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The aim of this study was to evaluate ectopic in vivo bone formation with or without rat bone mesenchymal stem cells
(rBMSCs) of an injectableChitosan/Nanohydroxyapatite/Collagen (CS/nHAC) composite.TheCS/nHACcompositeswere injected
subcutaneously into the backs of Wistar rats with freshly loaded rBMSCs at a density of 10 × 106 cells/mL, and the CS/nHAC
composites without cells were used as negative controls. New bone formation, degradation of composites, and degree of calcification
were evaluated by Computed Tomography (CT) and three-dimensional (3D) CT reconstruction. Histological evaluations were
performed to further assess bone structure and extracellular matrix by HE and Masson staining. The inflammatory reactions
related to osteogenesis were also investigated in the present study. In comparison with the CS/nHAC composites, this study
revealed that CS/nHAC/rBMSCs composites showed relatively higher percentage of calcification, better establishment of ECM,
and less degradation rate. Meanwhile, different extents of inflammatory reactions were also observed in the CS/nHAC and
CS/nHAC/rBMSCs explants at 2 and 4 weeks after implantation. Altogether, CS/nHAC/rBMSCs composites are superior to
CS/nHAC composites in ectopic bone formation. In conclusion, the rBMSCs-seeded CS/nHAC composites may be beneficial to
enhancing ectopic bone formation in vivo.

1. Introduction

In the recent years, significant progress has been made
in the treatment of bone defect. With the development of
bone tissue engineering, a variety of biomaterials appear to
meet the challenges of inadequate supply of autograft [1],
which is widely considered as the gold standard [2]. Bone
graft substitutes have the advantages of unlimited availability,
bearing no risk of disease transmission, and low incidence of
complications [3]. As a promising candidate for bone tissue
engineering, injectable biomaterials are popular for allowing

the ability of noninvasive or minimally invasive implantation
[4]. Besides, an ability to fill a desired shape and an easy
incorporation with various therapeutic agents offer injectable
biomaterials great potential in bone defect repair of any shape
[5, 6].

It is universally acknowledged that an ideal biomaterial
should be as close as possible to the natural ECM, which
requires special care to the biocompatibility, biodegrad-
ability, and three-dimensional structure suitable for cell
ingrowth and osteoinduction of the biomaterials [7–9].
Due to these limitations, very few composites turn out to
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meet these requirements. As a natural polymer obtained
from chitin, chitosan has become a key component in
bone tissue engineering in the last two decades [10]. Chi-
tosan/nanohydroxyapatite composites have been shown to
exhibit excellent biodegradability, biocompatibility, osteo-
conductivity, and even osteoinductivity [11, 12]. Renowned
as a major organic matter of bone, collagen was combined
with chitosan/nanohydroxyapatite to obtain a composite
in our preliminary study. The feasibility of developing an
injectable chitosan solution with excellent thermosensitivity
in the presence of nHAC has been demonstrated. CS/nHAC
makes the sol-gel transition when the solution is heated to
37∘C, which makes it form an aqueous solution with low
viscosity to complete the injection, but it forms a gel at body
temperature [13–15]. Our previous studies have shown that an
injectable chitosan/nanohydroxyapatite/collagen composite
exhibits features of natural bone in both main composition
and microstructure, which can be expected as a candidate
for systemic minimally invasive composites with osteogenic
properties [13, 15].

The design of functionally active cells with composites to
promote bone or cartilage formation is a character of bone
tissue engineering [16].Mesenchymal stem cells (MSCs) draw
considerable attention because they can be easily isolated
from a small aspirate of bone marrow and readily generate
single-cell-derived colonies. MSCs have great potential in
bone tissue engineering field. It has already been proved that
MSCs improve the biocompatibility of CS/nHAC composites
and enhance orthotopic bone formation in vivo [17].

In order to reduce the number of variables involved in
bone formation, this time we employed a model of ectopic
bone formation to perform our study. The goal of the
current study was to evaluate the osteogenic ability of an
injectable chitosan/nanohydroxyapatite/collagen composite
with or without rat bone marrow mesenchymal stem cells
(rBMSCs) during 4 weeks of subcutaneous implantation at
the backs of rats.

2. Materials and Methods

2.1. Isolation and Cultivation of Rat Bone Marrow Mesenchy-
mal Stem Cells. rBMSCs were isolated from bone marrow
aspirates (2mL), harvested by a standard procedure pub-
lished previously [18, 19]. To be specific, aspirates were
obtained from the femurs of 8 eight-week-old male Wis-
tar rats (Animal Research Center at Guangdong Province,
China) under sterile conditions. Then, the marrow samples
were flushed out with DMEM containing heparin (100𝜇/mL)
and became a cell pellet after being centrifuged at 1200 rpm
for 5min. Following removal of supernatant, cells were
resuspended in Percoll gradient (1.083 g/mL) and centrifuged
at 1200×g for 20min. After being washed twice with DMEM,
the cells were seeded in low-glucose DMEM supplemented
with FBS at a density of 5 × 106 cells/mL. After 2 days, the
nonadherent cells were removed, while the adherent cells
expanded under standard conditions (5% CO

2
, 37∘C) with

the culture medium changed twice weekly. The third passage
of cells at a confluence of approximately 80%–90% was used

Table 1: Major molecular components and microstructure of
CS/nHAC as compared with natural bone. The molecular compo-
nents, the mineralization of collagen fibrils, and the arrangement of
mineralized collagen fibrils are the first, the second, and the third
hierarchical levels in natural bone, respectively.

CS/nHAC Natural bone

Major molecular
components

HA, collagen,
phosphate, and
carbonates

HA, water, collagen,
and other proteins

Mineralization of
collagen fibrils

Small HA crystals
associated with
collagen fibrils
orienting their 𝑐-axis

Plate-like HA crystals
associated with
collagen fibrils
orienting their 𝑐-axis

Arrangement of
the mineralized
collagen fibrils

Associated as
bundles, aligned
along their long axis

Associated as
bundles, often aligned
along their long axis

in our study. All of the procedures involving animals were
performed in accordance with the Institutional Animal Care
and Use Committee of Southern Medical University.

2.2. Preparation of CS/nHAC and CS/nHAC/rBMSCs. The
CS/nHAC composite was synthesized by a chemical mod-
ification route as described earlier [13, 15, 17, 20]. Refer-
ring to our previous study, the main composition and the
microstructure of CS/nHAC are shown in Table 1. It can
be concluded that CS/nHAC is similar to natural bone in
both molecular structure and microstructure [13]. For the
CS/nHAC group, initially, nHAC powder was obtained by
self-assembly of nanofibrils of mineralized collagen sterilized
by 𝛾-ray irradiation (1.5Mrad). Then, with the ratio of 1 : 1 in
weight, nHAC powder was gently mixed with the chitosan
solution, which was obtained by dissolving 2 g of chitosan
in hydrochloric acid solution (98mL, 0.1M). As for the
resulting solution, droplets of 𝛽-glycerophosphate solution
(30% (w/v)) were added to adjust the pH value to 7.0.

The CS/nHAC/rBMSCs composites were obtained by
seeding rBMSCs into the CS/nHAC solution, prepared by
the same procedure as in CS/nHAC group. Released from
DMEM, the rBMSCs (passage 3) were suspended in low-
glucose DMEM containing 10% FBS. Then, the suspended
cells were added to the CS/nHAC solution at a density
of 10 × 106 cells/mL and were gently mixed to achieve a
uniform suspension; 10 nmol/L of dexamethasone, 50mg/L
of ascorbic acid, and 10mmol/L of 𝛽-glycerophosphate were
added to CS/nHAC/rBMSCs solution in order to promote
cellular differentiation of rBMSCs. All procedures in both
groups were carried out under sterile conditions.

2.3. Subcutaneous Implantation. Eight eight-week-old male
Wistar rats weighing 250–300 g were used. The left side of
the back (1.5 to 2 cm away from the midline) in each rat
was chosen as the implantation area, while the right side
(1.5 to 2 cm away from the midline) was untreated. Four rats
were injected with CS/nHAC/rBMSCs subcutaneously, and
the other four rats with CS/nHAC were considered as nega-
tive controls. No prophylactic medication was administered
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Figure 1: Schematic representation of experimental strategy: preparation of CS/nHAC/rBMSCs is demonstrated as an example.

before and after the implantation. The animals were allowed
to walk about 24 hours after the implantation. After 2 and 4
weeks of implantation, the animals were sacrificed, and the
implants were retrieved.

2.4. Computed Tomography (CT) Scanning and Measurement
of Bone Density. Computed tomography (CT) scanning was
performed to investigate new bone formation in the retrieved
implants by using a Philips CT scanner (Phillips/Brilliance
64, Phillips, The Netherlands). At 2 and 4 weeks after
implantation, the retrieved implants of both groups were
scanned by X-ray source energy with a resolution mode of
10 𝜇m (𝑥/𝑦/𝑧) at parameters of 120 kV, 150mA, and 0.5 s
imaging time. Bone density measurement was performed on
the foundation of determining the region of interest (ROI) in
each slice of samples. ROI was defined by a senior pathologist
using PHILIPS Brilliance Workspace Version 3.5 (Philips
Medical Systems, USA) software. The data were obtained by
taking the average of all of the CT values (HU) in ROI of
three different slices in each sample. To provide an intuitive
impression of the degradation properties and calcification of
the implants, 3D bone formation was acquired by using a
locally written software, which was based on the Feldkamp
algorithm.

2.5. Histological Evaluation. After CT scanning, explants in
both groups were embedded in paraffin for 24 hours and
then sectioned. The 5𝜇m thick sections were then stained
by hematoxylin and eosin (HE) and Masson for evaluation
of bone marrow architecture, lineage-specific cell types,
and extracellular matrix (ECM). To quantify the degree of
inflammation, a skilled pathologist engaged in calculating the
number of inflammatory cells in sections of CS/nHAC and
CS/nHAC/rBMSCs groups, taking the average in each group.
Phagocytes/macrophages, lymphocytes, and multinucleated
giant cells are defined as inflammatory cells. ImagePro Plus
(6.0.0260 version, Media Cybernetics, USA) was used for
calculation.

2.6. Statistical Analysis. The bone density data and the
number of inflammatory cells in the CS/nHAC and
CS/nHAC/rBMSCs groups were analyzed by using 𝑡-test.

IBM SPSS Statistics 19.0 software was used to assess the
statistical differences intragroup and intergroup. Statistical
significance was defined at a 𝑃 value < 0.05.

3. Result and Discussion

Ectopic bone models are extremely useful for in vivo bone
formation study. With unique advantages of eliminating
the effect of bone-stimulating cytokines, bone-forming cells,
endogenous stem cells, and potentially bone-stimulating
mechanotransduction, ectopic bone formation has become
a significant step for determining the osteogenic activities of
various composites, especially for those achieving satisfactory
results in orthotopic sites [21]. Subcutaneous implantation
is one of the most common used models, regarding its
convenience and favorable success rate. Scott et al. have con-
cluded that bone marrow mesenchymal stem cells (BMSCs)
are the most commonly studied cell types in subcutaneous
models [21]. To determine the role of BMSCs in an injectable
composite, we performed the ectopic bone model to evaluate
the variability between the injectable CS/nHAC/rBMSCs and
CS/nHAC composites. For an optimal outcome, we applied
dexamethasone, ascorbic acid, and 𝛽-glycerophosphate to
rBMSCs, which have been reported to promote more exten-
sive bone formation in vivo [22, 23]. A subcutaneous bone
model was established by injecting various composites into
the left side of the back (1.5 to 2 cm away from themidline) in
each rat. Computed tomography and histology were selected
to assess the ectopic bone formation at 2 and 4 weeks after
implantation (Figure 1).

3.1. CT Analysis of Implant Formation. Images of plain CT
scanning provided evidence of calcification on the remaining
composites (Figure 2(a)), which indicated the possibility of
new bone formation. We were able to discover that calcifi-
cation areas of both groups were just within the margin of
remaining composites. It is obvious that the proportion of
calcification area in CS/nHAC/rBMSCs was larger than that
in CS/nHAC at 2 and 4 weeks after implantation, respectively,
which demonstrated a more active osteogenesis site induced
by CS/nHAC/rBMSCs, in comparison with CS/nHAC.



4 Journal of Nanomaterials

CS/nHAC

CS/nHAC/rBMSCs

2 weeks 4 weeks

(a)

2 weeks 4 weeks

(b)

Figure 2: CT images of implant formation of CS/nHAC and CS/nHAC/rBMSCs at 2 and 4 weeks after implantation. (a) Images of plain CT
scanning reveal calcification (green arrow). (b) Images of three-dimensional CT reconstruction demonstrate the remaining composites.
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Figure 3: CT value (HU
𝑚
) of the implants in CS/nHAC and

CS/nHAC/rBMSCs at 2 and 4 weeks after implantation.The data are
presented as mean ± standard deviation (𝑛 = 8; ∗𝑃 < 0.05).

Three-dimensional CT reconstruction offers a conve-
nience to visualize the implant formation. The images of the
CS/nHAC/rBMSCs and CS/nHAC composites after implan-
tation by 3D reconstruction taken at 2 and 4 weeks were
obtained in this study (Figure 2(b)). It is universally acknowl-
edged that degradation of composites plays an important
role in new bone formation. On one hand, the persistence

of composites within the implantation bed has been shown
to restrict new bone formation. On the other hand, a fast
degradation rate of composites is associated with failure in
osteoconduction. An optimal degradation rate should be
parallel to the speed of new bone formation [24]. In this
study, a difference of degradation rates could be detected
between the CS/nHAC/rBMSCs and CS/nHAC, with the
volume of CS/nHAC remaining less at 2 and 4 weeks after
implantation, as comparedwithCS/nHAC/rBMSCs.Another
important finding was that the outlines of the remaining
composites in both groups were extremely unclear, especially
in CS/nHAC/rBMSCs, suggesting an ingrowth of surround-
ing tissue. Concerning the preferable osteogenic ability of
CS/nHAC/rBMSCs and its relatively slow degradation rate, as
compared with CS/nHAC, further studies on the appropriate
degradation rate could be carried out.

3.2. Computed Tomography Measurement of Bone Density.
As a quantitative bone density measurement, the use of
computed tomography has continued to grow in the field
of bone implantation. Previous studies have shown the
correlation between bone density values (the Hounsfield
unit) and bone qualities [25, 26]. Therefore, the Hounsfield
unit (HU

𝑚
) was chosen for determination of bone density

at 2 and 4 weeks after implantation in this study. The bone
intensity values are shown in Figure 3. By loading rBMSCs
with CS/nHAC, the CT intensity of CS/nHAC/rBMSCs was
significantly higher than that of CS/nHAC at 2 and 4 weeks
after implantation (𝑃 < 0.05). According to the mean HU,
it can be concluded that the increase of CT intensity was
statistically significant (𝑃 < 0.05) in both cases within
the duration of implantation up to 4 weeks (Figure 3).
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Figure 4: Light microscopic images of CS/nHAC induced bone formation at 2 and 4 weeks after implantation (microscopic magnification
100x) reveal weak evidence of bone formation with calcification (black arrow), collagen (green arrow), and inflammatory cells (red arrow):
(a) HE, 2 weeks; (b) HE, 4 weeks; (c) Masson, 2 weeks; and (d) Masson, 4 weeks.

Furthermore, the mean CT intensity of both groups at 2
weeks indicated great possibility of calcification, especially
in CS/nHAC/rBMSCs, corresponding to the de Oliveira R C
G team’s finding of bone intensity in CT values [26]. All of
these results indicated the possibility of early osteogenesis in
CS/nHAC/rBMSCs andCS/nHACgroups. As comparedwith
CS/nHAC, CS/nHAC seeded with 10 × 106 cells/mL rBMSCs
demonstrated greater possibility of bone formation.

3.3. Histological Analysis of Ectopic Bone Formation. In the
current histological examination, percentage of calcification,
inflammatory reactions related to implantation, and estab-
lishing of ECM were revealed by HE and Masson staining.
For the CS/nHAC group, large amounts of inflammatory
cells and fibrous tissue can be easily observed over the
duration of 4 weeks after implantation, while a persistent
low percentage of calcification was demonstrated (Figures
4(a) and 4(b)). Hardly any collagen can be seen by Masson
staining at 2 weeks. A small amount of newly formed collagen
bundles were sparsely and unevenly distributed in implant
area at 4 weeks (Figures 4(c) and 4(d)), providing weak
evidence of bone formation induced by CS/nHAC. In case
of CS/nHAC/rBMSCs, the percentage of calcification signifi-
cantly increased with time (Figures 5(a) and 5(b)), indicating
an active bone formation site. Meanwhile, moderate amounts
of inflammatory cells can be observed at 2 weeks after

Table 2: The number of inflammatory cells observed in CS/nHAC
and CS/nHAC/rBMSCs at 2 and 4 weeks after implantation.

2 weeks (cells/cm2) 4 weeks (cells/cm2)
CS/nHAC 37.6 ± 1.5 28.3 ± 1.5

CS/nHAC/rBMSCs 23.0 ± 1.2 12.0 ± 1.5

implantation, and the cell number decreased sharply by 4
weeks. Numerous newly formed collagen bundles turned out
to form homogeneously in the core of implants over the
duration of 4 weeks (Figures 5(c) and 5(d)). Together, all
of these histological findings demonstrated the possibility of
new bone formation induced by CS/nHAC/rBMSCs, while
few histological findings supported the osteogenic ability of
CS/nHAC.

3.4. The Relationship between Osteogenesis and Inflamma-
tory Reactions. Regarded as “foreign bodies”, biomaterials
are known to act on inflammatory reactions within the
implantation bed. The inflammatory reaction is crucial for
degradation of the biomaterials and vascularization of the
implantation bed, thus contributing to new bone formation
[27–29]. In our study, the relationship between osteogenesis
and inflammatory reactions draws considerable attention.
Inflammatory reactions observed in histological sections
were measured by calculating the number of inflammatory
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Figure 5: Light microscopic images of CS/nHAC/rBMSCs induced bone formation at 2 and 4 weeks after implantation (microscopic
magnification 100x) indicate great potential of bone formation with calcification (black arrow), collagen (green arrow), and inflammatory
cells (red arrow): (a) HE, 2 weeks; (b) HE, 4 weeks; (c) Masson, 2 weeks; and (d) Masson, 4 weeks.

cells (Table 2). A resolution of inflammatory reactions within
4 weeks of implantation in CS/nHAC/rBMSCs was observed.
Moreover, the inflammatory reactions could be cataloged to
a relatively moderate level at the early stage of implanta-
tion, indicating a preferable brief inflammation, while the
CS/nHAC turned out to show no sign of bone formation
with the degree of inflammatory reactions remaining at a
high level up to 4 weeks (Figure 6). As Henson reported,
the adhesion of macrophages and foreign body giant cells as
well as other inflammatory cells has been shown to release
mediators of degradation such as reactive oxygen intermedi-
ates (ROIs, oxygen-free radicals), degradative enzymes, and
acids into this privileged zone between the cell membrane
and composite surface such that immediate buffering or
inhibition of these mediators is delayed or reduced [30, 31].
Therefore, inflammation is closely related to the biodegra-
dation of composites, which determines the capability of
new bone formation. This theory might illustrate the results
of our study. The persistent inflammation fluctuating at a
high level in CS/nHAC groupmediated a fast biodegradation
of composites, which resulted in a failure to support new
bone formation, while the preferable brief inflammation of
CS/nHAC/rBMSCs resulted in an optimal degradation rate
contributing to new bone formation. Our present study only
provided statistics about inflammatory reactions at certain
time points, and more dynamic monitoring and specific

analysis of the inflammatory reactions need to be further
investigated.

4. Conclusions

In conclusion, this study has demonstrated that an injectable
CS/nHAC/rBMSCs composite has great potential in enhanc-
ing ectopic bone formation. In comparison with CS/nHAC
composites, rBMSCs seeded at a density of 10 × 106 cells/mL
on CS/nHAC showed relatively higher percentage of calci-
fication, better establishment of ECM, and less degradation
rate.Therefore, the use of rBMSCs with CS/nHAC composite
to promote ectopic bone formation deserves considerable
attention.
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