition to strategies,
which reduce the high levels of BMP-2 required, other
approaches incorporate the co-delivery of different growth
factors, cytokines or chemokines with treatments, including
BMP-2, to augment bone healing. These approaches simulta-
neously deliver two growth factors to a target site. However,
each growth factor possesses different functions to regenerate
tissues, including bone and blood vessels, requiring appro-
priate combinations of growth factors for cooperative action
in regulating intact tissue regeneration (4).

In the present study, a controlled-release system for SDF-1a
and BMP-2 cross-linked on collagen scaffolds was developed
using the chemical conjugate method with Traut's reagent
and the Sulfo-SMCC cross-linker. The SDF-1la cross-linked
on the collagen disc almost reached saturation at concentra-
tions >10 ug ml"' SDF-1a. For the BMP-2 cross-linked on the
collagen scaffold, the same conditions were used as in our
previous study, and were those of Higashino et al with modi-
fication (28), in which a minimum threshold dose of rhBMP-2
(2.5 ng) as the suboptimal dose on each collagen pellet was
used in an athymic rat ectopic bone formation model. A BMP-2
concentration of 25 ug ml"' (2.5 pg in 100 pl) was used as the
suboptimal dose for cross-linking on the collagen scaffold.
Each implant site contained two collagen membranes fixed
by absorbable sutures, and each collagen membrane delivered
one growth factor conjugated on the collagen scaffold. This
method was simple and feasible as a delivery mechanism.

The present study analyzed the ectopic osteogenic effects
of the blank collagen group, sub-optimal BMP-2-cross-linked
collagen group, SDF-la/suboptimal BMP-2-physically
adsorbed collagen group and SDF-la/suboptimal
BMP-2-cross-linked collagen group using von Kossa staining.
The von Kossa staining technique can detect deposits of
calcium or calcium salt, with positive staining shown as dark
brown regions, indicating the presence of mineral content (42).
The newly formed bone was quantified by analyzing the
percentage of calcified bone tissue. Negative staining in the
blank group and suboptimal BMP-2-cross-linked group
were observed. The SDF-la/suboptimal BMP-2-physically
adsorbed group and SDF-la/suboptimal BMP-2-cross-linked
group exhibited dark brown staining, indicating bone forma-
tion (Fig. 6). The quantification of the percentages of calcified
tissue showed that the SDF-1a/suboptimal BMP-2-cross-linked
group (31.86+7.10%) induced a high level of calcium deposi-
tion, compared with the SDF-1a/suboptimal BMP-2-physically
adsorbed group (9.82+1.39%; Fig. 7). Statistical analysis
revealed that the difference between the two groups was
significant (P<0.01). Furthermore, SDF-1a/suboptimal BMP-2
cross-linked group showed higher calcium density, as indicated
by darker positive staining, compared with the SDF-1a/subop-
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timal BMP-2-physically adsorbed group. This indicated that
the rates in the SDF-1a/suboptimal BMP-2-cross-linked group
had a higher level of ectopic bone regeneration. These find-
ings further verified that this delivery vehicle was effective
for growth factors, and they showed that SDF-1a potentiated
suboptimal levels of BMP-2 to induce bone regeneration,
whereas suboptimal BMP-2 alone was not able to induce bone
regeneration.

Richardson et al reported on a novel vehicle, which
allowed for the tissue-specific delivery of two or more growth
factors with distinct kinetics, and their findings showed that
the dual delivery of VEGF-165 and platelet-derived growth
factor-BB resulted in the rapid formation of a mature vascular
network (43). The cooperative effects of the co-delivery of
BMP-2 with growth factors, including VEGEF, transforming
growth factor -3 or insulin-like growth factor-1 have been
investigated in vitro and in vivo using structural polymer
scaffolds for bone tissue regeneration and engineering
utility (44-47). Previously, several studies have focused on
the cooperative effects of BMP-2 and SDF-1. Herberg et al
reported that SDF-18 had potent synergistic effects on
BMP-induced local bone formation and may be a suitable
candidate for the optimization of bone augmentation, which
used significantly lower levels of BMP-2 for spinal, ortho-
pedic and craniofacial treatments (27). In this previous study,
BMP-2 and SDF-1 were physically adsorbed onto a collagen
sponge by soak-loading. Higashino et al reported that the
addition of SDF-1 to implants containing a suboptimal
level of BMP-2 enhanced the mobilization and migration
of MOPCs to the implant and induced ectopic bone forma-
tion (28). BMP-2 and SDF-1 were also physically adsorbed
on the collagen pellets by soak-loading. There are certain
limitations, including higher levels of growth factors and
rapid release, in the reports on the physical adsorption of
growth factors by soak-loading. Herberg et al also reported
on a delivery system for the sustained release of a low-dose
growth factor using biopatterning technology, which assisted
in the healing of CSD injuries. It was found that SDF-1f
augmented the ability of BMP-2 to drive the healing (48). The
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biopatterning technology was used to achieve the controlled
release of growth factors. In the present study, SDF-la and
BMP-2 directly cross-linked on collagen were used to obtain
slow controlled release and reduce the dose of growth factors
required. The results of the present study conceptualize a
process whereby the initial release of SDF-1a from a collagen
scaffold may stimulate stem cell migration to the collagen
scaffold, which subsequently promoted bone formation in the
presence of suboptimal levels of BMP-2.

The findings from the present study indicated that a higher
level of SDF-1a was retained on the collagen disc applying
Traut's reagent and the Sulfo-SMCC cross-linker, with intact
biological function. Accordingly, the SDF-1a cross-linked
collagen group showed more marked binding ability and
improved controlled release, compared with the SDF-1a
physically adsorbed collagen group. Co-therapy with SDF-1a
and suboptimal levels of BMP-2 chemically conjugated on
collagen scaffolds enhanced ectopic bone formation. This
strategy may enable decreases in doses of BMP-2, conse-
quently reducing the risk of side effects and the costs of
therapy.
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