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Abstract Nano biocomposite scaffolds of non-stoichi-
ometric apatite (ns-AP) and poly(e-caprolactone) (PCL)
were prepared by a prototyping controlled process (PCP).
The results show that the composite scaffolds with 40 wt%
ns-AP contained open and well interconnected pores with a
size of 400-500 pm, and exhibited a maximum porosity of
76%. The ns-AP particles were not completely embedded
in PCL matrix while exposed on the composite surface,
which might be useful for cell attachment and growth.
Proliferation of MGg; cells was significantly better on the
composite scaffolds with porosity of 76% than that those
with porosity of 53%, indicating that the scaffolds with
high porosity facilitated cell growth, and could promote
cell proliferation. The composite scaffolds were implanted
into rabbit thighbone defects to investigate the in vivo
biocompatibility and osteogenesis. Radiological and his-
tological examination confirmed that the new bony tissue
had grown easily into the entire composite scaffold. The
results suggest that the well-interconnected pores in the
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scaffolds might encourage cell proliferation, and migration
to stimulate cell functions, thus enhancing bone formation
in the scaffolds. This study shows that bioactive and bio-
compatible ns-AP/PCL composite scaffolds have potential
applications in bone tissue engineering.

1 Introduction

Many studies have shown that nano hydroxyapatite (n-HA)
biomaterial had excellent bioperformance and was a
potential candidate for hard tissue repair [1-4]. Neverthe-
less, the extensive use of n-HA is still limited by its powder
state and brittle nature. Biodegradable polymers and their
copolymers are widely used in bone regeneration, dental
repair, orthopedic fixation devices, as well as many other
biomedical applications [5, 6]. However, there exist no
pure polymers that can effectively bond to bone in vivo,
and organic/inorganic biocomposites of degradable poly-
mers and bioactive inorganic phases are still a promising
approach to develop bioactive biomaterials for bone repair
[7, 8]. Poly(e-caprolactone) (PCL), one of the most com-
mercially available biodegradable polymers, is widely used
in biomedical fields for its biodegradability, biocompati-
bility, and formability [9, 10].

Studies suggested that the variation in the molar ratio of
calcium to phosphate greatly affected the solubility of the
Ca—P biomaterials, and apatite with Ca/P of 1.50 degraded
faster than hydroxyapatite with Ca/P of 1.67 when
implanted in vivo [11, 12]. Previous studies showed that
calcium deficient apatite (also called non-stoichiometric
apatite, ns-AP) with Ca/P of 1.50 was biologically more
active than pure HA because it has a composition and
structure very close to natural bone mineral, and therefore
has been considered to be the ideal material for bone repair
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[13]. Therefore, it is expected that fabrication of nano non-
stoichiometric apatite (ns-AP) for novel bone regeneration
material will improve the bioperformance of apatite bio-
material. A combination of PCL with bioactive ns-AP is
likely to bring the advantages of both biomaterials.

Several methods have been proposed for fabrication of
porous scaffolds, including particulate leaching, gas
foaming, electrospinning, freeze drying, foaming of cera-
mic from slurry, and the formation of polymeric sponge
[14-16]. However, scaffolds preparation using these
methods have some shortcomings in controlling the struc-
ture and interconnectivity of pores, which may limit their
application in terms of cell penetration in tissue engineer-
ing. To obtain scaffolds with high porosity and good in-
terconnectivity, new techniques need to be developed.
Recently, some researchers proposed the techniques for
fabricating three-dimensional (3D) scaffolds with control-
lable porosity and well-defined 3D microstructures using
rapid prototyping (RP) methods, such as fused deposition
modeling, selective laser sintering, 3D printing™™, multi-
phase jet solidification, and 3D plotting [17-20]. In this
study, ns-AP/PCL composite scaffolds were prepared using
a prototyping controlled process, and the cell/tissue
responses to the composite scaffolds both in vitro and in
vivo were investigated.

2 Materials and methods
2.1 Synthesis of ns-AP

The ns-AP was synthesized wusing calcium nitrate
(Ca(NOs3),-4H,0) and ammonium phosphate ((NHy),
HPO,). First, calcium nitrate and ammonium phosphate
(Ca/P mol ratio = 1.50, calcium nitrate/ammonium phos-
phate) were dissolved separately in deionized water. The
ammonium phosphate solution was dropped slowly into the
calcium nitrate solution while stirring at room temperature.
The pH of the solution was kept between 10 and 12 by
adding ammonium hydroxide. After the titration was
completed, the mixture was set at room temperature for
24 h. The resulting apatite precipitate was washed with
deionized water for five times, placed in a flask, and treated
in deionized water for 2 h at 100°C. After treatment, the
apatite precipitate (ns-AP) was in slurry state. The ns-AP
slurry and dimethyl formamide (DMF) were mixed in a
beaker while stirring, and the temperature was gradually
increased to 120°C. After all the water had evaporated, a
mixture of ns-AP/DMF slurry was obtained. An aliquot
was removed for transmission electron microscopy
(FE-TEM, JEM-2100F, JEOL, Tokyo, Japan) testing. The
surface morphology of the ns-AP dried powders was
examined by scanning electron microscopy (FE-SEM,
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S-4300SE, Hitachi Ltd, Tokyo, Japan), all the chemicals
used were purchased from Sinopham Chemical Reagent
Co., Ltd.

2.2 Fabrication of ns-AP/PCL scaffolds

The 3-D robotic system used to fabricate ns-AP/PCL
scaffolds was composed of three components: the pres-
sure pump was used to control extrusion rate of com-
posite slurry, whereas the robotic system and computer
were used to control the morphology of the composite
scaffolds and the speed of scanning. The composite slurry
was extruded into the plotting medium (ethanol solution)
from the syringe and many scans were used to make a
scaffold. Briefly, PCL pellets (MW = 60,000: Sigma—
Aldrich Co, St. Louis, MO, USA) were dissolved in
chloroform at a concentration of 10% (w/v) and enough
ns-AP/DFM slurry was added to produce composites with
40 wt % ns-AP content. The mixture was stirred con-
tinuously for 4 h to obtain composite slurries, which were
then placed into a syringe-like injector. The composite
slurry was extruded into the plotting medium to obtain a
porous construct. Composite scaffolds were fabricated by
extruding the slurry at a controlled extrusion rate of
50 pl/min and a scan speed of 8 mm/s. To eliminate the
solvent completely, the scaffolds were immersed in dis-
tilled water for over 2 days and then freeze-dried for over
3 days. The fabricated scaffolds were stored in a desic-
cator until use.

2.3 Characterization of composite scaffolds

The surface phase composition of the ns-AP/PCL com-
posite was examined by X-ray diffraction (XRD, Geiger-
flex, Rigaku Co., Japan). The surface morphology of the
composite scaffolds was examined by scanning electron
microscopy (SEM) and atomic force microscopy (AFM),
and the porosity of the scaffolds was measured in distilled
water by the Archimedes method. The average porosity
was calculated based on five samples. The mechanical
strength of the composite scaffold samples (10 x 10 x
10 mm®) was measured (the samples were compressed in
perpendicular to the ‘planes’ of the extruded fibers until
failure) at room temperature using a compression test at a
constant displacement rate of 2 mm/min. The jigs were
specially designed to provide a uniform load on the com-
posite samples, and a Bionix 858.20 (MTS Systems Corp.
Eden Prairie, MN, USA) was used to conduct tests. The
surface area was measured to convert the compressive
loads into compressive stresses. The compressive modulus
was determined from the initial linear region. Five samples
were tested for each group, and the average and standard
deviation were calculated for statistical analysis.
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2.4 Cell proliferation

Samples (10 x 10 x 5 mm?) of the composite scaffolds
with porosities of 76 and 53% were sterilized by using
ultraviolet light for 30 min. The proliferation of MGg; cells
cultured on the samples was assessed quantitatively using
MTT assay (tissue culture plate as a control). Samples were
first put in each well of the 96-well plate. MGgjs cells were
then seeded onto the samples at a density of 3 x 10* cells/
sample, followed by incubation at 37°C and 100%
humidity with 5% CO, in a DMEM-BFS medium. The
medium was changed every 2 days. After culturing for 1, 3
and 5 days, 100 pl methyl thiazolyl tetrazolium (MTT)
solution was added into each well in the plate. The plate
was then incubated for a further 4 h. The supernatant of
each well was then removed and 200 pl dimethyl sulfoxide
(DMSO) added. After shaking for 10 min, the optical
density (OD) at 490 nm was measured with an enzyme-
linked immunoadsorbent assay plate reader. Six samples of
each kind were tested after each culture time, and each test
was performed in triplicate.

2.5 Biocompatibility and osteogenesis in vivo

Biocompatibility and osteogenesis in vivo of the composite
scaffolds were evaluated using macroscopic and histolog-
ical methods. Briefly, the healthy New Zealand white
rabbits weighing about 3.0 kg each were used for the
implantation of the composite scaffolds. The rabbits were
anesthetized with pentobarbital sodium. A critical-sized
defect, measuring about 10 x 10 x 10 Inm3, was made in
the tibia of each rabbit. A scaffold of about the same size
was inserted into the defect and fixed with a titanium plate.
The rabbits were sacrificed at 4 and 8 weeks after the
operation. Sacrificed tibias were examined radiologically
after sacrifice. Constructs of sacrificed scaffold were
imaged using a high resolution micro-computed tomogra-
phy system (u-CT 40, Scanco Medical, Bassersdorf,
Switzerland). The scanner was set to a voltage of 55 kV, at
a current of 145 mA so as to allow sufficient energy.
Samples were scanned at 8 m voxel (3D pixel) resolution
with an integration time of 120 ms to produce 3D recon-
structed images. The scaffolds together with surrounding
tissue were excised, fixed in 10% neutral buffered forma-
lin, decalcified and embedded in paraffin. Tissue blocks
were sectioned to 4 um in thickness and stained with H&E,
and observed with light microscope (CX21, Olympus,
Japan).

2.6 Statistical analysis

Statistical analysis was performed using one-way ANOVA
with post hoc tests. All results are expressed as the

mean + standard deviation (SD). Differences were con-
sidered statistically significant at P < 0.05.

3 Results
3.1 Characterization of scaffolds

Figure la shows the SEM micrograph of the morphology
of ns-AP. It is found that the ns-AP present ball-like par-
ticles with the size of around 50 nm (ns-AP powders
agglomeration). Figure 1b shows a transmission electron
micrograph of the ns-AP morphology. It is observed that
the ns-AP is rod-shaped grains with the size of 20-40 nm
in diameter and 70-90 nm in length.

Figure 2a presents the fabrication of ns-AP/PCL com-
posite scaffold by prototyping controlled process. Photo-
graph of the 3D ns-AP/PCL composite scaffolds indicate
that the scaffold had well-interconnected, uniformly dis-
tributed pores (Fig. 2b). The porosity of the prepared
composite scaffolds in this study ranged from 53 to 76%.
The compressive strength of the composite scaffolds
decreased with increasing porosity as shown in Table 1. It
can be seen that the compressive strength of the composite
scaffold varied from 2.7 to 6.9 MPa as the porosity varied
from 76 to 53%.

Figure 3 shows the surface morphology and micro-
structure of the ns-AP/PCL composite scaffolds. The
composite scaffold exhibits a macroporous structure with
completely open and interconnected pores. The pore size of
the scaffolds ranged from 400 to 500 pm in both the ver-
tical direction and horizontal directions, with intercon-
nected pores in three dimensions.

Examination at greater magnifications by SEM (Fig. 4a)
reveals that the composite scaffold surface exhibited typi-
cal spherical granules of apatite with the particles size of
around 100 nm (some ns-AP particles congregation). It can
be seen that most apatites (arrow) were exposed on the
composite surface except some ns-AP granules were
embedded in PCL matrix. The atomic force microscopy
(AFM) photograph of ns-AP/PCL composite is shown in
Fig. 4b. It is found that the ns-AP particles with the sizes of
around 50 nm were homogeneously distributed in PCL
matrix and combined with PCL in the composite.

The XRD pattern of the composite surface analysis is
shown in Fig. 5. The results show that there are peaks at
20 = 25.9°,28.4°,32.4°,33.2°,39.7°, and 48.3°, which are
characteristic peaks of apatite. It can be concluded that
ns-AP particles are exposed on the composite surface, and
are not completely embedded in PCL matrix. Moreover, it is
found that the composite consists of ns-AP and PCL phase,
and the ns-AP presents apatite phase with low crystallinity,
no additional phase was identified within detectable limits.
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Fig. 1 a SEM and b TEM
micrographs of ns-AP

Fig. 2 a photograph of
prototyping controlled process
for fabrication of composite
scaffold, and b composite
scaffold
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Table 1 Effects of porosity on

Porosity (%)

Compressive
modulus (MPa)

Compressive
strength (MPa)

compressive strength and Specimens
compressive modulus of
composite scaffolds with
40 wt% ns-AP
3 53+3

76 £ 4
65 £ 2

2.7+0.8 1.5+£02
46 £1.0 28 £0.5
79+12 34+05

3.2 Biocompatibility and osteogenesis

Proliferation of MGg; osteoblast-like cells cultured on
composite scaffolds with porosities of 76 and 53% was
assessed using the MTT assay because OD values can
provide an indication of cell growth and proliferation on
various biomaterials. Figure 6 reveals that OD values for
the composite with porosity of 76% were significantly
higher than 53% and control at 3 and 5 days (P < 0.05); no
significant differences appeared after 1 day. These results
indicate that cell growth and proliferation (at 3 and 5 days)
was superior in the composite with porosity of 76% than
those for the composite with 53% porosity and the control,
suggesting that composite with high porosity facilitates cell
growth and can promote cell proliferation.

Micro-CT was used to examine the bony tissue formed
into the composite scaffold. Figure 7 presents micro-CT
images after 8 weeks. In general, bone tissue responses to
the scaffolds were excellent, as the bone grew well into the
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whole scaffold. After 8 weeks of implantation, scaffolds are
shown in both sagittal [(a), (b), (c)] and transverse direc-
tions [(d), (e), (f)]. These images confirm deep ingrowth of
osteoid into the scaffolds, and show direct attachment of
new bone tissue to the surfaces of the scaffolds. The sagittal
and transverse of micro-CT images show that dense bone
tissue had formed gradually in the scaffolds.

Histological analysis of H&E stained sections reveal
that new bone formation into the scaffolds, as shown in
Fig. 8. After implantation for 4 weeks, the new osteoid
matrix formation inside the scaffolds was observed
(Fig. 8a). The osteoid matrix was well distributed
throughout the scaffolds with some mineralization, and a
large number of osteoblasts were observed around the
newly formed osteoid matrix. There was no severe
inflammation or adverse tissue reaction associated with any
of the implanted composite scaffolds.

At 8 weeks after implantation, much new bone had
formed between the original bone and the scaffolds, and
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Fig. 3 SEM micrographs of the
ns-AP/PCL composite
scaffolds, sagittal (a—x30,
b—x100), transverse direction
(c—x30, d—x100)
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Fig. 4 SEM (a) and AFM (b)
micrographs of the surface
morphologies of composite
scaffolds

Intersity

20 30 40 50 60 1 3 5
2-Theta Time (day)

Fig. 5 XRD patterns of the surface of the ns-AP/PCL composite Fig. 6 Proliferation of osteoblast on the composite scaffolds with
scaffold porosity of a 76%, b 53% over time (n = 5, *P < 0.05), ¢ control
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S5 mm

Fig. 7 Micro-CT images after 8 weeks implantation. Images of the
composite scaffolds were divided into three equal parts to sagittal
(a—c) and transverse direction (d—f)

many osteocytes and osteoblasts were present in the newly
formed bone. Some new bone tissue even interconnected to
form circles around the scaffolds, indicating a good inter-
face between the new bone and the implanted scaffolds.
Some sporadic fatty marrow cells were also observed
around the scaffold.

Fig. 8 Histological
appearances of rabbit thighbone
defect implanted with ns-AP/
PCL composite scaffolds for a
4 weeks and b 8 weeks. (H&E,
% 100), bar = 200 pm
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4 Discussions

A biocompatible porous scaffold is important as a tempo-
rary carrier for implanted cells in bone tissue engineering,
and the scaffolds should have high levels of porosity,
suitable pore size, and highly interconnected pore structure
[21]. Cell growth and new tissue formation are dependent
on the porosity, pore size, and material of the scaffolds. An
interconnecting pore network is also essential for tissue
ingrowth, vascularization, and nutrient diffusion [14]. It
was found that pores between 50 and 150 pm determine
osteoid growth, and pores larger than 150 um facilitate cell
proliferation, vascular ingrowth, and internal mineralized
bone formation [22]. It is difficult to control the pore size
and morphology, and maintain interconnected pores using
conventional methods such as particulate leaching [15, 23].

In this study, ns-AP/PCL bioactive composite porous
scaffolds were fabricated by using a prototyping controlled
process (PCP), in which the pore size and porosity of the
scaffolds could be controlled by computer system. The
scaffolds exhibited a homogeneous distribution of open
macropores and pore sizes mainly in the range of 400—
500 pm. Moreover, this study revealed that the composite
scaffold contained well interconnected pores. Therefore,
the characteristic of the composite scaffolds is likely to be
beneficial in facilitating cell infiltration and bone ingrowth.
The porosity of the composite scaffold had an obvious
effect on the compressive strength. The higher the porosity,
the lower the compressive strength of the scaffold, and the
scaffolds with the greatest porosity of 76%, had the lowest
compressive strength and compressive modulus of 2.7 and
1.5 MPa, respectively. Samples with a porosity of 53% had
compressive strength and compressive modulus values of
7.9 and 3.4 MPa, respectively.

For apatite/polymer bioactive composites, interface and
surface properties of the composite are very important. The
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bioactivity and other performances of the nano apatite/
polymer composite are related to the dispersion of apatite
in the composite [24]. When the apatite distributes uni-
formly in the polymer and is exposed on the surface of the
composite, the composite has good bioactivity and surface
properties, and easily forms bone-binding with natural
bone [25]. However, if apatite is embedded in the polymer,
it will have low bioactivity. In the present study, the results
indicate that the apatite particles were not completely
embedded in the polymer PCL but were exposed on the
composite surface, which can provide bioactivity for the
composite when is used as implant.

Ideally, bioactive biomaterials need to interact actively
with cells and stimulate cell growth [26]. It was observed
in this study that the MGg; cells were able to proliferate on
the composite scaffolds, as demonstrated by the MTT
assay. Our results reveal that the composite scaffolds with
porosities of 76 and 53% could both stimulate the growth
and proliferation of MGgs osteoblast-like cells over time,
and the cell proliferation on the composite scaffolds sig-
nificantly depended on the porosity of the scaffolds. The
higher the porosity, the greater the cell proliferation on the
scaffolds. In addition, the enhancement of the proliferation
of MGg; cells on the composite scaffold is likely to be
associated with the surface features of the composite
scaffold. The composite surface features (nano-sized apa-
tite exposed on the composite surface) might be responsi-
ble for stimulating cell growth and proliferation because of
its small size and bioactivity. Webster and co-workers
[27, 28] observed a significant increase in protein adsorp-
tion and osteoblast adhesion on nanosized ceramic mate-
rials compared with the traditional microsized ceramic
materials, and the mutual effect with the formation of
extracellular matrix was even more significant.

The results of in vitro experiments prompted us to
investigate the bioproperties of the composite scaffold in
vivo. In general, if the bone tissue responses to the scaffolds
are excellent, the bone tissues would grow well into the
implanted scaffolds. In this study, Micro-CT was used to
examine the new bone tissue formed into the composite
scaffold after 8 weeks. The results confirm that the osteoid
had grown into whole scaffolds, and the new osteoid was
quite extensive, with direct attachment to the surfaces of the
scaffold, and appeared to penetrate deeply into the scaffold.
Furthermore, the micro-CT images showed that dense bone
tissue had formed gradually in the composite scaffold.

Histological analysis revealed that the new osteoid
matrix had formed inside the composite scaffold after
implantation for 4 weeks. The osteoid matrix was well
distributed throughout the scaffolds with some minerali-
zation, and a large number of osteoblasts were present
around the newly formed osteoid matrix. Much new bone
was formed between the original bone and the scaffold at

8 weeks, and many osteocytes and osteoblasts were found
in the new bone. These results indicate that the incorpo-
ration of ns-AP into the porous composite scaffold, with its
well interconnected pores, had a positive effect on
encouraging the formation of bone. In summary, the ns-AP/
PCL composite scaffolds presented not only good bio-
compatibility but also faster and more effective osteogen-
esis at the bone defect.

5 Conclusions

Novel 3D scaffolds made of nano non-stoichiometric
apatite and poly(e-caprolactone) bioactive composites were
fabricated using a prototyping controlled process. The pore
size, morphology, and interconnectivity were well con-
trolled by the PCP technology. The prepared ns-AP/PCL
composite scaffolds had a high porosity of 76%, with open
and interconnected pores size ranging from 400 to 500 pm.
Proliferation of MGygj; cells was significantly higher on the
composite scaffolds with porosity of 76% than those with
porosity of 53%, demonstrating that the high porosity of
composite scaffolds facilitated the cell growth and prolif-
eration. The well-interconnected pore structure of the
ns-AP/PCL composite scaffold encouraged bone cell
ingrowth and distribution, with no negative effects on bone
tissue formation. According to the radiographic and his-
tological evaluations, the ns-AP/PCL composite scaffold
implants exhibited high efficiency of bone regeneration.
Our results suggest that the scaffold had good biocompat-
ibility, biofunctionality, and enhanced osteogenesis.
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