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Abstract

Combination of tissue-engineered bone scaffolds with cell-adhesive, osteoconductive, or
osteoinductive biomolecules is a critical strategy to improve their properties that significantly influence
cellular behaviors, such as adhesion, proliferation, and differentiation, which is beneficial for
critical-sized bone defects repairing. However, the traditional surface modification techniques, such as
physical adsorption, coating, and plasma treatment, et al, have great limitations for immobilization of
bioactive molecules due to undesirable controlled delivery performance or overly complex multistep
procedures. In this study, we functionalized the chitosan/hydroxyapatite (CS/HA) biomimetic
composite scaffold for controlled delivery of BMP2-derived peptide (P24) by the chemical grafting
modification  technique: firstly, P24 was conjugated with a thiolated chitosan,
chitosan-4-thiobutylamidine (CS-TBA); secondly, the resultant CS-P24 was then combined with HA to
prepare CS-P24/HA scaffolds. The effect of CS-P24/HA scaffolds on bone regeneration was evaluated,
along with the underlying biological mechanisms responsible in vitro and in vivo. In vitro, the controlled and
sustained release of bioactive P24 could last up to 90 days, furthermore, the release profiles of
CS-5%P24/HA and CS-10%P24/HA were linear and could be fitted according to zero-order kinetic
model (R2=0.9929; R2=0.9757); P24 on the scaffold significantly promoted cell adhesion, proliferation,
osteodifferentiation, and mineralization with synergistic effects. Bone marrow stromal cells (BMSCs)
revealed spindle-shaped surface morphology, indicating the CS-P24/HA scaffolds supported cell
adhesion and possessed a high proliferation rate that varied according to the P24 concentration levels.
Furthermore, mRNA levels for OCN, Runx2, and collagen | were significantly up-regulated on
CS-P24/HA scaffolds compared with cells grown on CS/HA scaffolds in vitro (p < 0.05). Similarly, the
BMSCs exhibited a higher ALP expression and calcium deposition level on CS-P24/HA scaffolds
compared with CS/HA scaffolds (p < 0.05). In vivo, osteoinductive studies revealed a significantly higher
ectopic osteogenesis level of CS-10%P24/HA scaffolds in rat dorsal muscle pockets compared with that
of CS/HA scaffolds. Finally, CS-P24/HA scaffolds showed superior performance in the reconstruction of
rat calvarial bone defects. This novel CS-P24/HA scaffold is deemed a strong potential candidate for the
repair of bone defects in human bone tissue engineering.

Key words: Controlled release, BMP2-derived peptide, thiolated chitosan, hydroxyapatite, scaffolds, bone
defect repair.
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Introduction

To improve the bone repairing efficacy of
tissue-engineered bone scaffolds, it is feasible to
modify the scaffolds with multiple bioactive agents,
including cell adhesion-promoting peptides or
proteins, osteoconductive particles, and
osteoinductive growth factors or peptides. However,
the traditional modification techniques, such as
physical adsorption, usually can’t achieve the
long-term retention of growth factors owing to the

weak interactions between biomolecules and
biomaterials in  the challenging  biological
environment. On the other hand, novel

immobilization strategies, like coating and plasma
treatment, electro-deposition, layer-by-layer, and
electrostatic spinning, are not desirable due to their
multistep procedures that are time consuming and
may lead to inconsistent results with undesirable
controlled delivery performance. Accordingly, an
easy, simple, and effective technique is expectant and
needed [1, 2]. Interestingly, thiolated chitosan comes
into the field of vision. The modification of chitosan
has been widely studied in order to get certain
additional advantageous properties [3]. The amino
groups of chitosan are target moieties for the
modification of chitosan. The addition of thiol groups
on the primary amino groups of chitosan, resulting
thiolated chitosan, can improve some properties of
chitosan [4]. Different from unmodified chitosan,
which can only be dissolved in acid medium, the
thiolated chitosan has good solubility at neutral pH.
Moreover, the immobilized thiol groups are able to
form disulfide bonds with other thiol groups in
proteins, resulting in the improvement of
mucoadhesion [5]. This novel system has the good
stability and protein release properties due to the
presence of thiol groups. Our previous study [6]
demonstrated  that thiolated chitosan/hydro-
xyapatite/ p-glycerophosphate has a porous structure
with a uniform distribution of nano-HA, an
appropriate degradation rate, and low cytotoxicity,
indicating potential applications in drug delivery
systems and tissue engineering. However, thiolated
chitosan based scaffold for BMP-2 peptide release has
not been reported yet. It is important to study the
BMP-2 peptide release behavior for the potential
application of thiolated chitosan based scaffold in
bone tissue engineering. Therefore, this has motivated
us to attempt the fabrication of synergistic thiolated
chitosan/HA to develop a controlled delivery system
of BMP-2 peptides, which will be designed to not only
provide effective delivery in a controlled and
sustained manner but also simultaneously enhance
the bioactivity of BMP-2 peptides.

BMP-2 was used to obtain osteoinductivity and
enhance repair of critical-sized bone defects already
[7], however, for the clinical therapy, it needs to be
used in a high dosage, accompanied by a high cost,
contingent risk and side effects such as excessive bone
resorption [8] and promotion of tumor angiogenesis
[9]. So far, delivering BMP-2 at a low but
therapeutically efficient dose with minimal side
effects was still one of the present challenges [10, 11].
In consideration of these noticeable issues of BMP-2 in
biological ~function and controlled delivery,
researchers attempted to seek for the most feasible
solution from BMP-2-derived synthetic peptides.
BMP-2-derived synthetic peptides were reported to
possess the biological activity similar to that of natural
BMP-2 and could induce ectopic bone formation [12,
13]. Some synthetic peptides, such as B2A2, consisting
of a BMP receptor-targeting sequence, a hydrophobic
spacer, and a heparin-binding sequence, can even
synergically act with BMP-2 [14]. The P24 peptide was
derived from the knuckle epitope of BMP-2. It
consisted of small molecules and was chemically
stable and structurally linear, facilitating exertion of
its biological effects. P24 can regulate adhesion and
differentiation of bone marrow stromal cells (BMSCs)
and induce ectopic osteogenesis [15]. In addition, the
P24 peptide, containing abundant aspartic acid and
phosphorylated serine, can promote deposition of
calcium and phosphate ions and accelerate nucleation
and mineralization [16]. Moreover, P24 peptide is
low-cost and suitable for cosmically production. With
these popular characteristics, it seems to have the
potential to expand the application space for BMP-2
peptide.

In this study, we developed a new biomimetic
CS-P24/HA scaffold for the controlled and sustained
delivery of BMP2-derived peptide P24 by chemical
grafting modification technique. The objective of the
present paper is to analyze the effect of the
CS-P24/HA scaffold on bone regeneration and to
examine the underlying mechanism in vitro and in
vivo. First, we analyzed the physical and chemical
properties of CS-P24/HA in vitro, including the P24
releasing curve. Then, we assessed the cell shape and
proliferation of rat BMSCs on CS-P24/HA.
Furthermore, ALP staining, ALP activity, calcium
deposition, and osteogenic-specific genes (OCN and
Runx2) of BMSCs cultured on the scaffolds were
analyzed. Finally, we surgically created heterotopic
ossification and a calvarial bone defect model in rats
and investigated the efficacy of the CS-P24/HA
scaffold for inducing new bone formation and
regeneration.

http://lwww.thno.org



Theranostics 2017, Vol. 7, Issue 5

1074

Materials and methods

Materials

Chitosan (CS, viscosity: 50-800 mPa¢s, degree of
de-acetylation: 80%-95%) was purchased from
Sinopham Chemical Reagent Co., Ltd, China. Peptide
24 (P24) derived from BMP-2 (N—C: KIPKA SSVPT
ELSAI STLYL SGGC) was synthesized by Shanghai
ZiYu  Biotech Co,, China. 2-iminothiolane
hydrochloride and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich, USA.

Immobilization of peptide on chitosan through
thiol groups

Thiolated chitosan was prepared with
2-iminothiolane by previously described method [6].
Briefly, 40 mg of 2-iminothiolane hydrochloride was
added to 200 mL of 0.2% (w/v) chitosan solution (in
1% acetic acid). The pH was adjusted to 6 with 5 M
NaOH. After continuous stirring at room temperature
for 24 h, the resulting thiolated chitosan polymer
conjugate was dialyzed against 5 mM HCl once, 5 mM
HCI containing 1% NaCl twice, 5 mM HCI once, and
finally 1 mM HCl once, and then lyophilized at =50 °C
and 20 Pa. The synthesized peptide was terminated
with cysteine. The thiol group in cysteine can form a
di-sulfide bond with the thiol group in thiolated
chitosan by DMSO according to a previous procedure
[17]. The resultant thiolated chitosan was dissolved in
60 mL of de-ionized water at a concentration of 0.5%
(w/v). The synthesized peptide (5% or 10% of the
weight of chitosan in 15 mL DMSO) was added into
the thiolated chitosan solution. After continuous
stirring at room temperature for 4 h, the mixture was
dialyzed against de-ionized water for 5 days and
lyophilized at =50 °C and 20 Pa in order to immobilize
the peptide within the chitosan (Chitosan-Peptide 24,
CS-P24).

Characterization of CS-P24

FT-IR (Nicolet 6700FTIR, Thermo Fisher
Scientificc USA) was employed to characterize the
structure of CS-P24, CS, and P24. The IR spectra of
CS-P24, CS, and P24 were recorded at room
temperature using the KBr pellet technique. An IR
spectral range of 400-4000 cm™ was analyzed for each
sample.

Preparation of CS-P24/HA scaffold

200 mg of CS-P24 was hydrated in 10 mL 0.1M
HCI. HA powder (200 mg) (obtained from Institute of
Nuclear and New Energy Technology, Tsinghua
University) was added with continuous stirring until
uniformly distributed. Thereafter, the hybrid of
CS-P24 and HA was lyophilized at =50 °C and 20 Pa

using a 96-well plate (Corning, USA) as a mold to
obtain the CS-P24/HA scaffold. CS was used instead
of CS-P24 as a control (CS/HA scaffold) and different
amounts of P24 (5% or 10% of the weight of CS:
CS-5%P24/HA or CS-10%P24/HA scaffold) were
used with both in vitro and in vivo tests.

Characterization of CS-P24/HA scaffold

To characterize the scaffold with electron
microscopy, the CS-P24/HA  scaffold was
sputter-coated with gold and observed by a scanning
electron microscope (SEM, JSM-7001F, Japan). The
porosity of the C5-P24/HA scaffold was measured by
a mercury intrusion analyzer (Autopore IV 9510,
Micromeritics, USA). The element composition and
chemical states analysis of CS/HA, CS-5%P24/HA,
and CS-10%P24/HA scaffolds were determined by
X-ray photoelectron spectroscopy (XPS,
ESCALAB-250Xi) equipped with a monochromatic Al
Ka X-ray source. The binding energy was calibrated
with Cls = 2848 eV. Both N 1s and S 2p
high-resolution spectra were recorded with a pass
energy of 20 eV and an energy resolution of 0.05 eV.
The P24 release profiles of CS-P24/HA scaffold were
determined in vitro by high performance liquid
chromatography system (HPLC, Shimadzu 10Avp,
Japan). The CS-P24/HA samples were immersed in
5.0 mL sterile PBS solution and incubated at 37 °C
under continuously shaking (40 rpm) for 90 days. At
designated time points, the supernatant was collected
and resuspended in the fresh PBS. The amount of P24
in the obtained supernatant was then measured by
HPLC. All experiments were performed in triplicate
for each of the samples.

Rat BMSC isolation

Rat BMSCs were isolated from the femurs and
tibias of eight-week-old female SD rats as described
elsewhere [18]. Cells were cultured in DMEM
supplemented with 15% fetal bovine serum (Gibco)
and 1% penicillin-streptomycin liquid (100 U/mL)
(Gibco). Cell passage numbers P4 and P6 were
utilized for all experiments.

Observation of cell morphology

BMSCs  were seeded onto CS/HA,
CS-5%P24/HA, and CS-10%P24/HA at 2 x 104
cells/cm? and cultured in DMEM supplemented with
15% fetal bovine serum, 1% penicillin-streptomycin
liquid (100 U/mL). The medium was exchanged
every 3 days. After five days of culture, specimens
were fixed by 0.25% glutaraldehyde solution for 24 h.
After rinsing 3 times in 1x PBS, the specimens were
immersed in OsO4 (Ted Pella) for 1 h and then
subsequently rinsed 3 times in 1x PBS. The specimens
were then dehydrated with increasing concentrations
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of acetone (30-100% v/v). After drying, the specimens
were mounted on aluminum stubs and then viewed
under SEM (Hitachi S-3000N, Japan) at an
accelerating voltage of 20 kV.

Cell proliferation assay

The proliferation of BMSCs was measured by the
Cell Counting Kit-8 (CCK-8, Dojindo). Cells were
cultured on the CS/HA, CS-5%P24/HA, and
CS-10%P24/HA scaffolds for 1, 3, 7, and 10 days in
DMEM supplemented with 15% fetal bovine serum
and 1% penicillin-streptomycin liquid (100 U/mL)
and then incubated in 10% CCK-8 solution in a 5%
CO; incubator at 37 °C for 4 h. The absorbance of the
culture medium was then measured at 450 nm.

Fluorescence microscopy

Rat BMSCs were seeded onto the CS/HA,
CS-5%P24/HA, and CS-10%P24/HA scaffolds at 2 x
104 cells/cm?. After culturing for 1, 3, and 7 days in
DMEM supplemented with 15% fetal bovine serum,
1% penicillin-streptomycin liquid (100 U/mL),
specimens were fixed in 4% formalin solution for 15
min and 0.3%Triton X-100 in 1x PBS for 10 min, cell
nuclei were visualized by DAPI (Beyotime Institute of

Biotechnology) and viewed under a confocal
microscope system (Olympus, BX61W1-FV1000,
Japan).

Alkaline phosphatase (ALP) activity
determination

As an index for in vitro osteogenic differentiation
of BMSCs during growth on the novel thiolated
chitosan scaffolds, ALP activity was determined.
After co-culture for 3, 7, and 10 days, the seeded
scaffolds were treated with 1.0 mL of Triton X-100 cell
lysis medium overnight at 4°C, followed by removal
of all liquid. The ALP activity in each well was
assayed using an ALP optimized test kit (Nanjing
Jiancheng, China), according to the manufacturer’s
procedures. The absorbance was measured at an

excitation/emission of 520 nm on a plate reader.

Calcium deposition of BMSCs

BMSCs (2 x 10*/cm?) were seeded onto the
scaffolds and cultured in DMEM supplemented with
15% fetal bovine serum and 1%
penicillin-streptomycin liquid (100 U/mL). After 14
days, to identify calcium deposition, Alizarin Red S
staining was conducted. The medium was removed
and the cells washed with ddH>O and fixed in 4%
paraformaldehyde for 10 min at room temperature.
After gently rinsing with ddHO, the cells were
stained in a solution of 2% Alizarin Red S at pH 4.1 for
20 min and then washed with ddH>O. The samples

were air dried and the calcium deposition area was
analyzed with photomicrographs in Image-] for five
randomly selected fields under an optical microscope
(Olympus IX71, Japan).

Alkaline phosphatase (ALP) staining

BMSCs (2 x 10*/cm?) were seeded onto the
scaffolds and cultured in DMEM supplemented with
15% fetal bovine serum and 1%
penicillin-streptomycin liquid (100 U/mL). After 14
days, ALP staining was performed using a cell
alkaline phosphatase stain cAKP kit (Nanjing
Jiancheng Bioengineering Institute). The ALP-positive
area was observed under an optical microscope
(Olympus IX71, Japan).

Real-time polymerase chain reaction (PCR)
conditions

The levels of mRNA for osteogenic specific genes
(OCN and Runx2) and the related matrix gene
collagen 1 (Col 1) of rat BMSCs cultured on the
scaffolds in DMEM supplemented with 15% fetal
bovine serum and 1% penicillin-streptomycin liquid
for 1, 3, and 7 days were assessed using real-time
PCR. Total cellular RNA was isolated by lysis in
TRIzol (Invitrogen Inc., Carlsbad, CA, USA). PCR was
performed using the Transcriptor cDNA Synth Kit
and FastStart Universal SYBR Green Master (Roche).
PCR consisted of 40 cycles of amplification of the
template DNA with primer annealing at 60 °C. The
relative level of expression of each target gene was
then calculated using the 2742Ct method. The
amplification efficiencies of primer pairs were
validated to enable quantitative comparison of gene
expression. All primer sequences (Invitrogen Inc.,
Carlsbad, CA, USA) were designed using primer 5.0
software. Each real-time PCR was performed on at
least three different experimental samples and
representative results are showed as target gene
expression normalized to the reference gene [-actin.
Error bars reflect one standard deviation from the
mean of technical replicates.

In vivo ectopic bone formation experiment

Implantation experiment in SD rats

All animals in this study were managed under
an approved IRB protocol. In this study, 18 healthy
female Sprague-Dawley (SD) rats (average weight 150
g), supplied by the Animal Research Center of
Guangdong Province, were divided into three equal
groups (A, B, and C). After induction with
midazolam, the rats were anesthetized with a 0.3
mL/kg mixture of xylazinesecobarbital and ketamine
(2:1). Rats were then placed in the prone position,
depilated, and sterilized from the arcus costarum to
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the hip joint. An incision was made close to erector
spinae. We performed blunt dissection on superficial
fascia and created two muscle pouches in either side
of the back. Rats in groups A, B, and C were,
respectively, implanted with CS/HA, CS-5%P24/HA,
and CS-10%P24/HA. For each rat, two scaffolds of the
same type were implanted. The administration of
antibiotics as a prophylactic measure was carried out.
All animals survived to the designated time point
without any major complications. The rats were
sacrificed at weeks 4, 8, and 12 post-surgery, and the
implants together with surrounding tissues were
harvested and fixed immediately with 10% neutral
formalin.

Micro-CT measurement

The harvested specimens for weeks 4, 8, and 12
were immediately fixed in 10% (v/v) neutral buffered
formalin for 24 h. For determination of the 3D
architecture of the subcutaneous scaffold harvested
from the back of each rat, animals were sacrificed, and
specimens were harvested and analyzed in an
advanced micro-computed tomography instrument
(ZKKS-MC-Sharp-1V, Zhongke Kaisheng Bio, Inc.). A
three-dimensional reconstruction of the images was
done with the region of interest containing the
scaffold. Histomorphometric parameters, including
bone mineral content (BMC), bone mineral density
(BMD), and tissue mineral density (TMD), were
evaluated.

Histological examination

The harvested specimens for weeks 4, 8, and 12
were immediately fixed in 10% (v/v) neutral buffered
formalin for 24 h, and de-calcified in neutral 10%
EDTA solution for one week at room temperature.
Samples were de-hydrated with an alcohol gradient,
cleared, and embedded in paraffin blocks.
Histological sections (5 pm) were prepared using a
microtome and subsequently stained with
hematoxylin and eosin (HE). The stained sections
were photographed digitally under a microscope.

Immunohistochemistry

To analyze Ocn, CD31 and Nestin expression of
the tissue, immunohistochemical staining was
performed on paraffin sections. The primary
antibodies were rabbit anti-rat Ocn, CD31 and Nestin
monoclonal antibody (Abcam). The specimens were
then incubated with goat anti-rabbit second
antibodies conjugated with HRP (Boster Company of
Biotechnology). The antibody complexes were
visualized by the addition of a buffered
diaminobenzidine (DAB) substrate for 20 s and
Mayer’s haematoxylin was used for counter staining.

The stained specimens were photographed digitally
under a microscope.

In vivo calvarial defect repair experiment

Animal model

Sixteen female two-month-old SD rats (250-300
g, average 280 g) (Center of Experimental Animals of
Guangdong Province) were utilized for this
experiment with approval from The Southern Medical
University Institutional Animal Care and Use
Committee approved the study protocol. Under
general anesthesia, the cranium was exposed through
a medial incision. Bilateral full-thickness circular
defects (5 mm in diameter, 1 mm in thickness) were
generated by a dental bur. Size of bilateral calvarial
defects in the present study was under the protocol of
the previously reported studies [19-21]. The defects
were implanted with CS/HA, CS-5%P24/HA, and
CS-10%P24/HA. The control groups were left
untreated. In all animals, the wound was then
irrigated and fascia and skin were closed.
Post-operatively, animals were allowed free cage
activity. The whole calvarias were harvested for
evaluation after both 4 and 8 weeks of implantation.

Micro-CT measurement of calvarial defect repair

The harvested specimens for both 4 and 8 weeks
were immediately fixed in 10% (v/v) neutral buffered
formalin for 24 h. For determination of 3D
architecture of the calvarial bone sample harvested
from the back of each rat, animals were sacrificed, and
specimens were harvested and analyzed in an
advanced micro-computed tomography instrument
(ZKKS-MC-Sharp-1V, Zhongke Kaisheng Bio, Inc.). A
three-dimensional reconstruction of the images was
performed with a 4 mm region of interest containing
the scaffold. Histomorphometric  parameters,
including bone mineral density (BMD) and trabecular
number (Tb.N) were evaluated.

Histological examination

The harvested specimens for both 4 and 8 weeks
were immediately fixed in 10% (v/v) neutral buffered
formalin for 24 h, and de-calcified in neutral 10%
EDTA solution for one week at room temperature.
Samples were dehydrated through an alcohol
gradient, cleared, and embedded in paraffin blocks.
Histological sections (5 pm) were prepared using a
microtome and subsequently stained with
hematoxylin and eosin (HE) or Masson’s trichrome
staining. The stained sections were photographed
digitally under a microscope.

Immunohistochemistry of SD rat tissue
To analyze osteocalcin (Ocn) and CD31 expression
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of the tissue, immunohistochemical staining was
performed on paraffin sections. The primary
antibodies were a rabbit anti-rat Ocn and a
monoclonal CD31 antibody (Abcam). The specimens
were then incubated with goat anti-rabbit secondary
antibodies conjugated with HRP (Boster Company of
Biotechnology). The antibody complexes were
visualized by the addition of a DAB substrate for 20 s
and Mayer's haematoxylin was used for
counterstaining. The stained specimens were
photographed digitally under a microscope.

Statistical analysis

All quantitative data are presented as mean *
SD. The student's t-test was performed to assess
statistical significance of results between groups.
Values of p < 0.05 were accepted as statistically
significant. Significance level was presented as either
*p <0.05 or **p < 0.01.

Results

Preparation of CS-P24

2-iminothiolane has been widely used to react
with primary amines in CS [22, 23]. The resulting
thiolated CS showed a good solubility in water, which
made it proper for the subsequent coupling reaction
with peptide terminated with cysteine (containing
thiol groups), as shown in Fig. 1A. FT-IR spectra of
CS, P24, and CS-P24 are shown in Fig. 1B. The main
peaks of un-modified CS were as follows: the strong
and broadband centered at 3381 cm?® (N-H stretch
and O-H stretch), the peak at 2875 cm! (C-H stretch),
1655 cm? (C=0 stretch), 1597 cm! (N-H blend), 1155
cm? (bridge O stretch), 1080 cm™ (C-H stretch), and
895 cm? (the P(1—4) glycoside bridge structure)
[23-26]. For the spectrum of CS-P24, the typical amide
I bond at 1633 cm™ and the amide II band at 1531 cm™!
were detected, which also existed in the spectrum of
P24, indicating that P24 had been immobilized on CS
[27, 28].
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Figure 1. (A) Synthesized thiolated chitosan and chitosan peptide. (B) FTIR spectra of CS, P24, and CS-P24. (C) Nls and S2p high-resolution XPS spectra of CS/HA,
CS-5%P24/HA, and CS-10%P24/HA scaffolds. (D) SEM image (a) and distribution of pore diameter (b) of CS-P24/HA scaffold. (E) Cumulative in vitro release curves of the

CS-P24/HA scaffolds over a period of 90 days. Data were obtained using an ELISA assay. Error bars represent means  SD (n = 3). (F) Scanning electron microscope (SEM) images
of (A1-A3) CS/HA, (B1-B3) CS-5%P24/HA, and (C1-C3) CS-10%P24/HA. (Al, B1, C1) SEM images of the porous biomaterial (30%). (A2, B2, C2) Scaffolds adhered with BMSCs
(500x). (A3, B3, C3) The surface of the scaffolds with complex 3D structures (2000%).
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Characterization of CS-P24/HA scaffold

The CS-P24/HA scaffold showed a highly
porous inner structure, which could be observed by
SEM (Fig. 1D). The porosity of the scaffold as
determined by mercury intrusion analyzer was 95.7%.
The network formed by chitosan was not smooth but
attached by the nano-HA particles, confirmed by the
existence of calcium in the energy diffraction
spectrum (EDS, data not shown). Fig. 1D showed the
distribution of the pore diameters of the C5-P24/HA
scaffold determined by mercury intrusion analyzer.
The majority of the pores had a diameter from 30-90
pm and the median pore diameter by volume was 59.8
pm. XPS was employed to characterize the chemical
compositions and states of scaffolds with varying
amounts of P24 (Fig. 1C). The differences in the N1s
and S2p spectra were observed for different scaffolds.
As expected, no obvious peaks were detected in the
CS/HA scaffold, indicating the absence of a sulfur
element. For CS5-5%P24/HA and CS-10%P24/HA, the
S2p spectra both had a doublet structure due to the
presence of the S2p3/2 and S2pl/2peaks, which
could be fitted using a 2:1 peak area ratio and a 1.2 eV
splitting. The two peaks of S2p3/2 (S2p1/2) implied
two different chemical states of sulfur: the peak at
161.8 eV (163.0 eV) for free thiol groups and the peak
at 166.8 eV (168.0 eV) for di-sulfide bonds. The S/C
ratio for CS-5%P24/HA and CS-10%P24/HA was
0.64% and 0.92%, respectively. For N1s, the spectra for
all of the three scaffolds could be divided into two
components: a component at 397.7 eV corresponding
to amino acids [29, 30] and a component at 399.9 eV
corresponding to amides [31]. The amide in chitosan
was due to the in-complete de-acetylation. The high
amount of amide in CS5-P24 was mainly assigned to
the existence of the peptide. The increase of the peak
intensity for the amide and S/C ratio from
CS-5%P24/HA to CS-10%P24/HA both demonstrated
the increasing amount of P24 in the scaffolds.

Release behaviors of the BMP2-derived
peptide P24

BMP2-derived peptide P24 with different doses
was loaded into the scaffolds. The in vitro cumulative
release curves of P24 from the scaffolds over a period
of 90 days were shown in Fig. 1E. In the absence of a
burst release profile, the release of BMP2-derived
peptide P24 was stable for the entire length of time
assayed (90 days). Furthermore, the release profiles of
CS-5%P24/HA and CS-10%P24/HA were linear and
could be fitted according to zero-order kinetic model
(R2=0.9929; R2=0.9757). The release rates of
BMP-2-derived peptide P24 of CS-5%P24/HA and
CS-10%P24/HA were almost equal over 90 days. The
peptide P24 cumulative release of CS-10%P24/HA

scaffold was lower than that of the CS-5%P24/HA
scaffold at each time point. Compared to the
CS-5%P24/HA scaffold, the CS-10%P24/HA scaffold
had a higher peptide P24 concentration and lower
peptide P24 cumulative release, which facilitated the
larger sustained diffusion of protein molecules into
the release medium over a relatively long period of
time. Our results suggested the C5-P24/HA scaffolds
could efficiently release peptide P24 in a control and
sustained profile.

Morphology and proliferation of BMSCs on
scaffolds

To determine the effect of the scaffolds on cell
growth, BMSCs were seeded onto CS/HA,
CS-5%P24/HA, and CS-10%P24/HA scaffolds. Cell
morphology was observed by SEM 5 days after
seeding (Fig. 1F). The SEM micrographs indicated that
most of the BMSCs exhibited a spindle morphology
on CS/HA, CS-5%P24/HA, and CS-10%P24/HA (Fig.
1F: A3, B3, and C3). After 5 days of culture, there was
a large amount of BMSCs observed on CS/HA,
CS-5%P24/HA, and CS-10%P24/HA scaffolds (Fig.
1F: A2, B2, and C2). Cell proliferation was measured
by the CCK-8 assay (Fig. 2A). CCK-8 analysis showed
that the cell number significantly increased in both
CS-10%P24/HA and control group scaffolds (Fig. 2A).
The CS-10%P24/HA group had significantly higher
optical values than CS/HA group at days 1, 3, and 7
(v <0.05) (Fig. 2A). In addition, adhesion of BMSCs to
CS/HA and CS-P24/HA scaffolds was further
studied by DAPI nuclear staining (Fig. 2B). The
numbers of DAPI stained cells in four groups
increased over time. As shown, the density of BMSCs
on the CS-P24/HA scaffold was higher than that of
the CS/HA scaffold on days 3 and 7 (Fig. 2B), which
was consistent with the results indicated by the
CCK-8 test. The good cytocompatibility of the
CS-P24/HA scaffold was attributed to its improved
hydrophilicity, flexibility, and surface patterned
microstructure. Appropriate hydrophilic surfaces
would be more conducive to initial cell attachment.
From these comparisons, we demonstrated that the
CS-P24/HA scaffolds were non-cytotoxic to BMSCs.
Collectively, our results suggested that the
CS-P24/HA scaffolds supported a better morphology
and proliferation pattern of BMSCs compared to the
CS/HA scaffold.

Effects of the CS-P24/HA scaffolds on the
osteogenic differentiation of BMSCs

Osteogenic differentiation by BMSCs within the
CS-P24/HA scaffolds was examined by ALP activity,
ALP staining, and Alizarin Red S staining. The results
showed that, for each group, the highest ALP activity
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of BMSCs appeared on day 7. On day 10, the ALP
activity of BMSCs decreased among the control,
CS/HA, and CS-5%P24/HA group, but still
maintained a relatively high level in CS-10%P24/HA
group (p < 0.05) (Fig. 2C). Alizarin Red S staining
showed evidence of calcium deposition and nodule
formation. Although mineralized nodules were
observed in all groups, more distinct nodules were
observed in BMSCs stimulated by the CS-P24/HA
scaffolds on day 14 (Fig. 2D). ALP staining showed
that the cells in each group accumulated to form
multiple layers and were polygonal and cubic shaped
after 14 days of culture. Deposition of red brown
particles was found in the cytoplasm of ALP-positive
cells. However, ALP positive cells or calcified nodules
were found more frequently on the CS-P24/HA
scaffold groups on day 14 compared to the other
groups (Fig. 2E).

Real-time polymerase chain reaction

To further examine the effect of the CS5-P24/HA
scaffold on osteogenic differentiation of BMSCs, we
examined osteogenic gene expression (Fig. 2F).
Osteogenic specific genes (OCN and Runx2) and

related matrix genes collagen 1 (Col-I) were assessed.
Both expressions of OCN and Runx2 were higher for
CS-P24/HA than that for the control groups on days
1, 3, and 7. OCN remarkably increased 10.2-fold and
1.7-fold on CS-5%P24/HA compared with those of
control (p < 0.05) and CS-10%P24/HA groups (p <
0.05) on day 3, respectively. The same trend was
observed in the osteogenic transcription factor Runx2,
with a 3.8-fold and 2.4-fold higher expression than
those of control (p < 0.05) and CS-10%P°24/HA groups
(p < 0.05), respectively. The OCN and Runx2
expression levels of the CS-P24/HA groups were
markedly up-regulated on days 3 and 7 (p < 0.05) and
reached relatively high levels. Col-I expressions in
CS-5%P24/HA and CS-10%P24/HA were lower than
the control group on day 1 and 3 (p < 0.05). However,
the mRNA transcript levels of Col-I in
CS5-10%P24/HA (15.6-fold, p < 0.05) was increased
significantly compared to that of control group on day
7. Taken together, these results demonstrated that the
CS-P24/HA scaffolds could promote the osteogenesis
in vitro.
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Figure 2. (A) CCK-8 test of BMSC viability after co-culture with CS/HA, CS-5%P24/HA, and CS-10%P24/HA scaffolds at days I, 3, 7, and 10 (p < 0.05). (B) Images show the
adhesion of BMSCs seeded on CS/HA, CS-5%P24/HA, and CS-10%P24/HA scaffolds at days 1, 3, and 7. Nuclei were stained with DAPI and images were captured at a 100x
magnification. (C) The relative ALP activity of BMSCs cultured in a scaffold-stimulated medium. (D) Alizarin Red S staining of BMSCs cultured scaffold-stimulated medium. (E) The
ALP staining of BMSCs cultured in scaffold-stimulated medium. (F) The level of the mRNA for osteogenic-specific genes (OCN and Runx2) and related matrix genes collagen |
(Col 1) of rat BMSCs cultured on CS-P24/HA scaffolds for 1, 3, and 7 days. Levels, quantified using real-time RT-PCR, are normalized to the reference gene B-actin. (*p < 0.05);

Error bars represent means + SD (n = 3).
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Figure 3. Quantitative analysis of mineralized new bone formation from micro-CT at
4, 8, and 12 weeks. (A) Bone mineral content (BMC). (B) Bone mineral density (BMD).
(C) Tissue mineral density (TMD). *p < 0.05.

Ectopic bone formation of scaffolds in rats

Micro-CT evaluation of implanted scaffolds

The ectopic bone formation of the CS-P24/HA
scaffolds in the back muscle pouches of living rats was
quantitatively evaluated by determining the bone
parameters of the implants. The three groups all
displayed new bone formation as indicated by BMC,
BMD, and TMD. The values of the bone parameters
(BMC, BMD, and TMD) of the implants increased
over time in all three groups. The CS-10%P24/HA
group showed higher BMC, BMD, and TMD levels
compared to those of the CS5-5%P24/HA group and
the CS/HA group (Fig. 3). The CS-10%P24/HA
scaffold produced obvious bone formation in the back
muscle pouches of rats and so fostered more extensive
mineralization in the implants. This led to high BMD
values, suggesting that the sustained release of BMP-2
peptide from the CS-10%P24/HA scaffold was of
great benefit to osteoblast differentiation during early
stages and subsequently promoted ectopic bone
formation. However, the CS-5%P24/HA group and

the CS/HA group showed no significant difference
with respect to BMD, BMC, and TMD values at 8 and
12 weeks, attesting that BMP-2-containing scaffolds
might not lead to difference in ectopic bone formation
of rats unless the BMP-2 dose was at a particular
threshold.

Histology

Tissue infiltration had fully occurred 4 weeks
post-implantation in all scaffolds as shown in Fig. 4A.
The connective tissue had infiltrated the scaffolds and
the macrophages could be observed. The tissue
morphology remained constant over the full course of
the implantation period and no obvious decrease in
the macrophage number was observed from 4 to 12
weeks post-implantation. In the CS-P24/HA groups,
the mineralized tissue gradually filled the scaffolds
and bone formation started at the periphery of the
scaffolds, whereas it also initiated in the core of the
scaffold for the CS-P24/HA specimens. Obviously,
the center of the CS-P24/HA scaffolds region was
composed mostly of collagen and calcium chloride
(Fig.  4A).  Immunohistochemistry  targeting
osteocalcin (OCN), CD31, and Nesting were
performed. Osteocalcin was expressed in the bone
matrix and was more intense at 8 and 12 weeks
post-implantation. Osteocalcin was mainly expressed
in the osteoblast lacunae, at the ossification line or
even in the surrounding soft tissue (Fig. 4B). Newly
formed blood vessels could be seen 4 weeks after
implantation. A multitude of blood vessels were also
observed throughout the entire thickness of the
scaffolds. The CS-P24/HA group had higher numbers
of OCN-positive osteoblasts and larger CD31-positive
areas than the CS /HA group at weeks 4, 8, and 12
(Fig. 4C). Vessel formation might enhance the bone
formation in the inner area of the scaffold.
Nesting-positive BMSCs were obviously seen
surrounding the scaffolds in CS-P24/HA group but
rarely seen in the CS/HA group (Fig. 5), suggesting
that BMSCs played a special role in the
CS-P24/HA-induced ectopic bone formation.

In vivo calvarial defect repair experiment

X-ray

Bone-like tissue was formed in the defect areas at
both 4 and 8 weeks after implantation, as revealed by
X-ray scanning images (Fig. 6A). High-density
shadows in the middle of the defect and at the edge of
the calvarial defects were observed in the
CS-5%P24/HA group and the CS-10%P24/HA group
at 4 weeks, indicating a limited amount of new bone
mineralized nodules and bone islands, whereas the
blank control group did not exhibit evidence of any
new bone formation. The whole defect was mostly
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repaired by bone-like tissue at 8 weeks in the
CS-P24/HA groups. Interestingly, the new bone was
formed not only on the edge of the defect but also in
the center. However, only small bone-like or vague
radiopaque tissue was detected in defects of the
CS/HA group at 8 weeks. Radiopaque tissue was
almost undetectable in the blank group at 4 weeks and
only minimal bone-like tissue was detected at 8
weeks. The opacity volume in the defect was elevated
in the CS-P24/HA groups than that in the CS/HA
group at 4 and 8 weeks.

CS-5%P24/HA

CS-10%P24/HA

B

CS/HA
CS-5%P24/HA

CS-10%P24/HA

C

CS/HA

CS-5%P24/HA

Micro-CT

The calvarial bone repair was further evaluated
by the micro-CT analysis at 4 and 8 weeks (n = 4) (Fig.
6B, 6C). In the CS-P24/HA group, the bone islands
and in-growth of new bones emerged at 4 weeks, with
the formation of new bone that filled the majority of
the defect area at 8 weeks. The sagittal view
demonstrated signs of bone bridging, while the
coronal view suggested similar bone density inside
and outside the defects at 8 weeks. The 3D rendering
images confirmed substantial bone healing in the

Week 8

Figure 4. (A) Histology of the specimens after 4, 8, and 12 weeks after implantation in vivo. Hematoxylin and eosin staining of harvested tissues in CS/HA, CS-5%P24/HA, and
CS-10%P24/HA groups. Red arrows show new formed blood vessels in or around the scaffolds. (B) Immunohistology. Cells or area in dark brown represent OCN-positive cells,
and the areas in white are voids. (C) Immunohistology. Area in dark brown is positive area of CD31, indicating the blood vessels, and the areas in white are voids. The
representative images at 10x magnification and at 40% magnification are presented. (At 10x magnification, scale bar = 100 pm. At 40% magnification, scale bar = 50 pm.)

http://lwww.thno.org



Theranostics 2017, Vol. 7, Issue 5

1082

CS5-10%P24/HA group at 8 weeks. In contrast, the
bone repair was slow and poor in the CS/HA group
(Fig. 6B). Based on the micro-CT analysis, BMD and
Tb.N were highest in the CS-10%P24/HA group at 4
and 8 weeks (Fig. 6C). In contrast, the BMD and Tb.N
in the blank and the CS/HA group remained at a

Week 4
x40

x10

CS-10%P24/HA |

x10

lower level at 4 and 8 weeks. The representative
images and quantitative analyses likewise showed
that the CS-10%P24/HA scaffold triggered better
bone repair than the CS/HA group at 4 and 8 weeks,
attesting that P24 was effective for calvarial bone
healing.

Week 8
x40

Week 12
x40

x10

Figure 5. Immunohistology. Nesting expressed of the harvested tissues at 4, 8, and 12 weeks after implantation in vivo. The representative images at 10% magnification and at 40
magnification are presented. (At 10% magnification, scale bar = 100 pm. At 40% magnification, scale bar = 50 pm.)
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Figure 6. (A) X-ray examination of the whole calvarias post-implantation at weeks 4 and 8 in vivo. X-ray examination of the whole calvarias of Blank, CS/HA, CS-5%P24/HA, and
CS-10%P24/HA groups, indicating new bone formation at the defects. (B) 3D micro-CT reconstructed images at 4 and 8 weeks with different implants. (C). Micro-CT
examination of the whole calvarias after 4 and 8 weeks implantation in vivo. Bone mineral density (BMD) and trabecular number (Tb.N). *p < 0.05.
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Figure 7. Histology of the repaired calvarias after 4 and 8 weeks implantation in vivo. (A) Hematoxylin and eosin staining of the repaired calvarias in Blank, CS/HA, CS-5%P24/HA,
and CS-10%P24/HA groups. Red arrows show new formed blood vessels in or around the scaffolds. (B) Masson’s staining of the repaired calvarias in Blank, CS/HA,

CS-5%P24/HA, and CS-10%P24/HA groups.

Histology

Histological examination revealed the formation
of regenerated bone with a typical structure of mature
bone in the central part of the repaired area in the
CS-P24/HA groups after 4 weeks post-implantation
(Fig. 7A). In contrast, no obvious bone, but fibrous
tissue was detected in the CS/HA group. For 8 weeks
post-implantation, the remaining scaffold materials
were detectable in all groups. In contrast to the lack of

typical bone formation in the defect area of the blank
and the CS/HA group, robust bone formation was
found in the repaired area in the CS-5%P24/HA and
CS-10%P24/HA groups. Particularly, larger bones
were present in the area implanted with
CS-10%P24/HA in contrast to small bones in the
CS-5%P24/HA and the CS/HA groups (Figs. 7A, 7B).
Immunohistochemical analysis showed that the area
grafted with CS-P24/HA exhibited high expression
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levels of OCN and CD31 and typical osteocytes were
observed 8 weeks post-implantation (Fig. 8). Taken
together, our results suggest that CS-P24/HA
remarkably augments bone regeneration in vivo.

Discussion

The efficacy of BMP-2 depends on its mode of
delivery. It has been proved long-term delivery of
BMP-2 is more effective at enhancing orthotopic bone
formation than short-term delivery over a range of
doses [32]. At present, one of the key issues regarding
BMP-2 is a suitable delivery system that can ensure its
long-term controlled release and the bioactivity of
BMP-2. In many cases, BMP-2 deposited in the
material releases with an early burst, and diffuses
away from the implantation site too quickly [33].
Therefore, much attention has been paid to a more
reliable vehicle for the sustained delivery of growth
factor to target sites. Systems evaluated as vehicles to
localize and delivery BMP-2 include porous
hydroxyapatite (HA),  absorbable  collagen,
polylactic-co-glycolic acid, et al [33]. Chitosan is a

A

Blank

Week 4 -

Week 8

B Blank

Week 4

Week 8

CS/HA

CS/HA

well-tested delivery vehicle as well. Chitosan,
obtained by alkaline deacetylation of chitin, is one of
the most abundant polysaccharides in nature.
However, chitosan suffers from limited solubility at
physiological pH and causes presystemic metabolism
of drugs in the presence of proteolytic enzymes [34].
These inherent drawbacks of chitosan have been
overcome by forming derivatives such as
carboxylated, acylated or thiolated chitosan [35].
Among these various chitosan derivates, thiomer
technology has a range of advantages for drug
delivery such as sustained drug release and high
stability [36]. The usefulness of thiolated chitosan as a
scaffold for controlled drug release has been
demonstrated by means of model drugs such as
clotrimazole [37], salmon calcitonin [38] and insulin
[39]. However, most of the research has focused on
systemic drug delivery. Meanwhile, despite the
advantages of thiolated chitosan for tissue
engineering, the potential application of this material
for bone tissue were rarely investigated.

CS-5%P24/HA CS-10%P24/HA

Figure 8. Immunohistology. Cells or areas that appear dark brown represent OCN-positive cells or CD31-positive area, respectively, in (A) and (B), positive area of CD31
indicating the blood vessels in (B), and the areas in white are voids. Representative magnified images are at 40% magnification. Scale bar = 50 ym.
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In this study, we developed a new biomimetic
composite scaffold for the controlled delivery of
BMP2-derived peptide P24 through the chemical
modification of chitosan -thiolated chitosan. The
cumulative release amounts of P24 from CS-P24/HA
revealed no initial burst-release which was quite
common for protein release from scaffold
functionalized by physical absorption or coating
technique [40]. The cumulative release results also
indicated that chemical modification technique of
thiolated chitosan could more efficiently mediate the
grafting of peptides onto scaffolds for BMP-2 peptides
delivery compared with physical adsorption.
Moreover, using the specific amino acids of P24 for
binding to thiolated chitosan might allow for the
configuration of immobilized peptides on the
scaffold, theoretically, which was impossible to
achieve by regular physical adsorption in practice [41,
42]. XPS results characterized the chemical
compositions and states of scaffolds with varying
amounts of P24 (Fig. 1C). The peak at 166.8 eV (168.0
eV) implied the di-sulfide bonds. The S/C ratio for
CS-5%P24/HA and CS-10%P24/HA was 0.64% and
0.92%, respectively. The high amount of amide in
CS-P24 was mainly assigned to the existence of the
peptide. The increase of the peak intensity for the
amide and S/C ratio from CS-5%P24/HA to
CS-10%P24/HA both demonstrated the increasing
amount of P24 in the scaffolds. The period of
sustained release of the BMP-2 peptide continued
until day 90 for CS-P24/HA (Fig. 1E), suggesting a
strong interaction between the scaffold and the
growth factor. Furthermore, the release profiles of
CS-5%P24/HA and CS-10%P24/HA were linear and
could be fitted according to zero-order kinetic model
(R2=0.9929; R?=0.9757). Obviously, controlled release
of P24 from the porous scaffold through chemical
modification of chitosan had been achieved, which
mainly relied on the disulfide bonds between thiol
groups of thiolated chitosan and P24 (Fig. 1C). In
addition, adequate amounts of P24 in CS-P24/HA
also contributed to the sustained release. In wvitro,
abundant and even-distributed P24 in CS-P24/HA
could be released in stable environment (at 37 °C
under continuously shaking for 90 days), without the
influence of degradation and remodeling due to
complicated environment in vivo. Taken together,
chemical modification, adequate P24, and stable
environment in vitro collectively led to the cumulative
in vitro release of BMP2-derived peptide P24 over a
period of 90 days. From the perspective of drug
delivery performance, this CS-P24/HA scaffold is
adaptable in therapeutic application, because this
BMP-2 peptides delivery system can prevent the
growth factor from degrading prematurely and

enable the local dose to be lowered while
guaranteeing long-term delivery and such a retarded
therapeutic application is propitious to minimize the
risk of undesirable effects such as excessive bone
formation and immune response.

Besides the favorable controlled delivery
performance, the biological effects of CS-P24/HA
scaffold were desirable as it was provided with the
osteoconductivity of chitosan/hydroxyapatite and the
osteoinductivity of BMP-2 peptides. BMP-2 plays a
vital role in osteogenic differentiation [43]. In the
present study, P24 was designed as a newly
synthesized peptide with 24 amino acids according to
the knuckle epitope of BMP-2. This peptide had a
relatively small molecular weight with good stability
and a linear structure that may easily reduce its
biological effect. Meanwhile, the active sites of the
short chain polypeptide can be fully exposed. P24 also
contained abundant Asp (aspartic acid) and
phosphorylated Ser (serine), which promoted and
guided mineralization of the natural bone matrix. In
addition, similar to BMP-2, P24 might induce
transcription factors, such as Runx2, the principal
osteogenic master gene for bone formation,
constituting a network of activities and molecular
switches for bone development and osteoblast
differentiation [44]. Runx2 target genes included
regulators of cell growth control, components of the
bone extracellular matrix, angiogenesis, and signaling
proteins for the development of the osteoblast
phenotype and bone turnover [44].

The synergistically biological effects of
CS-P24/HA scaffold on BMSCs were evaluated from
multiple aspects. In this study, the CS-P24/HA
scaffold was found to support cell adhesion,
spreading, proliferation, and osteogenesis of the rat
BMSCs in wvitro. This scaffold provided an optimal
micro-environment for cell attachment and growth.
Cells demonstrated larger osteogenic differentiation
when they were induced at a higher density. As
shown in Fig. 2A, (CS-5%P24/HA  and
CS-10%P24/HA induced higher proliferation of
BMSCs than CS/HA. Therefore, these results
suggested that the higher proliferation of BMSCs on
CS-P24/HA might be attributed to the osteoblastic
lineage progression of BMSCs. ALP activity analysis
revealed that the BMSCs exhibited higher expression
of ALP on CS-P24/HA than that on CS/HA (Fig. 2C).
Results from our study showed higher levels of
expression of OCN, RUNX-2, and Col-I of BMSCs on
CS-P24/HA scaffolds than on CS/HA scaffolds.
Wang YK et al. illustrated that cell adhesion to the
extracellular matrix (ECM) affects cell shape,
cytoskeletal mechanics, BMP-induced signaling, and
osteogenic differentiation of hMSCs [45]. They
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demonstrated that BMP-2-induced osteogenesis was
progressively antagonized with decreased cell
spreading and RhoA/ROCK-mediated cytoskeletal
tension was directly involved [45]. Moreover, it has
been proven that ECM elasticity influences the
expression of surface integrin of BMSCs, which in
turn can modulate BMP receptor internalization,
thereby regulating lineage specification of BMSCs
[46].

In vivo osteoinductive studies revealed that the
degree of ectopic osteogenesis in the dorsal muscle
pocket of rats was significantly higher in the
CS-10%P24 /HA scaffold than in the CS/HA scaffold.
To further evaluate the ability of CS-P24/HA
scaffolds to facilitate bone growth in wvivo, we
surgically created cranial bone defects in SD rats. The
in-vivo study showed that new bone-like tissue
determined by micro-CT, combined with histological
examination and immunohistochemical analysis, was
significantly increased in the CS-P24/HA groups than
in the CS/HA group in vivo (Figs. 6-8). The intensity
of the defect was also higher in the CS-P24/HA
groups compared to the CS/HA group (Fig. 6). The in
vivo full-thickness cranial bone defect model repair
further demonstrated that CS-P24/HA was superior
to CS/HA in promoting bone regeneration, which
was likely due to the role of C5-P24/HA in facilitating
osteogenic differentiation in BMSCs as well as
supporting BMSC adhesion, spreading, and
proliferation, just as described in vitro. Therefore, in
our study, the BMSCs might contribute to bone repair
in two different ways: first, BMSCs might directly
differentiate into the osteocytes; second, they might
modify the healing environment by secreting a
number of trophic molecules, such as soluble
extracellular matrix glycoproteins, cytokines, and
growth factors [47]. The contribution of the BMSCs to
bone repair and regeneration could be elucidated
from the expression of markers and ECM synthesis
(Fig. 2, Fig. 4 and Fig. 8). In this study, osteogenic
ECM gene markers, OCN were up-regulated in both
CS-5%P24/HA and  CS-10%P24/HA  groups.
However, further investigation is necessary to fully
illustrate the role of BMSCs influenced by CS-P24/HA
in bone regeneration in vivo.

Conclusions

A chitosan-P24/hydroxyapatite (CS-P24/HA)
controlled delivery scaffold was created by the
chemical modification technique and was found to
steadily release P24 for 90 days, furthermore, the
release profiles of CS-5%P24/HA and
CS-10%P24/HA were linear and could be fitted
according to zero-order kinetic model (R2=0.9929;
R2=0.9757);. It was demonstrated to support BMSC

adhesion and spreading and promote cell viability
and proliferation. Furthermore, CS5-P24/HA induced
osteogenic differentiation of BMSCs both in vitro and
in vivo. Finally, CS5-P24/HA was superior to CS/HA
in promotion of bone regeneration in vivo. This study
highlights the enormous potential of using the
CS-P24/HA scaffold for bone tissue engineering
applications.
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