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Microsphere of apatite-gelatin nanocomposite
as bone regenerative filler
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In this study, we developed novel microspheres comprised of an apatite-gelatin
nanocomposite. This microsphere formulation is considered to be useful as a bone
regenerative filler, either directly or combined with polymeric matrices. Using the
water-in-oil emulsion technique, the apatite-gelatin viscous nanocomposite solution was
successfully formulated into microspheres with an average diameter of ~110 um. The
microspheres were composed of apatite nanocrystallines precipitated within the gelatin
matrix, revealing a typical nanocomposite internal structure. This nanocomposite structure
contrasted markedly with that of the conventional composite microspheres which were
obtained by directly mixing gelatin with apatite powder. Initial cellular assays showed that
the microspheres maintained the adhesion and proliferation of the osteoblastic cells,
suggesting the usefulness of the apatite-gelatin nanocomposite microspheres in the bone

regeneration field.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

The composite approach to developing artificial
materials represents one of the most promising strate-
gies in bone reconstructive surgery [1, 2]. This approach
is mainly based on the mimicking of the composition
and structure of human hard tissues, which is a real typi-
cal nanocomposite comprised of collageneous proteins
and apatite nanocrystallines. A number of composite
systems, such as powders, dense bodies and porous
scaffolds, have been created from apatite and collagen-
based proteins [1-6]. In these earlier studies, composite
systems have been shown to improve the osteoblastic
cellular responses and in vivo bone forming ability. In
particular, compared to micron-scale mixture compos-
ites, nanoscale organized composites have proven to be
more effective, because of their structural similarities to
real bones and their higher mechanical and biological
properties [5, 6].

Recently, the authors produced a series of
nanocomposites made up of apatite and natural pro-
teins (collagen and gelatin), in the forms of dense body
and porous scaffold [4—6]. The precipitation method-
ology adopted in these studies was highly effective in
producing the uniform nanocomposite structure of ap-
atite nanocrystals within protein matrices and gener-
ating a well-developed macrostructure, such as a pore
configuration [6].

In this study, we utilized an apatite precipitated
nanocomposite solution to produce microspheres.
These microspheres have the benefit of being able to
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be used as fillers in bone defects, either directly or for-
mulated with polymeric sources. Moreover, the micro-
sphere form can hold and release bioactive moieties in
a more controllable manner than other formulations,
and is thus suitable for use as a drug delivery sys-
tem. To date, a significant number of studies have been
carried out on the production of microspheres using
polymeric sources [7, 8]. However, very little is known
about composite microspheres. The inorganic powders
are sometimes directly added to the polymeric solu-
tions, in order to produce conventional composite mi-
crospheres [9—11]. Herein, the authors produced micro-
spheres consisting of apatite-gelatin from a precipitated
nanocomposite solution, and assessed their properties
and preliminary cellular responses.

2. Materials and methods
2.1. Production of apatite-gelatin
microspheres

As a precursor for the microspheres, an apatite-gelatin
nanocomposite viscous sol was prepared by the pre-
cipitation of apatite within a gelatin solution. Type B
gelatin (Sigma) was dissolved at 10 w/v% in distilled
water at 60 °C. As the calcium and phosphate sources
for the apatite, Ca(OH), (Sigma) and H3PO, (Sigma,
85 wt%(aq.)), respectively, were dissolved separately
([Ca]/[P] ~ 1.67) in distilled water at 60 °C for 24 h
with vigorous stirring. The Ca-containing solution was
added to the gelatin solution and stirred for 3 h. The
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P-containing solution was added dropwise to the Ca-
gelatin mixture solution and stirred for 24 h at 60 °C.
The amount of apatite was considered to be ~20 wt%
with respect to the gelatin when the Ca and P that were
added reacted completely to form apatite. This con-
sideration was based on our preliminary study on the
phase and thermal analyses. For the purpose of compar-
ison, a conventional composite sol was also prepared
by mixing the pure gelatin solution with 20 wt% HA
commercial powder (Alfa Aesar, USA).

The nanocomposite microspheres were produced
using the water-in-oil emulsion technique. 10 ml of
the prepared sol was added to 300 ml of an olive oil
(Sigma) bath dropwise with a stirring speed of 500 rpm
maintained at 60 °C to form a cloudy micro-emulsion.
After stirring for 30 min, the oil bath was quenched to
4 °C and maintained at this temperature for 60 min,
followed by the addition of 300 ml acetone to solidify
the microspheres. The microspheres were re-dispersed
and washed with acetone and 95% ethanol solution
twice. The microspheres were further cross-linked with
water soluble 1-ethyl-(3-3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC, Aldrich, USA) dis-
solved at 0.1% w/v in ethanol/water solution for 12 h at
4 °C with gentle stirring at 80 rpm. The microspheres
were washed fully with ethanol/water at least five
times.

2.2. Characterization

The phase of the apatite-gelatin nanocomposite was
evaluated with X-ray diffraction (XRD; Philips) at a
scanning speed of 0.5°/min. The bonding structure of
the nanocomposite was analyzed with Fourier trans-
formed infrared spectroscopy (FT-IR; System 2000,
Perkin-Elmer) over the range of 4004000 cm™' us-
ing KBr as a reference. The morphology of the mi-
crospheres was observed with field emission scanning
electron microscopy (FESEM; JSM 6330F, JEOL) at
an accelerating voltage of 5-10 kV after Pt coating.
The internal structure of the microspheres was analyzed
with transmission electron microscopy (TEM; CM20,
Philips) after embedding the microspheres with spur-
resin, slicing them to ~80 nm using a microtome and
supporting them on a copper grid and carbon coating.
For the determination of their size, 10 mg of the micro-
spheres was suspended in 10 ml ethanol under sonifi-
cation and mild stirring, and then analyzed with laser
diffractometry using a particle size analyzer (Master-
sizer 2000, Malvern Instruments).

2.3. Preliminary cellular responses

The cell growth morphology on the nanocompos-
ite microspheres was observed using osteoblast-like
MG63 cells. The cells were maintained in a medium
consisting of Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum,
2 mM L-glutamine, 50IU/ml of penicillin, and 50
mg/ml of streptomycin in a humidified atmosphere of
5% CO2/95% air at 37 °C. 100 ul aliquots of the mi-
crosphere solutions which were pre-dispersed in 70%
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ethanol at a concentration of 0.1% w/v were distributed
into 24-wells and then dried overnight under a laminar
flow. The cells were seeded on plates containing the mi-
crospheres as well as on blank plates (used as a control)
at a density of 4 x 10* cells/ml, and then incubated for
up to 7 days. After culturing for predetermined time pe-
riods (1, 3, and 7 days), the cell proliferation level was
measured using an MTT assay as described previously
[6]. The MTT test was performed on three replicate
samples and the data were compared using one-way
ANOVA.

3. Results and discussion

The apatite-gelatin microspheres produced by means of
the water-in-oil emulsion technique using the nanocom-
posite solution showed the size distribution presented in
Fig. 1. The average diameter of the microspheres was
found to be 112 pum. This size distribution obtained
was specific to the conditions used in this study, partic-
ularly the concentration of the apatite-gelatin in water,
the loading ratio of the solution in oil and the stirring
speed. Normally, as the concentration of the material
and the loading ratio of solution increase and the stirring
speed decreases, the size of the microspheres increases.
Using this water-in-oil technique, previous studies on
the microspheres of various polymers including gelatin
have resulted in the production of microspheres with a
wide range of sizes (~several micrometers to several
hundreds of micrometers) [8—10]. Although no system-
atic examination of this size variance was performed
herein, it is thought that the size of the apatite-gelatin
microspheres can be adjusted according to the require-
ments of specific applications. The size of the micro-
spheres produced in this study renders them useful as
bone defect fillers, either directly or as bone regener-
ation matrices when formulated with other polymeric
sources.

The typical morphologies of the nanocomposite mi-
crospheres are presented in Figs. 2(A)—(C) at differ-
ent magnifications. The micron-scale image revealed a
well-developed isotropic sphere morphology Fig. 2(A).
The surface of the microspheres was rumpled, but
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Figure I Particle size distribution of the apatite-gelatin nanocompos-
ite microspheres obtained by the water-in-oil emulsion technique. The
average diameter (dyye) was 112 pum.



Figure 2 FESEM morphology of the (A)—(C) apatite-gelatin nanocomposite microspheres at different resolutions and (D) conventional composite
microsphere. Note the difference in the scale bar. A nanoscale organized structure was revealed on the nanocomposite sphere (C), whilst apatite
agglomerates with sizes of a few micrometers were readily observed on the conventional composite sphere (D).

appeared to be smooth on the micron-scale (Fig. 2(B)).
However, a higher magnification image of (B) revealed
an interesting structure constituted of nanoscale or-
ganized components (Fig. 2(C)). This morphological
feature was not created in the conventional compos-
ite microspheres when produced by directly mixing the
gelatin solution with apatite powders. In the comparison
shown in Fig. 2(D), the conventional composite showed
anumber of apatite agglomerated particles with sizes of
several micrometers. This was attributed to the fact that
the directly mixed apatite powders were not effectively
dispersed within the gelatin solution, but were agglom-
erated as secondary particles, leading to the nonuniform
morphology. However, the apatite crystals precipitated
in-situ within the gelatin solution were able to be effec-
tively distributed within the gelatin network, because
the nucleation and grain growth of the apatites are con-
trolled on the molecular level through the amino acid
backbone of gelatin. Similar results were previously
observed in the production of a macroporous structure
consisting of apatite-gelatin [5, 6].

The phase and chemical status of the apatite-gelatin
nanocomposite microspheres were evaluated and the
results are shown in Figs. 3(A) and (B), respec-
tively. The XRD pattern of the nanocomposite showed
poorly crystallized apatite peaks at the characteris-
tic d-spacings, as well as the broad regime derived
from gelatin (Fig. 3(A)) [5]. Moreover, the IR spec-
trum (Fig. 3(B)) of the nanocomposite revealed well-
developed bands associated with apatite (noted as open
circle symbols at 562, 601, and 1030-1050 cm™ ),
when referenced with the HA-gelatin mixed com-
posite [6]. The gelatin amide bands (dashed lines)

in the nanocomposite were similar to those of pure
gelatin.

The internal structure of the nanocomposite
microspheres was further analyzed with TEM obser-
vation, as shown in Fig. 4. Samples were prepared af-
ter microtome-sectioning of the resin-embedded mi-
crospheres. The TEM image showed a relatively
dark area with numerous elongated products (A,
B). The selected area electron diffraction pattern
of the products revealed diffused rings which were
characterized as typical apatite crystallines, as nor-
mally observed in biomimetically produced apatites
[6, 12].

The cellular responses to the nanocomposite micro-
spheres were briefly assessed. Cells were seeded on
the microspheres contained in tissue culture plates and
cultured for up to 7 days. Fig. 5 shows the proliferation
level of the cells as assessed using the MTT method
at different culturing periods. The cell proliferation on
the microspheres increased with increasing culturing
time, but was slightly lower than that on the control
(blank tissue culture plate). However, this does not di-
rectly mean that the microspheres had a harmful effect
on the cell viability; rather, the similar pattern observed
for both sets of data with respect to the culturing time
suggests that the microspheres also maintain the via-
bility of the cells over the testing periods used in this
study. It is likely that certain parameters which were not
considered fully in this preliminary study, such as the
curvature of the substratum and the concentration of the
microspheres, etc, complicated the in vitro cellular in-
teraction with the microspheres. Therefore, further in-
depth biological studies, including in vivo animal tests,
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Figure 3 (A) XRD pattern and (B) FT-IR spectra of the apatite-gelatin
nanocomposite microspheres. The apatite associated peaks and bands
are indicated by symbols (<Wingdings_m_ND>). The spectra of pure
gelatin and conventional composite are also presented as references in

(B).

N

Figure 4 TEM analyses of the apatite-gelatin nanocomposite micro-
spheres: image at low (A) and high (B) magnification, and diffraction
pattern of the apatite crystallines (inset in (B)). The specimen was pre-
pared after microtome sectioning of the resin-embedded microsphere.
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Figure 5 Cell viability measurement on the nanocomposite micro-
spheres as assessed by the MTT method for various culturing times.
A blank tissue culture plate was used as a control. Data are represented
as means £ 1 std for n = 3. Significant difference (ANOVA, p < 0.05)
was observed only at day 7.

are warranted, in order to confirm the performance of
the nanocomposite microspheres.

4. Concluding remarks

Based on the present findings, the apatite-gelatin
microspheres developed herein are regarded to pre-
serve the structural and morphological features typical
of an organic-inorganic nanocomposite. Of special im-
portance is the fact that the apatite-gelatin nanocompos-
ite gel was successfully converted into the microsphere
form, which should enable it to find diverse and spe-
cific uses in the bone regeneration field. Further stud-
ies are required for the biological assessment of the
nanocomposite microspheres, in order to verify their
usefulness.
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