J Mater Sci: Mater Med (2008) 19:2009-2013
DOI 10.1007/s10856-007-3286-0

Polymer assisted hydroxyapatite microspheres suitable

for biomedical application

A. Sinha - T. Mishra - N. Ravishankar

Received: 27 June 2007 / Accepted: 19 September 2007 / Published online: 19 October 2007

© Springer Science+Business Media, LLC 2007

Abstract Hollow Microspheres of hydroxyapatite-poly-
mer composite can be used as carriers in drug delivery and
fillers in tissue engineering. Based on the concept of soft
chemistry, a battery of technique is available in the liter-
ature to synthesize hollow microspheres, however, an
economically viable synthesis route, having good control
over the microarchitect and easy to be scaled up, is yet to
be developed. Polymer matrix mediated synthesis of inor-
ganic nanoparticles is known to synthesize nanoparticles
with controlled morphology and dimensions. It is termed as
biomimetic synthesis. Integrating the biomimetic synthesis
of nano-particles and spray drying techniques, a novel
process of producing hydroxyapatite-polymer composite
hollow microspheres is briefly discussed here.

1 Introduction

Hydroxyapatite (HAp), the most stable calcium phosphate
polymorph under physiological conditions, has been
extensively researched for a variety of medicinal applica-
tions. In recent years, polymer-HAp nano-composites,
having good biocompatability and high osteoconductive
activity, have been developed into excellent scaffolds for
biomedical applications [1-4]. Among the different forms,
polymer-HAp microspheres are ideal vehicles for the
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delivery of cells, proteins and drugs in the treatment of
defective tissues and their regeneration [5]. A battery of
techniques is now available to synthesize polymer-HAp
microspheres. Such techniques include template-based
synthesis, layer by layer self-assembly technique, micro-
emulsion technique and spray drying [6—8]. Each of the
techniques has its own merits, however, except spray
drying rest of the techniques involve multi steps process,
produce a large size distribution and may not be found
economically attractive [9]. Microstructural features of
polymer-HAp nanoparticles, synthesized by spray drying
technique, depend on spray drying process parameters as
well as on the particle size distribution and degree of
agglomeration of HAp particles dispersed in polymer
medium. Hence, a good morphological control over the
dispersed particles is a necessary condition. In numerous
biological structures, Mother Nature has manifested highly
controlled synthesis of functional inorganic nanoparticles
through biomineralization. A highly controlled and soft
chemistry based aqueous process of biomineralization has
been adopted as a working model in material science to
introduce the concept of biomimetic synthesis. Exploiting
the concept of in situ mineralization of polymer and protein
matrix (akin to biomineralization), we have already
established biomimetic process for the synthesis of mag-
netic, semiconducting and bioceramic nanoparticles
(particle size < 30 nm) for various applications [10, 11].
However, a polymer mediated synthesis route coupled with
a simple filtration process fail to produce microporous
polymer-HAp microspheres as required for biomedical
applications [7]. In the present communication, integrating
the biomimetic synthesis with spray-drying technique, we
describe polymer matrix mediated synthesis of sub-micron
sized HAp-polymer nano-composite microporous hollow
spheres, intended for biomedical applications. The method,
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inspired by the biomineralization process, controls the
nucleation and growth kinetics of HAp nano particles and
their assembly into a porous microsphere. The scope of the
paper is limited to the synthesis and characterization of
HAp micro spheres.

2 Experimental

Freshly prepared 200 ml calcium nitrate tetrahydrate
solution of strength 0.4 M was made alkaline using
ammonia: water in the ratio 1:2. The pH of the solution was
maintained at 10.50. Freshly prepared, 200 ml of 0.5%
aqueous solution of PVA was added to the above (PVA
obtained from Fluka, India, average molecular weight
1,25,000). The mixture was stirred thoroughly to obtain a
homogeneous solution, incubated at a temperature of 30 °C
for 48 h. About 0.156 M-diammonium hydrogen phos-
phate was made alkaline using ammonia: water in the ratio
1:1, pH maintained at 10, and the required volume was
added gradually to the above-incubated mixture of calcium
salt and PVA. A milky white coloration was observed
almost instantaneously, which was allowed to age for a
week at a temperature of 30 + 2 °C. The precipitate slowly
settled down, leaving colorless supernatant liquid that was
decanted and again the volume was restored by adding
distilled water. The process was repeated twice a week for
two more weeks as to remove most of the water-soluble
salts formed as by product during the reaction. Washed
slurry was spray dried by using a tabletop spray dryer fitted
with a nozzle of 0.50 mm diameter and two cyclones
(supplied by SMST Kolkata, India). Slurry was sprayed in
the drying chamber along with the hot air circulating at a
rate of 300 I/h and maintained at a temperature 160 °C.
The spray-dried powder was collected within the container
fitted with spray dryer. Collected powder was stored under
moisture free conditions. Spray-dried HAp powder samples
were structurally characterized using scanning electron
microscopy (SEM, JSM-840 A, JEOL) (powder was gold
coated for SEM), transmission electron microscopy (TEM,
CM 200, Philips), X-ray diffractometry (XRD PTS 3003,
Seifert, targets Co Ko and Cu Ko, respectively) and Fourier
transform infrared spectroscopy (FT-IR-410 (JASCO)).

3 Results and discussion

Spray drying is a simple process, however, optimization of
number of process parameters (like inlet temperature, air
flow rate, feed rate, slurry composition etc.) is required to
produce the hollow micro spheres of required geometry [6].
The present results have been obtained after optimizing the
process and establishing the reproducibility. PVA being a
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water-soluble polymer, capable of undergoing gellation, is
known for its different biomedical applications. As a habit
modifier during inorganic crystallization, PVA also regu-
lates the growth rates and directions by preferential
adsorption on specific crystallographic planes of the
growing crystals. In the present study, akin fo biominer-
alization, a long range order present in PVA conformation
has been used as a supramolecular matrix for in situ
nucleation and growth of HAp nanoparticles [12]. Due to
limited solubility in water, PVA chains form a micelle like
structure with a hydrophilic nano-sized core suitable for in
situ mineralization [13]. The lone pair of electrons avail-
able with the oxygen atoms of hydroxyl groups attached to
PVA carbon chains chelate the calcium ions into available
nanosized core. On addition, the phosphate ions slowly
diffuse into the polymer network via collisions and react
with immobilized Ca ions to nucleate HAp phase in con-
strained reactors [12, 13]. HAp nanocrystals precipitated in
PVA undergoes an ordered assembly as the PVA micelles
tend to self assemble in order to minimize their surface
energy [14]. SEM studies of as precipitated HAP particles
in PVA revealed a thick film like structure, exhibiting
dispersion of HAp submicron sized particles (200-500 nm)
in polymeric matrix (Fig. 1a). EDX analysis also confirmed
the presence of Ca and P in the sample maintaining a near
stochiometric ratio of Ca:P ~ 1.62 (Fig. 1b).

SEM studies of the spray-dried powder confirmed the
formation of composite microspheres having diameter in
the range 2-5 pm (Fig. 2). TEM studies confirmed the
formation of hollow spheres having microporous surface
suitable for loading and unloading of the drug molecules
(Fig. 3a, b). Two microstructures differ with each other in
terms of the wall thickness of the microsphere. Selected
area diffraction pattern confirmed the polycrystalline nat-
ure of the microspheres revealing the diffraction rings
corresponding to reflections from (002), (211) and (310)
planes of hydroxyapatite (Fig. 3¢). Production of spherical
ceramic particles by spray drying is a known phenomenon
applied in different industrial processes. However, the
mechanism of porous and hollow microsphere formation
has been proposed on the basis of co-operative phenome-
non of sluggish solute diffusion, rapid solvent evaporation
and porosity-induced stability of the structure [6]. When
the slurry is sprayed into the drying chamber, a concen-
tration gradient of the solute sets in along the radius of the
droplet. Concentration of the solute being maximum on the
surface and minimum at the centre of the droplet is caused
by the sluggish solute diffusion and a rapid solvent evap-
oration kinetics. This leads to the formation of a thick solid
shell. This shell inhibits the instant release of moisture that
increases the internal pressure. An increase in the internal
pressure ruptures the shell surface and inhibits the forma-
tion of hollow micro-spheres [15—17]. If the shell has nano
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Fig. 1 (a) SEM image of as precipitated PVA-HAp composite. (b)
EDX of as precipitated PVA-HAp composite

Fig. 2 SEM image of the spray dried PVA-HAp microsphers

or micro-porosity on its surface, the internal pressure is
released slowly and the hollow structure of the micro-
sphere is retained [18-20]. PVA solution having a microgel
like structure does facilitate the formation of porous sur-
face under the combined effect of surface tension and
solvent evaporation during spray drying.

XRD confirmed the formation of single phase HAp,
revealing the diffraction peaks from (002), (210), (211),
(202), (310), (311), (113), (222) and (213) respectively

Fig. 3 (a) Bright field image of HAp-PVA microsphere exhibiting
thicker shell surface. (b) Bright field image of HAp-PV A microsphere
exhibiting thinner shell Surface. (c¢) Selected area electron diffraction
pattern of HAp microspheres

(Fig. 4a). Appearance of broad diffraction peaks confirms
the presence of HAp nanocrystals in the composite
microspheres. Diffuseness associated with almost all the
diffracted peaks can be attributed to the presence of PVA in
the HAp structure. The peak analysis carried out using
Scherer’s equation: Average crystallite size = KA/f - cosf,
where K is the constant related with crystallite shape and
can be approximated to unity, 4 is the wave length of the
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Fig. 4 (a) XRD of spray dried a |
PVA-HAp microspheres. (b)
FTIR spectrum of PVA-HAp
microspheres
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radiation, f is the peak width in radians at half of the
intensity maximum. To get the approximate size of the
crystallites, contributions from lattice strain and instru-
mental broadening were ignored. Calculations yielded an
average crystalline size of 15 nm, when calculated from
(002), (211) and (310) peaks. It indicates that the micro-
spheres as observed under SEM, in fact, may be an
assembly of HAp nanocrystals. An empirical relation,
(B)® x X. = Kp), correlating the peak width () with the
degree of crystallinity (X.) has been used to evaluate the X,
where K, is a constant and set at 0.24 [21, 22]. Analysis
revealed X, = 0.81, signifying a high degree of lattice
perfection in the precipitated crystallites. Effect of different
reaction conditions on the average particle size and Xc is
the subject of further investigation.

The presence of the polymer in the spray-dried powder
was established by FTIR analysis (Fig. 4b). Absorbance
bands at 3435.56 and at 603.61 cm™ correspond to the
presence of hydroxyl groups into the system, bands at 1639
and 1384.64 cm™' reveals the presence of C=O and CH,
asymmetric bending and bands at 1039.44 and 567.93 cm™!
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reveal the presence of phosphate group in the composite
system [14, 23].

4 Conclusions

In summary, the present communication reports a novel
method of producing HAp-PVA microspheres suitable for
biomedical application. Spray drying is a well established
industrial process to produce fine sized ceramic powders,
integrating it with a method akin fo biomineralization
provides a direct route to produce HAp microspheres with
highly controlled morphological features. Controls being
exerted right from the nucleation and growth of HAp
nanocrystals and it lead to their ordered assembly during
spray drying forming microporous microspheres. Being a
soft chemical process, it can be easily scaled up to meet
industrial requirements.
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