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Abstract
This study investigated whether octacalcium phosphate (OCP) enhances bone regeneration through its synergistic effect with
stromal-derived factor-1 (SDF-1). Recombinant SDF-1 (0.5–5.0 μg) was combined with OCP granules through
lyophilization. OCP/SDF-1 granules were implanted into a rat femoral standardized defect for 2 and 4 weeks and subjected
to histomorphometry, C-X-C motif chemokine receptor 4 (CXCR4) and osteocalcin immunohistomorphometry, and tartrate-
resistant acid phosphatase (TRAP) staining. Calcium-deficient hydroxyapatite (CDHA) was used as a control for in vitro
analyses. Mesenchymal stem cell (MSC) migration was estimated using a Transwell system with OCP/SDF-1. SDF-1 release
from OCP/SDF-1 into the supernatant was determined without cells. SDF-1 adsorption in 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer onto OCP, the chemical structure of OCP immersed in the medium using Fourier
transform infrared spectroscopy, and the degree of supersaturation of the medium were determined. Bone regeneration and
OCP degradation were enhanced the most by 1.0 μg of OCP/SDF-1 at 2 weeks after implantation by CT analysis and
increasing CXCR4-positive, osteocalcin-positive, and TRAP-positive cells accumulation around the OCP. MSC migration
increased until 48 h in the following order: SDF-1 only, CDHA/SDF-1, and OCP/SDF-1, with the greatest effect with 1.0 μg
of SDF-1 than from OCP. CDHA promoted a greater release than OCP at 48 h. The physicochemical analyses indicated that
SDF-1 interacted with OCP through Freundlich-type adsorption and that the adsorption controlled SDF-1 release from OCP
during the hydrolysis into CDHA. Therefore, leveraging its molecular affinity for the OCP surface, OCP/SDF-1 facilitates
MSC migration and enhances bone formation by ensuring the controlled, sustained release of SDF-1 from OCP.
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1 Introduction

Octacalcium phosphate (OCP, Ca8H2(PO4)6･5H2O) has
recently become recognized as a bone substitute material that
exhibits highly osteoconductive properties than existing cal-
cium phosphate materials, such as hydroxyapatite (HA,
Ca10(PO4)6(OH)2) [1–5]. OCP is a precursor for the formation
of HA in aqueous solution [6, 7] and is considered a precursor
of bone apatite crystals [8]. OCP has been identified as a
precursor of bone apatite crystals with non-collagenous protein
osteocalcin in humans and rats [9], the protein affinity of
which was similar to the osteocalcin accumulation behavior
when OCP is implanted into a bone defect [10] and also to a
high affinity for tissue-specific proteins and serum proteins
[1, 11–18]. Further studies disclosed that OCP exhibited a
capacity including small molecules, such as carboxylates
[19–21], and some drugs showing antibacterial properties,
such as doxorubicin (DOX) [22] and metronidazole [23], can
be incorporated within the structure or adsorbed onto the
surface. However, the interaction between OCP and specific
molecules involved in bone-tissue-related cells function and its
effect on osteogenic activity have not been clarified.

OCP is a metastable phase at physiological pH and
undergoes irreversible phase transformation into non-
stoichiometric calcium-deficient hydroxyapatite (CDHA)
in vitro and in vivo [1, 2, 7, 24–29]. There is a general con-
sensus that the phase transformation of OCP to CDHA is
initiated spontaneously [7, 30–32]. OCP hydrolysis results in a
slight decrease in pH adjacent to the surface owing to the
occurrence of an inorganic ion gradient environment induced
by hydrolysis advancement [28, 33]. In vitro analyses of cel-
lular responses to OCP substantiated the following cellular
activating properties: (1) osteoblast differentiation of bone
marrow stromal cells in a dose-dependent manner [34], (2)
osteocyte differentiation from mesenchymal stem cells
(MSCs) in vitro and osteoblast precursor cells in vivo in a non-
contact manner with OCP [35, 36], (3) formation of osteo-
clasts in a co-culture of osteoblasts and bone marrow macro-
phages without the addition of receptor activator of NF-
kappaB ligand, an osteoclast differentiation factor [37], which
explains the superior biodegradability of OCP material in vivo
in comparison with other existing calcium phosphate materials
such as HA and β-tricalcium phosphate [10], (4) migration of
macrophages, which are osteoclast precursor cells [38], (5)
capillary-like tube formation of human umbilical vein endo-
thelial cells [39], (6) accumulation and differentiation of
committed osteoblast progenitors (leptin receptor-expressing
bone marrow-derived MSCs) around the material [40].

Although OCP is a material with high potential for clinical
application based on the bone tissue-related cellular activating
capacity explained above [10, 34–40], the bone graft treat-
ment, in particular autografts, is still widely used [41, 42]. This
is because autologous bone is recognized as the most reliable

bone replacement material that stems from the inclusion of
cellular components, growth factors, and cellular scaffold
materials (collagen and bone apatite crystals) [43]. In a direct
comparison of bone regeneration in rat calvarial bone defect
implantation between OCP granules and autologous bone,
superior bone regeneration was observed with autologous
bone [44]. However, when autologous bone and OCP are
combined, osteoblast activation occurs because of the chemi-
cal interaction of OCP with autologous bone apatite crystals
through crystal dissolution and re-precipitation mechanisms
[44]. These results further strengthen the rationale for using
OCP for bone regeneration [45]. There may be several man-
ners to increase the bone regeneration of OCP, which can be
achieved by modifying the material properties themselves
[46, 47], increasing the bone regeneration ability by combining
MSCs [48] using conventional tissue engineering techniques,
or adding growth factors [5].

C-X-C motif chemokine ligand 12 (CXCL12), also
known as stromal-derived factor-1 (SDF-1), is a chemokine
belonging to the CXC family [49]. A chemokine is a small
secreted protein with four cysteine residues linked by two
disulfides in two cysteine residues [50–53]. SDF-1 is con-
sidered to play a chemotactic role in MSCs by increasing
cell motility gene expression [49] and recruiting endothelial
precursor cells to tissue-regenerating portions [54]. It has
been reported that SDF-1 can be incorporated into scaffold
materials, such as poly (lactide-co-glycolide) [55] and HA
materials [56]. The effect of SDF-1 on OCP, the molecular
interaction between SDF-1 and OCP, and the sustained
release characteristics of OCP when adsorbed on the
material are not yet known. However, because OCP has a
unique structure consisting of apatite and hydrated layers
[6], we expected that OCP might function as a good
adsorbent for SDF-1, resulting in the possible enhancement
of the synergistic effect on bone formation.

This study investigated whether there is a synergistic
effect between OCP and SDF-1. Therefore, we investigated
the histomorphometry of bone regeneration after OCP/SDF-
1 implantation in femoral bone defects in vivo, migration of
MSCs in the presence of OCP in vitro, adsorption capacity
of OCP for SDF-1 in vitro, sustained release behavior of
SDF-1 from OCP/SDF-1, and hydrolysis characteristics of
OCP during release in vitro in comparison with CDHA
prepared from OCP hydrolysis [2, 14, 40].

2 Materials and methods

2.1 Preparation of SDF-1-loaded OCP and CDHA
granules

Both OCP and CDHA were prepared in the laboratory
according to the methods previously reported. OCP was
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prepared from a supersaturated solution with respect to OCP
and HA using the direct precipitation method [1]. CDHA was
synthesized by hydrolyzing the original OCP with constant
stirring at 65 °C for 48 h [14]. The synthesized OCP and
CDHA were sieved to prepare granules with a particle size of
300–500 μm. The granules were sterilized by dry heating at
120 °C for 2 h, instead of autoclaving sterilization to avoid
partial collapse of the crystal structure of OCP [1, 2].

Recombinant human SDF-1α (300-28 A, PeproTech,
Inc., Rocky Hill, NJ, USA) was dissolved at 0.02, 0.04, and
0.20 μg in 1 μL of phosphate buffer saline (PBS) and then
sterilized using Millipore filters with 0.22-μm pores. Then,
25 μL of PBS containing SDF-1 at 0.02, 0.04, and 0.20 μg/μL
was dropped onto 5.0 mg of OCP granules to prepare OCP
granules loaded with 0 (OCP), 0.5 (OCP/0.5 μg SDF-1), 1.0
(OCP/1.0 μg SDF-1), and 5.0 μg (OCP/5.0 μg SDF-1) of
SDF-1, respectively. The granules were mixed with PBS
containing SDF-1 for several seconds. OCP granules with
SDF-1/PBS were frozen at −20 °C for 24 h and then lyo-
philized for 48 h. The CDHA granules loaded with 0
(CDHA) and 1.0 μg (CDHA/1.0 μg SDF-1) of SDF-1 were
also prepared using the methods described above.

The morphologies of OCP and CDHA before and after
the loading of 1.0 μg SDF-1 were observed using a scanning
electron microscope (SEM, JSM-6390LA; JEOL LTD.,
Tokyo, Japan) at an acceleration voltage of 10 kV. The
specimens for SEM observations were coated with Pt.

2.2 In vitro experiments

2.2.1 MSC migration assay

Mouse bone marrow-derived MSC line D1 cells (ATCC,
Rockville, Maryland, USA) were maintained in a culture
medium in 5% CO2 and 95% air atmosphere under humidified
conditions at 37 °C. The medium consisted of high-glucose
Dulbecco’s modified Eagle’s medium (Fujifilm Wako Pure
Chemical Co., Osaka, Japan), 10% fetal bovine serum (Bio-
sera Inc.), and 1% penicillin-streptomycin mixed solution
(Nacalai Tesque, Inc., Kyoto, Japan). Then, 5.0 mg of OCP/
0.5 μg SDF-1 (n= 3), OCP/1.0 μg SDF-1 (n= 3), OCP/5.0 μg
SDF-1 (n= 3), CDHA/1.0 μg SDF-1 (n= 3), OCP, and
CDHA (n= 3) were placed on the bottom of 24-well plates
and soaked in 800 μL of culture media. Subsequently, a
Transwell (Cell Culture Insert, 8.0 μm pore size, FALCON®;
Corning Inc., Corning, NY, USA) was applied to each well.
D1 cells (passage 5–6) were seeded on the Transwell at
9.9 × 104 cells/well and incubated in 1.1mL of culture med-
ium in 5% CO2 and 95% air atmosphere under humidified
conditions at 37 °C for 48 h. D1 cells in the absence of SDF-1
were used as a control group. Cells in the culture medium
supplemented with PBS containing SDF-1 (final amount in the
medium: 1.0 μg) were incubated as 1.0 μg SDF-1 group.

At 48 h, the incubated cells were collected using trypsin-
EDTA (Nacalai Tesque, Inc.) to count the number of cells
in the Transwell. The percentage of cells migrating from the
surface of the Transwell to the OCP/SDF-1 or CDHA/SDF-
1 was calculated using Eq. (1):

Cell migration rateð%Þ ¼ N0 � N48h

N0
� 100 ð1Þ

N0 and N48h represent the initial and remaining cell numbers
at 48 h in the Transwell, respectively.

2.2.2 Change in SDF-1 concentration in media and SDF-1
release rate from OCP or CDHA granule

Five milligrams of OCP/SDF-1 (0.5, 1.0, and 5.0 μg SDF-
1) and CDHA/SDF-1 (1.0 μg SDF-1) were incubated in
1.1 mL of culture media in the absence of D1 cells in 5%
CO2 and 95% air atmosphere under humidified conditions
at 37 °C for 3, 6, 24, and 48 h. After incubation, culture
medium supernatants were collected through centrifuga-
tion. The concentrations of SDF-1 in the collected
supernatants were determined using human SDF-1α
ELISA (900-K92, Peprotech Inc.). The concentrations in
the culture media supplemented with 1.0 μg/mL SDF-1
were measured after incubations at 3, 6, 24, and 48 h. The
release rates of SDF-1 from OCP and CDHA were esti-
mated using the measured SDF-1 concentrations for each
incubation period.

2.2.3 Adsorption test

The adsorption of SDF-1 onto OCP and CDHA was
examined in the buffer, simulating the physiological
environment. First, 100 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES)- 50 mM NaCl containing
0.5 mM Ca2+ and 0.5 mM Pi ion (pH 7.4, 37 °C) was pre-
pared. The buffer was prepared to be saturated and super-
saturated with respect to OCP and HA, respectively [57].
SDF-1 (PeproTech) was dissolved in HEPES buffer at
concentrations of 0.05, 0.075, 0.10, 0.25, and 0.50 μg/mL.
OCP (16 m2/g) and CDHA (45 m2/g) granules [14] with a
diameter of <53 μm were soaked in the buffer containing
SDF-1 with a rotation mixing for 1 h at 5 mg/mL. After
incubation, supernatants were collected through cen-
trifugation. The SDF-1 concentration in the supernatants
before and after the incubation was determined using a
Human CXCL12/SDF-1 alpha ELISA kit (DSA00, R&D
Systems, Minneapolis, MN, USA) to estimate the amount of
SDF-1 adsorbed onto OCP and CDHA. The adsorption
isotherms were approximated using the Freundlich isotherm
equation Eq. (2):

W ¼ Kf �C1=n ð2Þ
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Where W is the amount of adsorbate adsorbed, C is the
equilibrium adsorbate concentration, and Kf and n are
adsorption parameters.

2.2.4 Change in Ca2+ and inorganic phosphate (Pi) ion
concentration and pH in cell culture media

The supernatants of culture media incubated with OCP,
OCP/SDF-1 (0.5, 1.0, and 5.0 μg SDF-1), CDHA, and
CDHA/SDF-1 (1.0 μg SDF-1) granules were collected at
48 h. Chemical analysis kits were used to determine the
concentrations of Ca2+ and Pi ions in the culture medium
(Calcium E and Phosphor C tests; Fujifilm, Wako Pure
Chemical Co.). The pH of the supernatants was measured
using a pH electrode (9616S-10D; HORIBA, Ltd., Kyoto,
Japan).

The degree of supersaturation (DS) with respect to
OCP, HA, and DCPD in the culture media incubated with
SDF-1-loading OCP and CDHA granules was calculated
using Eq. (3):

DS ¼ IP
Ksp

� �1
ν ð3Þ

Where IP, Ksp, and ν are ionic activity products, solubility
product constant with respect to each calcium phosphate at
37 °C, and the number of ions in calcium phosphate,
respectively. The Ksp values used for HA, OCP, and DCPD
were 7.36 × 10−60 (mol/L)9 [58], 2.51 × 10−49 (mol/L)8 [59],
and 2.77 × 10−7 (mol/L)2 [60], respectively. The analytical
results for Ca2+ and Pi concentrations and pH were used
to calculate the IP value based on three mass balance
values for Ca2+, Mg2+, and Pi ions [61, 62] at an ion
strength of I= 150 mM. In the calculations, the presence
of HCO3

− and ion pairs of CaH2PO4
+, CaHPO4

+,
MgHPO4

+, CaHCO3
+, and MgHCO3

+ were assumed in
the supernatants. The DS values (1.0, <1.0, and >1.0)
indicated saturation, undersaturation, and supersaturation,
respectively.

2.2.5 Fourier transform infrared spectroscopic (FTIR)
analysis of SDF-1-loading OCP and CDHA after the
incubations in the cell culture media

The chemical structures of OCP and CDHA loaded with
SDF-1 before and after incubation in the culture media were
analyzed using Fourier transform infrared spectroscopy
(FTIR, FT/IR-6300, JASCO Corporation, Tokyo, Japan).
The incubated granules were washed thrice with ultra-pure
water and frozen at −20 °C for 24 h. The frozen specimens
were lyophilized for 48 h. FTIR spectra of specimens were
measured using the KBr method over the range of
1800–400 cm−1 with a resolution of 4 cm−1.

2.3 Animal experiments

2.3.1 Implantation of OCP/SDF-1 in a rat femur defect

Twelve-week-old male Sprague-Dawley rats (Japan SLC
Inc. Hamamatsu, Japan) were used for animal experiments
in this study. The bone formation and degradation of OCP
loaded with different amounts of SDF-1 were examined in a
standardized rat femur defect model. All experiments fol-
lowed the principles of standard laboratory animal care and
national laws. All animal handling and treatment protocols
were approved by the Animal Research Committee of
Tohoku University (approval number: 2021DnA-029-01).
The rats were anesthetized by an intraperitoneal injection of
0.375 mg/kg medetomidine (ZENOAQ, Koriyama, Japan)
and 2.5 mg/kg butorphanol (Meiji Animal Health Co.,
Tokyo, Japan) according to the body weight of the animals
after anesthesia induction with isoflurane (MSD Animal
Health, Tokyo, Japan). A standardized bone defect (3.0 mm
in diameter, 3.0 mm in depth) at the lateral center of the left
femur was created using a trephine drill. The bone cavity
was continuously flushed with sterile saline to remove
debris. The femur defects were filled with 5.0 mg of OCP/
0.5 μg SDF-1 (n= 5), OCP/1.0 μg SDF-1 (n= 5), OCP/
5.0 μg SDF-1 (n= 5), OCP without SDF-1 (n= 5).
Although there were almost no fractures observed in the
experiments, there were rare cases in which they occurred,
and in such cases, additional experiments were conducted to
ensure the number of experiments. Animals were sacrificed
by isoflurane overdose, and femurs were collected at 2 and
4 weeks after implantation.

2.3.2 Microfocus X-ray computed tomography (Micro-CT)
analysis

The collected femurs with implantation of OCP/SDF-1 and
OCP were observed using a microfocus X-ray computed
tomography (micro-CT) system (Scan XmateE090, Coms-
cantecno Co., Ltd., Kanagawa, Japan) operating at 80 kV
and 95 μA. Micro-CT images were analyzed using three-
dimensional image analysis software (Tri-3D Bone, Ratoc,
Tokyo, Japan) to measure the volumes of new bone and
remaining OCP granules. The defect with a diameter of
3.0 mm and height of 3.0 mm was determined as a region of
interest (ROI) in the coronal section image aligned with
images of sagittal and horizontal sections. We also eval-
uated bone mineral density in the bone defect area using
3-dimensional reconstructed models.

2.3.3 Tissue preparation and histological analysis

The collected femur tissues were fixed with 10% paraf-
ormaldehyde for 72 h and then decalcified in a 10% EDTA
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solution at pH 7.1 and 4 °C for 4 weeks. The tissues were
treated with a graded series of ethanol solutions for dehy-
dration and embedded in paraffin. The femur region,
including the defect center, was sectioned into 3 μm thick
slices. The sections were stained with hematoxylin and
eosin (HE). The defect regions treated with OCP/SDF-1 and
OCP were observed using a virtual slide scanner (Nano-
Zoomer®, Hamamatsu Photonics K.K., Hamamatsu, Japan).
The rates of newly formed bone and remaining implants in
the defect region were calculated using Eqs. (4) and (5),
respectively.

n� boneð%Þ ¼ newly formed bone areaðmm2Þ
original bone defect areaðmm2Þ � 100

ð4Þ

r � implantð%Þ ¼ remaining OCP areaðmm2Þ
original bone defect areaðmm2Þ � 100

ð5Þ

2.3.4 Tartrate-resistant acid phosphatase staining (TRAP)

Tissue sections were deparaffinized and then stained with a
tartrate-resistant acid phosphatase (TRAP)/alkaline phos-
phatase staining kit (Fujifilm Wako Pure Chemical Co.) for
TRAP and cell nuclei. The stained sections were imaged
using an optical microscope. The number of TRAP-positive
multinucleated giant cells in the ROI within the defect area
or surrounding the remaining OCP granules was quantified
using ImageJ 1.54i software (National Institutes of Health,
Maryland, USA).

2.3.5 C-X-C motif chemokine receptor 4 (CXCR4)
immunostaining

Expression of C-X-C motif chemokine receptor 4 (CXCR4),
a specific receptor for SDF-1, was evaluated using immu-
nostaining. After CXCR4 immunostaining, the number of
CXCR4-positive cells per unit area in each section was
counted. The sections were treated with proteinase K (Dako,
California, USA) to expose the antigen, followed by an
overnight incubation at 4 °C with a primary antibody
specific to CXCR4 (Clone: UMB2, Anti-Rat CXCR4,
Monoclonal, Abcam, Cambridge, UK). To quench the
endogenous peroxidase activity, the sections were exposed
to 1% hydrogen peroxide in ethanol for 20 min. This was
followed by incubation with a peroxidase-labeled rat tissue
secondary antibody (N-Histofine Simple Stain Rat MAX
PO(M); Nichirei Bioscience Inc., Tokyo, Japan). The tis-
sues were stained with 3,3′-diaminobenzidine tetra-
hydrochloride (DAB Reagent Set, Kirkegard and Perry
Laboratories Inc., MD, USA) and counterstained with

hematoxylin. Optical microscopy images of the sections
were obtained, and CXCR4-positive cells within the ROI
were quantified for histomorphometric analysis.

2.3.6 Osteocalcin immunostaining

The number of osteocalcin-positive osteoblastic cells
(/mm2) within the defects treated with OCP and OCP/SDF-
1 was quantified using osteocalcin immunostaining, as
previously described [63, 64]. Tissue sections were sub-
jected to antigen retrieval with proteinase K (Dako) and
incubated overnight at 4 °C with a monoclonal antibody
specific to rat osteocalcin (Clone 6-7H, Takara Bio Inc).
Following the primary antibody reaction, endogenous
peroxidase activity was inhibited by treating the tissues
with 1% H2O2 in ethanol for 20 min. Subsequently, a
secondary antibody reaction was performed using a
peroxidase-labeled rat-specific secondary antibody (N-
Histofine Simple Stain Rat MAX PO(M), Nichirei
Bioscience Inc). The reaction was visualized using 3,3′-
diaminobenzidine tetrahydrochloride (DAB Reagent Set,
Kirkegard and Perry Laboratories Inc), and the sections
were counterstained with hematoxylin. Immunostained
sections were imaged using a digital slide scanner (Nano-
Zoomer-SQ, Hamamatsu Photonics K.K.).

For quantitative analysis, one section per animal from
each treatment group was evaluated at 2 and 4 weeks post-
implantation. Images were acquired from a field of view
encompassing the entire defect region. The number of
osteocalcin-positive cells was quantified per unit area within
the region of interest (a 3-mm-wide defect area) based on
the scanned images.

2.4 Statistical analysis

Results are expressed as mean ± standard deviation. One-
way analysis of variance with a post hoc Tukey-Kramer test
was used to examine statistical differences. Statistical ana-
lyses were performed using data analysis software (JMP
version 17.1; SAS, Cary, NC, USA). Differences were
considered statistically significant at p < 0.05.

3 Results

3.1 Microstructure of SDF-1-loaded OCP and CDHA
granules

Figure 1 shows the SEM images of OCP and CDHA
granules before and after the loading of SDF-1. The
aggregation of plate-like crystals toward the long axis was
observed in the OCP and CDHA granules. The width of the
plate-like crystals tended to be smaller for CDHA than for
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OCP. The granular form and crystal morphology of OCP
and CDHA were maintained after the process of SDF-1
loading.

3.2 MSC migration to OCP/SDF-1 and CDHA/SDF-1
in vitro

Figure 2A shows the rate of MSC migration toward OCP/
SDF-1 and CDHA/SDF-1 cells in vitro at 48 h. The
migration rates of MSCs in the OCP/SDF-1 and OCP
groups were higher than in the control and 1.0 μg SDF-1
groups. The migration rates in the CDHA and CDHA/1.0 μg
SDF-1 were also significantly higher than in the control
group. In addition, the migration rate for the OCP and
CDHA groups tended to increase compared with the 1.0 μg
SDF-1 group.

A significant difference was observed between the con-
trol and the OCP or OCP/SDF-1 groups. The migration rate
increased with increasing SDF-1 loading in the OCP range
of 0–1.0 μg. However, the migration rate in the OCP/5.0 μg
SDF-1 decreased compared with other OCP/SDF-1 groups.
A significant difference was observed between the 1.0 μg
SDF-1 and OCP/1.0 μg SDF-1 groups. In addition, the
OCP/1.0 μg SDF-1 rate tended to be higher than in the
CDHA/1.0 μg SDF-1.

3.3 SDF-1 concentrations in cell culture media
incubated with OCP/SDF-1 and CDHA/SDF-1

Figure 2B shows the changes in SDF-1 concentrations in
the culture media after OCP/SDF-1 and CDHA/SDF-1
incubation for 3, 6, 24, and 48 h. The concentration of SDF-
1 in the medium incubated with OCP/SDF-1 increased with

the increase of the incubation period up to 24 h and then
decreased at 48 h. The concentration in the 1.0 μg SDF-1
group was higher than in the CDHA/1.0 μg SDF-1 and
OCP/0.5 and 1.0 μg SDF-1 groups at 3 h. However, the
concentration for the 1.0 μg SDF-1 group decreased with
the increase of the incubation periods. The SDF-1 con-
centration in the OCP/5.0 μg SDF-1 drastically increased
compared with the other OCP/SDF-1 groups at 3 h. At 3 h,
the SDF-1 concentration in the OCP/1.0 μg SDF-1 group
was higher than in the OCP/0.5 μg SDF-1 group. The order
of SDF-1 concentrations in the OCP/SDF-1 groups at 3 h
was maintained until 48 h. Furthermore, the concentration
of SDF-1 in the CDHA/1.0 μg SDF-1 group tended to be
higher than in the OCP/1.0 μg SDF-1 at 3 h and 6 h. After
incubation for 24 and 48 h, these groups showed similar
concentrations in the culture media.

Figure 2D shows the changes in SDF-1 release rates of
OCP/SDF-1 and CDHA/SDF-1 during incubation in cell
culture media. The SDF-1 release rate for all OCP/SDF-1
groups slightly increased from 0 to 24 h; however, the rate
for the CDHA/1.0 μg SDF-1 group increased from 0 to 3 h
and then was maintained. The release rate of the OCP/SDF-
1 group increased with the amount of SDF-1 loaded onto
the granules during each incubation period. The release rate
for the CDHA/1.0 μg SDF-1 was higher than that for the
OCP/1.0 μg SDF-1 group at 3 and 6 h, and the release rates
for these groups were similar from 24 to 48 h.

3.4 Adsorption analysis

Figure 2E shows the SDF-1 adsorption isotherms of OCP
and CDHA in 100 mM HEPES- 50 mM NaCl buffer,
saturated and supersaturated with respect to OCP and HA,

Fig. 1 SEM images of OCP (A, B), OCP/1.0 μg SDF-1 (C, D), CDHA (E, F), and CDHA/1.0 μg SDF-1 (G, H) at lower (A, C, E, G) and higher
magnifications (B, D, F, H). Bars= 500 μm (A, C, E, G) and 1 μm (B, D, F, H)
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respectively. The amounts adsorbed onto OCP and CDHA
increased with increasing equilibrium concentrations. The
amount of adsorbed onto OCP was larger than that onto

CDHA, ranging from 0.0025 to 0.012 μg/mL. The adsorp-
tion isotherms of SDF-1 onto OCP and CDHA were
approximated using the Freundlich adsorption isotherm
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equation to calculate the adsorption parameters (Table 1).
The correlation coefficients for OCP and CDHA indicate
that the isotherms obtained in the adsorption tests fit the
Freundlich equation well. The calculated 1/n values were
similar for OCP and CDHA. However, the value of Kf for
the OCP was higher than that for CDHA.

3.5 Ion concentrations and DS with respect to
calcium phosphates in culture media

Table 2 shows the ion composition of the cell culture medium
before and after incubation with OCP/SDF-1 and CDHA/
SDF-1 for 48 h. Ca2+ concentration decreased after incubation
with OCP/SDF-1 and CDHA/SDF-1. The Ca2+ concentrations
in the OCP and OCP/SDF-1 groups were higher than in the
CDHA and CDHA/1.0 μg SDF-1 groups. Although the Pi ion
concentrations in the media incubated with CDHA and
CDHA/SDF-1 decreased, those in the media incubated with
OCP and OCP/SDF-1 increased slightly. The pH values of
culture media were ~7.8 after incubation with OCP and
CDHA, regardless of the amount of SDF-1 loaded.

The calculated DS values with respect to calcium phos-
phates in the culture medium before and after incubation
with OCP and CDHA granules loaded with different
amounts of SDF-1 are shown in Table 2. DS with respect to
DCPD suggested that all culture media were undersaturated
with respect to DCPD. The DS values indicated that the
culture media were supersaturated with respect to HA and
OCP after incubation with OCP and OCP/SDF-1 granules
for 48 h. The DS values with respect to HA were higher
than those with respect to OCP in culture media in the
presence of OCP and OCP/SDF-1 granules. The DS values
also indicated that the culture media were supersaturated
with respect to HA and undersaturated with respect to OCP
after incubation with CDHA and CDHA/SDF-1 granules.
The DS value with respect to HA and OCP increased in the
CDHA/1.0 μg SDF-1 group compared with the CDHA
group at 48 h. However, the DS with respect to HA and
OCP decreased in the OCP/1.0 μg SDF-1 group compared
with the OCP group.

3.6 FTIR analysis of OCP/SDF-1 and CDHA/SDF-1
incubated in the culture media

Figure 3 shows the FTIR spectra of OCP/SDF-1 and CDHA/
SDF-1 before and after incubation in cell culture media for
48 h. The bands of ν4 PO4 were detected at 560 and 600 cm−1

in the OCP and OCP/SDF-1 spectra before incubation. The
bands attributed to ν3 PO4 and ν3 PO4/HPO4 appeared in these
spectra at 1023 and 1060 cm−1, respectively. The bands cor-
responding to ν3 HPO4 (5) and ν3 HPO4 (6) were detected at
1103 and 1124 cm−1, respectively. After the incubations at
48 h, the intensities of bands attributed to ν3 HPO4 (5) and ν3
HPO4 (6) decreased in the OCP and OCP/SDF-1 spectra
regardless of the loading amount of SDF-1. However, the
intensities of ν3 HPO4 (5) and ν3 HPO4 (6) tended to be higher
in the OCP/5.0 μg SDF-1 than in the OCP/1.0 μg SDF-1 and
OCP/0.5 μg SDF-1 after the incubations. In the CDHA and
CDHA/SDF-1 spectra, bands of ν4 PO4 were detected at 560
and 600 cm−1, and the band attributed to OH was observed at
630 cm−1. The bands corresponding to ν3 PO4 and ν3 HPO4

appeared in these spectra at 1028 and 1090 cm−1. The char-
acteristic bands attributed to CDHA were maintained after
incubation with or without SDF-1 loading. After immersion in
OCP and CDHA, regardless of the amount of SDF-1 loading,
bands corresponding to amide I and II were detected at 1650
and 1540 cm−1, respectively.

3.7 Micro-CT analysis of rat femur defects implanted
with OCP/SDF-1 granules

Figure 4 shows the micro-CT images of the sagittal sections
of the bone defect after OCP/SDF-1 granule implantation at
2 and 4 weeks. The radiopaque regions with granular shape
were observed in both intramural and cortical bone areas in
the defect region after the OCP, OCP/0.5 μg SDF-1
implantation, and OCP/5.0 μg SDF-1 at 2 weeks. How-
ever, granular radiopaque areas seemed to be blurred, and
radiopaque intensity tended to be higher in the OCP/1.0 μg
SDF-1 group at 2 weeks. The granular radiopaque regions
in the intramedullary bone region decreased, and the
radiopaque intensity in the cortical bone region increased at
4 weeks compared to 2 weeks, regardless of the amount of
SDF-1 loaded on the OCP granules. At 4 weeks, the
remaining granular radiopaque areas seemed smaller in the
OCP/1.0 μg SDF-1 group than in the other groups.

Fig. 2 Migration rates of mouse bone marrow-derived MSCs cultured
in the presence of 1.0 μg SDF-1, OCP/SDF-1 (0, 0.5, 1.0, and 5.0 μg),
and CDHA/SDF-1 (0 and 1.0 μg) granules at 48 h (*p < 0.05,
**p < 0.01, ***p < 0.001) (A). Changes in SDF-1 concentration in cell
culture media incubated with 1.0 μg SDF-1, OCP/SDF-1, and CDHA/
SDF-1 at 3, 6, 24, and 48 h (B). The region with a broken line indicates
the area shown as a magnified graph in Fig. 2C. Magnified graph of
changes in SDF-1 concentration in the culture media (C). SDF-1
release rates of OCP and CDHA granules in culture media at 3, 6, 24,
and 48 h (D). Adsorption isotherms of SDF-1 onto OCP and CDHA
plotted as adsorption amount per unit surface area of OCP and CDHA,
respectively, as a function of SDF-1 equilibrium concentration in the
100 mM HEPES-50 mM NaCl buffer containing 0.5 mM Ca2+ and
0.5 mM Pi ion at pH 7.4 and 37 °C (E)

Table 1 Parameters of SDF-1 adsorption onto OCP and CDHA
estimated by approximating the adsorption isotherms to Freundlich’s
isotherm equation

Adsorbents Kf 1/n R2

OCP 7413 2.01 0.948

CDHA 2238 1.99 0.946
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Table 2 Solution composition
and degree of supersaturation
(DS) of culture media incubated
with OCP and CDHA loaded
with different amounts of SDF-1

Supernatants Incubation
periods (hour)

Ca (mM) Pi (mM) pH DS at 37 °C

HA OCP DCPD

Culture medium 0 1.78 1.11 7.35 2.88 × 1011 1.13 × 103 5.99 × 10−1

Culture medium 48 2.06 1.09 7.86 9.15 × 1013 2.99 × 104 7.78 × 10−1

OCP 48 0.53 1.16 7.81 9.15 × 1010 1.46 × 102 2.24 × 10−1

OCP/0.5 μg SDF-1 48 0.49 1.23 7.83 8.88 × 1010 1.40 × 102 2.20 × 10−1

OCP/1.0 μg SDF-1 48 0.48 1.25 7.83 8.39 × 1010 1.35 × 102 2.19 × 10−1

OCP/5.0 μg SDF-1 48 0.49 1.26 7.83 9.50 × 1010 1.50 × 102 2.25 × 10−1

CDHA 48 0.18 0.69 7.85 1.47 × 108 5.65 × 10−1 4.71 × 10−2

CDHA/1.0 μg SDF-1 48 0.20 0.68 7.86 2.63 × 108 8.67 × 10−1 5.17 × 10−2

Fig. 3 FTIR spectra of OCP (A) and CDHA (B) granules loaded with different amounts of SDF-1 before and after incubations in culture media at 48 h
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3.8 Quantitative analyses of new bone and
remaining OCP in rat femur defects implanted
with OCP/SDF-1 granules

Figure 5 shows the new bone and remaining OCP volumes
in the ROI estimated using micro-CT image analysis. At 2
weeks, the new bone volume significantly increased in the
OCP/1.0 μg SDF-1 group compared with the OCP and
OCP/0.5 μg SDF-1 groups. The bone volume in the OCP/
1.0 μg SDF-1 group was larger than that in the OCP/5.0 μg
SDF-1 group; however, there was no significant difference.
The bone volume in the OCP, OCP/0.5 μg SDF-1, and
OCP/5.0 μg SDF-1 at 4 weeks was compared with 2 weeks.
However, the volume tended to decrease in the OCP/1.0 μg
SDF-1 group and became comparable to the OCP/5.0 μg
SDF-1 group with no significant difference at 4 weeks. The
volume of new bone was slightly larger in the OCP/1.0 μg
SDF-1 group than in the other groups at 4 weeks.

The volume of the remaining OCP granules in the OCP/
1.0 μg SDF-1 group was the smallest among all groups at 2
weeks. A significant difference was observed between the
OCP/1.0 μg SDF-1 group and the OCP or OCP/0.5 μg SDF-
1 group. The remaining OCP decreased in all groups from 2
to 4 weeks. The remaining OCP volume was smaller in the
OCP/1.0 μg SDF-1 group than in the other groups. There
was a significant difference between the OCP/1.0 μg SDF-1
and OCP groups. The remaining volume in the OCP/0.5 μg
SDF-1 and OCP/5.0 μg SDF-1 groups tended to decrease
compared with that in the OCP group at 4 weeks; however,
there was no significant difference.

The BMD in the OCP/SDF-1 1.0 μg group was
600 ± 35.6 mg/cm³, which was significantly higher than that
in the OCP/SDF-1 5.0 μg group (527.4 ± 30.0 mg/cm³) and
the OCP group (537.2 ± 31.7 mg/cm³). However, there was
no significant difference compared to the OCP/SDF-1
0.5 μg group (552.3 ± 30.0 mg/cm³). To enhance visual
assessment of new bone formation, 3-dimensional recon-
structed CT models were also evaluated. Among the groups,
the OCP/SDF-1 1.0 μg group at 2 weeks exhibited a sig-
nificant enhancement in bone formation compared to the
others. In contrast, the BMD at 4 weeks showed no sig-
nificant differences among the groups.

3.9 Histological analysis of rat femur defects
implanted with OCP/SDF-1 granules

Figures 6 and 7 show the histological images of HE staining
of rat femur defects after OCP/SDF-1 granule implantation
at lower and higher magnifications, respectively. At
2 weeks, newly formed bone was observed in the intra-
medullary bone regions in the bone defects in all groups.
The newly formed bone tissues directly contacted the OCP
granules, regardless of the amount of SDF-1. Although
OCP granules remained over the entire region of the defect
in the OCP, OCP/0.5 μg SDF-1, and OCP/5.0 μg SDF-1
groups at 2 weeks, the amount of the remaining OCP
granules seemed to be smaller and replaced with new bone
in the OCP/1.0 μg SDF-1 group.

At 4 weeks, new bone tissue bridged the edges of the
bone defects in the cortical bone regions in all groups. The
new bone tissue and remaining OCP granules were resorbed
in the intramedullary bone regions of the defects. However,
the new bone amount and remaining amount of OCP in the
intramedullary bone seemed to be smaller in the OCP/1.0
SDF-1 group than in the other groups. Furthermore, the
replacement of OCP granules with new bone in the cortical
bone region progressed in the OCP/1.0 SDF-1 compared to
other groups at 4 weeks.

3.10 Histomorphometric analysis

Figure 8 shows the quantitative values of the newly formed
bone and remaining OCP granule rate in the defects treated
with OCP/SDF-1 at 2 and 4 weeks. The rate of newly
formed bone (n-bone (%)) in the OCP/1.0 μg SDF-1 group
showed the highest value among all groups at 2 weeks with
significant differences. The n-bone (%) values were similar
among the OCP, OCP/0.5 μg SDF-1, and OCP/5.0 μg SDF-
1 groups. The n-bone (%) tended to increase in the OCP,
OCP/0.5 μg SDF-1, and OCP/5.0 μg SDF-1 groups from 2
to 4 weeks; however, the values of n-bone (%) were
maintained in the OCP/1.0 μg SDF-1 groups at 4 weeks.
The n-bone (%) was also higher in the OCP/1.0 μg SDF-1

Fig. 4 Micro-CT images of the rat femur around the region of defects
treated with OCP (A, B), OCP/0.5 μg SDF-1 (C, D), OCP/1.0 μg SDF-1
(E, F), and OCP/5.0 μg SDF-1 (G, H) at 2 weeks (A, C, E, G) and
4 weeks (B, D, F,H) post-implantation. Bars in images represent 2.5 mm
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group than in the other groups at 4 weeks. However, this
difference was not statistically significant.

The rate of the remaining OCP granules (r-implant (%))
in the OCP/1.0 μg SDF-1 group had the lowest value among
all groups at 2 weeks with significant differences. The
r-implant (%) values tended to be higher in the OCP/5.0 μg
SDF-1 group than in the OCP and OCP/0.5 μg SDF-1
groups at 2 weeks. At 4 weeks, r-implant (%) decreased in
all groups, and the value was significantly lower in the
OCP/1.0 μg SDF-1 group than in the OCP and OCP/0.5 μg
SDF-1 groups. The r-implant (%) for the OCP/1.0 μg SDF-1
group also decreased compared with the OCP/5.0 μg SDF-1

group at 4 weeks; however, a significant difference was not
observed. The r-implant (%) values in the OCP/5.0 μg SDF-
1 group tended to be lower than in the OCP and OCP/0.5 μg
SDF-1 groups.

3.11 TRAP staining analysis

TRAP staining of osteoclast-like cells showed an increased
count of TRAP-positive cells in the OCP/1.0 μg SDF-1 group
compared with the OCP, OCP/0.5 μg SDF-1, and OCP/5.0 μg
SDF-1 at both 2 and 4 weeks (Fig. 9A–H, I–P). TRAP-
positive multinucleated cells were predominantly expressed

Fig. 5 Quantitative analysis
using micro-CT of new bone
volume (A), remaining OCP
volume (B), and bone mineral
density in 3-dimensional
reconstructed models (C) in ROI
of rat femur bone defects treated
with OCP, OCP/0.5 μg SDF-1,
OCP/1.0 μg SDF-1, and OCP/
5.0 μg SDF-1 at 2 and 4 weeks.
(*p < 0.05, **p < 0.01)
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around the residual granules of OCPs and the surrounding
new bone. TRAP-positive multinucleated cells were mea-
sured in the ROI of the defect region at 2 and 4 weeks (Fig.
9Q). At week 4, there was a higher count of TRAP-positive
multinucleated cells compared with week 2 across all groups.
At week 2, the count of TRAP-positive multinucleated cells
was significantly higher in the OCP/0.5 μg SDF-1, OCP/
1.0 μg SDF-1, and OCP/5.0 μg SDF-1 groups compared with
the OCP alone group; the respective counts (cells/mm2) for
the OCP, OCP/0.5 μg SDF-1, OCP/1.0 μg SDF-1, and OCP/
5.0 μg SDF-1 groups were 1.5 ± 0.2, 2.6 ± 0.8, 3.3 ± 0.5, and
2.6 ± 0.3. At week 4, the count of TRAP-positive cells in the
OCP/1.0 μg SDF-1 group was significantly greater than in

OCP alone or other SDF-1-loaded OCP with varying con-
centrations of SDF-1 groups; the respective counts (cells/
mm2) for the OCP, OCP/0.5 μg SDF-1, OCP/1.0 μg SDF-1,
and OCP/5.0 μg SDF-1 groups were 2.1 ± 0.5, 3.1 ± 0.7,
4.3 ± 0.6, and 2.8 ± 0.4, respectively. The OCP/1.0 μg
SDF-1 concentration was the most effective for activating
osteoclasts.

3.12 CXCR4 immunohistomorphometric analysis

Images of CXCR4 immunostaining at low and high magni-
fications are presented for 2 and 4 weeks after OCP and
SDF-1-loaded OCP implantation with varying concentrations

Fig. 6 Overview of histological sections stained with hematoxylin and
eosin around the region of rat femur defects treated with OCP (A, B),
OCP/0.5 μg SDF-1 (C, D), OCP/1.0 μg SDF-1 (E, F), and OCP/5.0 μg
SDF-1 (G, H) at 2 weeks (A, C, E, G) and 4 weeks (B, D, F, H) post-
implantation. The arrowheads indicate the edges of the bone defects.
The open squares indicate the areas shown as higher magnified images
in Fig. 7. Bars in images represent 2.5 mm

Fig. 7 Higher magnified images of histological sections stained with
hematoxylin and eosin in the region of rat femur defects treated with
OCP (A, B), OCP/0.5 μg SDF-1 (C, D), OCP/1.0 μg SDF-1 (E, F), and
OCP/5.0 μg SDF-1 (G, H) at 2 weeks (A, C, E, G) and 4 weeks
(B, D, F, H) post-implantation. NB and asterisks indicate the newly
formed bone and remaining OCP granules, respectively. Bars in
images represent 250 μm
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of SDF-1. At 2 weeks (Fig. 10A–H), all groups exhibited
CXCR4-positive cells in the marginal areas of the bone
defects. In the OCP/1.0 μg SDF-1 group, CXCR4-positive
cells were prominent. By week 4 (Fig. 10I–P), CXCR4-
positive cells were observed in all groups around the mar-
gins of the defect, close to the new bone formation area at
the center of the bone defect. Figure 10Q illustrates the
counts of CXCR4-positive cells within the ROI area. At
2 weeks, the respective counts (cells/mm2) for the OCP,
OCP/0.5 μg SDF-1, OCP/1.0 μg SDF-1, and OCP/5.0 μg
SDF-1 groups were 24.4 ± 4.7, 32.5 ± 7.8, 49.2 ± 5.8, and
31.4 ± 8.9, respectively. The number of CXCR4-positive
cells was significantly higher in the OCP/1.0 μg SDF-1
group than in the other groups. By 4 weeks, the counts were
16.4 ± 6.5, 27.0 ± 7.2, 21.7 ± 10.6, and 14.9 ± 4.4 for the
OCP, OCP/0.5 μg SDF-1, OCP/1.0 μg SDF-1, and OCP/
5.0 μg SDF-1 groups, respectively. There were no sig-
nificant differences among the groups. In each group, the
number of CXCR4-positive cells was higher at 2 weeks
than at 4 weeks. A significant increase in CXCR4-positive
cells was observed in the group treated with 1.0 μg of
SDF-1, suggesting an optimal concentration of SDF-1 for
osteoblast differentiation and osteoclast activation.

3.13 Osteocalcin immunostaining analysis

Osteocalcin-positive cells were identified around the newly
formed bone in the defect region within the OCP and OCP/
SDF-1 groups at 2 and 4 weeks post-implantation (Fig.

11A–P). At 2 weeks, the number of osteocalcin-positive
cells was significantly higher in the OCP/1.0 μg SDF-1
group (41.7 ± 8.3/mm2) compared to the OCP group
(21.8 ± 4.6/mm2), OCP/0.5 μg SDF-1 group (20.1 ± 5.2/mm2)
with p < 0.001 for each comparison (Fig. 11Q). The
osteocalcin-positive cells significantly increased in the
OCP/1.0 μg SDF-1 group compared with OCP/5.0 μg SDF-
1 group (27.7 ± 6.7/mm2) (p < 0.05). However, by 4 weeks,
the number of osteocalcin-positive cells in the OCP/1.0 μg
SDF-1 group had decreased to 20.5 ± 6.5/mm2, with no sig-
nificant differences observed between the groups (Fig. 11Q).

4 Discussion

The results presented herein indicate that adding the che-
mokine SDF-1 synergistically enhanced bone regeneration
following OCP implantation in rat femoral standardized
defects (Figs. 5–8). One of the essential mechanisms is the
recruitment of MSC toward OCP granules (Fig. 2A)
through the function of SDF-1 [49] present on the surface of
OCP. This strengthens the osteoconductive performance of
OCP, which is an inherent property of OCP that promotes
the differentiation of pre-osteoblasts into osteoblasts and
bone formation [1, 2, 40]. The sustained release of SDF-1
from OCP (Fig. 2B–D) suggested that the molecular
adsorption capacity of OCP [14] may be essential for the
synergistic effect of OCP and SDF-1 on bone formation. A
comparative study using CDHA as a control material also

Fig. 8 Histomorphometric
analysis of the newly formed
bone (A) and remaining OCP
granules (B) in the rat femur
defect region treated with OCP,
OCP/0.5 μg SDF-1, OCP/1.0 μg
SDF-1, and OCP/5.0 μg SDF-1
at 2 and 4 weeks post-
implantation. (*p < 0.05,
**p < 0.01, ***p < 0.001)
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Fig. 9 Lower and higher magnified images of rat femur bone defect
regions in the section with TRAP staining at 2 weeks (A−H) and
4 weeks (I−P) after implantation of OCP, OCP/0.5 μg SDF-1, OCP/
1.0 μg SDF-1, and OCP/5.0 μg SDF-1. Arrowheads indicate the edges
of defects. Arrows indicate TRAP-positive cells; asterisks indicate
remaining OCP granules. The open squares in the lower magnified

images indicate the area shown in the higher magnified images. Bars in
the images at lower and higher magnification represent 2.5 mm and
100 μm, respectively. Quantitative analysis of the number of TRAP-
positive cells in the ROI of the defect region (Q). (*p < 0.05,
**p < 0.01, ***p < 0.001)
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Fig. 10 Lower and higher magnified images of the rat femur bone
defect regions in the section with CXCR4 immunostaining staining at
2 weeks (A−H) and 4 weeks (I−P) after implantation of OCP, OCP/
0.5 μg SDF-1, OCP/1.0 μg SDF-1, and OCP/5.0 μg SDF-1. Arrow-
heads indicate the edges of the defects. Arrows indicate CXCR4-
positive cells; asterisks indicate remaining OCP granules. The open

squares in the lower magnified images indicate the area shown in the
higher magnified images. Bars in the images at lower and higher
magnification represent 2.5 mm and 100 μm, respectively. Quantitative
analysis of the number of CXCR4-positive cells in the ROI of the
defect region (Q). (*p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 11 Low- and high-magnification images of the osteocalcin-
immunostained sections of the rat femur in the bone defect area at
2 weeks (A−H) and 4 weeks (I−P) after implantation of OCP, OCP/
0.5 μg SDF-1, OCP/1.0 μg SDF-1, and OCP/5.0 μg SDF-1. The
arrowheads indicate the edge of the defect. Arrows indicate
osteocalcin-positive cells, and the asterisks indicate residual OCP

granules. The open squares in the lower magnified images indicate the
areas in the higher magnified images. The scale of the lower and higher
magnified images is 2.5 mm and 100 μm, respectively. Quantitative
analysis of the number of osteocalcin-positive cells in the ROI of the
defect region (Q). (**p < 0.01, ***p < 0.001)
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suggested that the structural features of OCP are related to
the capacity of SDF-1 to be maintained on its surface. It has
been confirmed that OCP tends to undergo a phase trans-
formation to HA under physiological conditions [1, 2, 7]
and that HA formed via this transformation is a non-
stoichiometric CDHA with a lower Ca/P molar ratio (~1.5)
[14] compared with that of stoichiometric HA (1.67).
CDHA, prepared through original OCP hydrolysis, has a
plate-like crystal morphology, similar to that of the original
OCP [2, 14, 28, 65, 66], but different Ca/P ratios, SSA, and
phases in the crystal, and is considered an appropriate
control material for OCP [2, 66].

SDF-1 is produced by stromal cells in many tissues,
including the bone, and is involved in many functions,
including tissue development, angiogenesis, immune
response, bone repair, neuronal regeneration, and many
pathological conditions, including tumor cell migration and
metastasis [67, 68]. SDF-1 interacts with CXCR4 receptors;
in particular, CXCR4 receptor-positive MSCs have been
reported to be strongly induced by SDF-1 in a dose-
dependent manner [69]. SDF-1 increases the local blood
supply by stimulating peripheral angiogenesis [70] and
promotes osteogenic differentiation by upregulating BMP
expression and directing MSCs to sites of injury and
inflammation [71, 72]. SDF-1 promotes osteoclastogenesis
[73, 74]. However, the biological effects of SDF-1 in
combination with OCP bone substitute materials have never
been studied.

The radiographic evaluation using micro-CT revealed
that 2 weeks after implantation, the OCP/1.0 μg SDF-1
group exhibited better new bone formation compared with
the OCP-only and the OCP/0.5 μg SDF-1 groups. At
2 weeks, the BMD in the OCP/SDF-1 1.0 μg group was
significantly higher compared to the other groups, except
for the OCP/SDF-1 0.5 μg group. In contrast, at 4 weeks
post-implantation, there were no significant differences
among the groups, indicating successful bone formation
(Figs. 4 and 5). The ability of SDF-1-loaded OCP to
enhance bone formation may be attributed to its ability to
induce MSCs to migrate to the bone defect site early after
implantation and to promote the differentiation and activa-
tion of osteoblasts. However, at 4 weeks after implantation,
all groups showed good bone formation with no significant
differences, likely due to the inherent properties of OCP,
which induce MSCs to promote their differentiation into
osteoblasts, and activate them effectively.

At the 2 weeks after implantation, the OCP/1.0 μg SDF-1
group showed a significant decrease in the remaining
amount of OCP compared with the OCP-only and the OCP/
0.5 μg SDF-1 groups, indicating enhanced biodegradability.
Furthermore, the improvement in biodegradability due to
SDF-1 was still evident at the 4 weeks after implantation
(Figs. 4 and 5). These results suggest that SDF-1

collaboratively induces MSCs to migrate to the bone
defect site, enhances their differentiation and activation into
osteoblasts, and promotes the degradation of OCP within
the rat femur. This is consistent with the previously reported
characteristics of the degradation process of OCP, differ-
entiating and activating osteoblasts [40, 45]. The tendency
that the new bone volume was decreased in 4 weeks as
compared to 2 weeks could be explained by the bone
remodeling in the intramedullary canal of the tibia: (1) the
new bone formed around OCP is resorbed accompanied by
OCP degradation and (2) the new bone formed reactively
due to the defect creation in tibia tends to be resorbed as
observed in OCP or HA implantations in rabbit bone mar-
row [75].

Histological examinations confirmed similar trends to the
micro-CT analysis. In histological examinations, at the
2 weeks after implantation, the OCP/1.0 μg SDF-1 group
exhibited superior bone formation ability and biodegrad-
ability compared with the OCP-only, OCP/0.5 μg SDF-1,
and even the OCP/5.0 μg SDF-1 groups (Figs. 6–8).
Osteocalcin immunostaining demonstrated a significant
increase in osteocalcin-positive cells in the OCP/SDF-1
1.0 μg group at 2 weeks compared to the OCP-alone group
and other OCP/SDF-1 conditions. This finding supports the
validity of the histological assessment indicating the bone
formation-promoting effect of the OCP/SDF-1 1.0 μg group
(Fig. 11). Regarding the biodegradability of SDF-1-loaded
OCPs, the OCP/1.0 μg SDF-1 group, in particular, showed a
benefit in osteoclast-like cell differentiation and activation
compared with the OCP alone group and other doses of
SDF-1-loaded OCP groups. This is supported by the fact
that the expression of CXCR4, a receptor for SDF-1, is
dependent on the concentration of SDF-1. Since OCP/
1.0 μg SDF-1 promotes CXCR4 expression the most, it is
assumed to effectively promote new bone formation and
OCP degradation. SDF-1 has been shown to enhance the
differentiation of osteoblasts and osteoclasts [76, 77],
indicating the possibility of a unique mechanism that
synergistically boosts osteoblast differentiation and osteo-
clastogenic capabilities of OCPs [34, 37]. These results
suggest that SDF-1 not only enhances the bone formation
ability and biodegradability of OCP in a dose-dependent
manner but that there might be an optimal concentration for
its effectiveness. SDF-1 is known to have a concentration-
dependent effect in attracting endogenous MSCs to the
injury site, thereby contributing to on-site tissue repair [78].
However, it has also been reported that implantation of
SDF-1-loaded bone graft substitutes into bone defects
induces osteogenesis at optimal concentrations but inhibits
osteogenesis at higher concentrations [79]. This study
suggested that OCP at 5.0 mg when loaded with 1.0 μg
SDF-1, has superior MSC migration ability compared with
larger volumes of SDF-1 loading. The OCP/1.0 μg SDF-1
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group demonstrated superior bone formation and biode-
gradability compared with the other groups. Previous stu-
dies have reported excellent bone formation with samples
modified using a 1.0 μg/mL SDF-1 solution [79, 80]. As
mentioned above, it has been recognized that SDF-1 has an
optimal concentration for osteoblast differentiation [79].
OCP increases RANKL expression in osteoblasts and forms
osteoclasts on its surface from co-culture of bone marrow-
derived cells and osteoblasts [37]. Although it is still
unclear how SDF-1 dose affects the cellular function of
accumulated MSCs around OCPs regarding osteoclasto-
genesis, higher concentrations of SDF-1 may have influ-
enced the resorption of OCP itself through osteoclast
formation, as shown in Fig. 8B (r-Implant %) and Fig. 9Q
(TRAP-positive cell number), thereby controlling new bone
formation. This is a topic for future consideration.

The present study investigated the effect of SDF-1
released from OCP on a mouse bone marrow-derived MSC
line in vitro. In the migration assay, OCP loading 1.0 μg
SDF-1 enhanced migration of the MSC compared with
1.0 μg SDF-1 dissolved in the media without OCP (Fig. 2A).
The concentration of SDF-1 released from OCP increased
during the incubation period from 0 to 24 h. The SDF-1
concentration gradient is the driving force for MSC
migration [81–83]. An environment with a uniform con-
centration of SDF-1 suppressed MSC migration in a
Transwell assay [81]. Thus, the released SDF-1 may induce
a gradient of SDF-1 concentration from the OCP, resulting
in enhanced MSC migration to OCP by the SDF-1 loading.
Furthermore, the mechanism by which the SDF-1 loading
amount onto OCP regulates MSC migration was examined.
The migration rate increased from 0 to 1.0 μg SDF-1 loaded
onto the OCP (Fig. 2A). However, OCP/5.0 μg SDF-1,
which rapidly increased SDF-1 concentration in the media,
inhibited cell migration (Fig. 2B, C). Previous studies have
reported that increasing SDF-1 concentration promotes
MSC migration in the range of 0–150 ng/mL SDF-1
[84, 85]. Although the response of migration to SDF-1
concentration depends on the cell type, desensitization to
SDF-1 is induced by overstimulation at higher concentra-
tions [86–88]. In the cell migration response to SDF-1
released from polymer nanoparticles, suppression of SDF-1
burst release increases neural progenitor/stem cell migration
[87]. Based on these previous studies, the migration assay
and SDF-1 release tests suggest that OCP/1.0 μg SDF-1
may show suitable sustained release of SDF-1 for the sti-
mulation of MSC migration to the OCP granules.

Protein loading by lyophilization allows the protein to be
easily released from calcium phosphate [89]. However,
burst release from OCP/0.5 and 1.0 μg SDF-1 was not
observed. OCP adsorbs a basic protein, such as cytochrome
c and lysozyme, in physiological conditions [90, 91]. Part of
the SDF-1 interacted with the surface during the loading

process of SDF-1 using lyophilization. The released SDF-1
was also partially adsorbed onto OCP in the culture med-
ium. In the FTIR spectra, the amount of protein absorbed
from the culture medium was detected in OCP/SDF-1 at
48 h (Fig. 3). In contrast, OCP gradually changes to an
apatite structure in cell culture and in vivo [1, 2, 27, 29]. A
previous report showed that the capacity and affinity of
OCP for serum proteins were higher than CDHA [14].
Therefore, we examined whether the adsorption affinity and
capacity of OCP for SDF-1 during the hydrolysis reaction
were involved in the release of SDF-1 from OCP compared
with CDHA.

The SDF-1 isotherms of OCP and CDHA were analyzed
in the buffer at the initial concentration of SDF-1 in the
range from 0.05 to 0.5 μg/mL based on the released SDF-1
concentration from OCP/1.0 μg SDF-1 and CDHA/1.0 μg
SDF-1 (Fig. 2B, C). The SDF-1 adsorption isotherms of
OCP and CDHA were well approximated by the Freundlich
equation, but they did not fit the Langmuir equation in the
present study (Fig. 2E). In these SDF-1 isotherms, the
saturation of adsorption was not observed. However, the
bovine serum albumin adsorption isotherms for OCP and
CDHA were well explained by the Langmuir equation with
adsorption saturation [14]. If SDF-1 adsorption becomes
saturated on OCP and CDHA at higher equilibrium con-
centrations, the present SDF-1 adsorption could be in a
lower equilibrium concentration range. It is possible that the
measurements in the lower concentration region included
some errors in the Langmuir plot, resulting in a decrease in
the correlation coefficient in the approximation. It has been
shown that Freundlich’s isotherm equation is successfully
used to approximate the isotherm around the lower and
middle range of equilibrium concentration [92, 93]. The
isotherms, approximated using Freundlich’s equation,
indicated that the adsorption capacity of OCP for SDF-1
was higher than that of CDHA for SDF-1 (Fig. 2E, Table 1).
The value of Kf in the equation indicates the adsorption
capacity [94].

In cell culture media, CDHA promoted the release of
SDF-1 compared with OCP for 3–6 h, the same amount of
SDF-1 was loaded onto these granules (Fig. 2D). These
results suggest that the lower release rate of SDF-1 from
OCP at the initial stage of incubation is due to the higher
adsorption capacity of OCP, which has an intrinsic surface
capacity for SDF-1. In the FTIR spectra, a decrease in the
infrared absorption intensity attributed to HPO4 [95] (Fig. 3)
indicates that the hydrolysis of OCP partially progressed for
48 h. The DS values in the media incubated with OCP and
OCP/SDF-1 (Table 2) with respect to OCP and HA also
indicated that the culture media could potentially induce the
transformation from OCP to the HA phase [29]. The
decreasing tendency of adsorption capacity with the pro-
gressive conversion from OCP to CDHA could increase the
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release of SDF-1 adsorbed during the incubation in the
culture medium. OCP/1.0 μg SDF-1 promoted the MSCs
migration compared with CDHA/1.0 μg SDF-1 in the
in vitro cell assay (Fig. 2A). Therefore, SDF-1 release,
controlled by the progressive structural conversion of OCP
to CDHA, could be the mechanism leading to the
enhancement of MSC migration and subsequent bone
regeneration around the OCP in rat femur defects.

The present in vitro study did not show a substantial
conversion of OCP (Table 2, Fig. 3) because of a possible
inhibition mechanism by SDF-1 adsorption. Although the
present in vivo study did not investigate the conversion
tendency of the implanted materials, because OCP has been
shown to convert to the apatite phase in vitro and in vivo in
previous studies [1, 2, 27, 29], it is reasonable to assume
that the phase conversion of OCP in OCP/SDF-1 implan-
tation takes place in an in vivo environment where Ca2+ and
Pi ions are constantly supplied, and where a small amount
of F− ions, which promote the hydrolysis of OCP
[7, 14, 96, 97], are also included. OCP is resorbed by
osteoclast-like cells in vivo [75]. Therefore, the release of
SDF-1 from OCP, associated with the cellular biodegrada-
tion of OCP, can also be expected to enhance bone regen-
eration through the synergetic effect of OCP and SDF-1.

5 Conclusion

In this study, we used SDF-1 to clarify the synergistic effect
of its combination with OCP on MSC migration toward
OCP-implanted bone regeneration. The intrinsic cellular
activation properties of OCP were augmented by the pos-
sible adsorption of SDF-1 onto the OCP surface. These
effects were confirmed to be the highest at specific SDF-1
doses, which are commonly observed in MSC migration,
bone formation, and material biodegradation. It has been
suggested that the structure and surface molecular affinity of
OCP are related to the retention and sustained release of
SDF-1. The synergistic effects of OCP and SDF-1 are
expected to positively affect bone regeneration in various
bone defects, including large bone defects, in many clinical
situations.
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