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Abstract Biomimetically synthesized nanosized hydroxy-
apatite particles have been converted into an injectable
paste using a neutral phosphate buffer. Synthesized system
manifested a self setting behavior at 37°C in 20 min and
revealed a macroporous self assembled microstructure.
Stability of the injectable hydroxyapatite has been con-
firmed in aqueous medium as well as in human blood. Effect
of ball milling was also studied on the stability of the system.

1 Introduction

One of the main objectives of tissue engineering in general
and bone tissue engineering in particular has been to con-
struct three dimensional porous scaffolds, capable of per-
forming both mechanical and biological functions [1].
Moving ahead from auto grafts, allograft and xenografts
based approaches of bone regeneration, the synthetic bone
grafts have been now preferred. From the biomaterial sci-
ence point of view, extensive research has been carried out
for the development of synthetic biomaterials, suitable for
bone tissue engineering. No doubt, that calcium phosphate
(CaP) based bioceramics in general and hydroxyapatite
(HA) in particular has been the most applied biomaterial for
bone regeneration in its pure form and in a stoichiometric
combination with tricalcium phosphate, forming a two phase
material, termed as biphasic calcium phosphate (BCP)
[2-4]. Recent developments in the field of nanobiomaterials,
confirming the stem cell adhesion, proliferation and differ-
entiation on the surface of nanosized HA and BCP particles
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have revealed the osteoconductive nature of HA and osteo-
inductive nature of BCP nanoparticles [5-8]. Such findings
have brought a paradigm shift from bioinert/biocompatible
to bioactive materials based bone treatment. In a simple
scaffold based approach of bone void filling, most of the time
the extent of the bone void, its location and the function of
the damaged bone (load bearing or non load bearing) play a
major role in the selection of the scaffold material (osteo-
conductive or a combination of osteoinductive and osteo-
conductive) as well as its physical form like powder,
granules or three dimensional blocks. However, many times
a very narrow bone-damage or bone disintegration, caused
by age related pathological fracture, osteoporosis and other
related complications, can not be handled with the approa-
ches involving solid scaffolds [9, 10]. To overcome these
limitations, minimal invasive procedures are becoming
popular in orthopedics and orthodontics [11]. Such a pro-
cedure demands an injectable biomaterial equipped with all
the necessary structural and functional properties as exhib-
ited by nanosized HA/BCP, along with a self setting property
atroom temperature. Keeping its three dimensional structure
intact under physiological environment, good injectability,
non toxicity, an optimum compressive strength and handling
time is another set of the required properties of injectable
biomaterial for bone regeneration [12—-14].

In the recent years, Ca—P based cements (CPC), com-
prising two or more members of the family of Ca—P min-
eral as solid component, while a sodium phosphate solution
as a cementing liquid have been proposed to be the most
suitable biomaterial in the injectable form to deal with
narrow and irregular defects of bones [15-18]. Such a two
phase system, when injected, leads to the formation of
delhite phase during its setting [19]. However, most of
these CPC, are known to get disintegrated in presence of
water as well as in blood [11, 20, 21].
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Overcoming the above limitation of the injectable bone
graft, the present manuscript demonstrates and discusses a
process to synthesize nano HA based injectable system
using biomimetically synthesized HA nanoparticles as a
solid phase while a modified sodium phosphate solution as
a mixing liquid. It has been interesting to observe that
without invoking a typical cement setting reaction, injected
nano HA particles, after 20 min incubation at 37°C forms a
3-dimensionally rigid structure, stable under water and
blood. A regular necklace like macroporous and stable
microstructure of the injected HA, indicates a secondary
bonds assisted ordered assembly of HA nanoparticles
coated with a neutral phosphate buffer molecules. In this
study, a burst phenomenon, rupturing cylinder like injected
HA structures in water, was also noticed when HA particles
were subjected to a 30 min milling before the injectable
cream formation.

It is worth mentioning here that, to the best of our
knowledge, the present manuscript may be the first one
demonstrating the self setting property of HA nanoparti-
cles. Hence the scope of the study in this report is limited to
the synthesis, structural characterization and stability of the
injected form in aqueous and biological medium.

2 Experimental

Synthesis of nanocrystalline injectable HA is basically a
two step process. First step involves the synthesis of
nanocrystalline HA powder characterized by a narrow size
distribution and uniform morphology, while second step
consists of translating nanocrystalline HA powder into an
injectable paste. In the present study, the synthesis of
nanocrystalline HA has been carried out by a poly(vinyl
alcohol) (PVA) mediated synthesis route, similar to a
matrix mediated biomineralization process. This process is
termed as biomimetic synthesis and reported in details
elsewhere [4, 22-24]. To convert the nanocrystalline HA
powder into an injectable form, the HA powder was divi-
ded into three groups. Group 1 was used as such for the
injectable paste synthesis, while the powders of group 2
and group 3 were subjected to ball milling for 10 and
20 min, respectively. On the other hand a neutral phos-
phate buffer solution was prepared by mixing mono and
di-sodium phosphate solutions of known concentration in a
pre-determined volumetric ratio to achieve a neutral pH
(pH 7). In three Petri dishes, 2.0 g of nanocrystalline HA
powder from each group (group 1, group 2, and group 3)
was taken, respectively. All the three HA powders in the
Petri dishes were mixed with an optimum volume of neu-
tral phosphate buffer one by one, maintaining a solid/liquid
ratio of 1.08 g/ml. Liquid was mixed with the powder
using a spatula for 3 min and then transferred into a 3 ml
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syringe and injected without a needle as well as using a
needle of 24 G (within the range as recommended for
dental application). Material injected without needle was
obtained in the form of long cylinders. It was immediately
transferred to an incubator maintained at 35°C and incu-
bated there for 20 min. After incubation all the three
samples were immersed in distilled water for the obser-
vation of their aqueous stability. All the experiments have
been repeated five times for the reproducibility. Samples
synthesized under group 1 were designated as N1, while
from groups 2 and 3 were N2 and N3, respectively.

Synthesized material was structurally characterized
using transmission electron microscopy (TEM CM 200,
CX Philips at 160 kV JEOL 2100), X ray diffraction
(XRD) (D8 DISCOVER, BRUKER, using Cu—Ko radia-
tion in the degree 26 range of 10°-80°), scanning electron
microscopy (SEM, JEOL 840 A, all the three samples were
coated with gold before loading them in SEM), and Fourier
transform infra-red spectroscopy (FTIR, 410 JASCO).
Structural stability of N1, N2, and N3 was confirmed by
immersing their equal weights in equal volume of distilled
water and observing the apparent changes in their shape
and size, if any. Similarly, sample N1 (weight = 0.05 g)
was immersed in freshly extracted human blood (5 ml) and
centrifuged at 5,000 rpm for 15 min at room temperature to
notice any possible deformation under physiological
condition.

3 Results and discussions

The most common limitation of recently developed CPC,
comprising one or several of the following components;
amorphous calcium phosphate (ACP), dicalcium phos-
phate dehydrate (DCPD), dicalcium phosphate anhy-
drous (DCPA), a-tricalcium phosphate (¢-TCP), dicalcium
phosphate (DCP), tetracalcium phosphate (TTCP), mono-
calcium phosphate monohydrate (MCPM) and calcium
carbonate (CC), has been its structural disintegration under
physiological environment [19, 20]. Incorporation of
organic molecules, such as sodium alginate, hydroxypropyl
methylcellulose, carboxymethyl cellulose, modified starch,
glycerol and chitosan to control the washout property of
injectable CPC could not address this issue successfully
and hence the present study.

Injectable nanocrystalline HA scaffold, synthesized by
us and being injected is shown in figures (Fig. la, b)
exhibiting the injectability with and without the needle.
TEM bright field image revealed the size and shape of HA
nanoparticles, synthesized by a biomimetic route and used
in the synthesis of the three injectable samples (Fig. 2).
The XRD pattern of the incubated injectable samples,
confirmed the presence of only crystalline HA phase, as
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Fig. 1 a Injection of nanoHA paste from the syringe without needle.
b Injection of nanoHA paste from the syringe loaded with 18 gauge
needle

manifested by (111), (002), (102), (210), (211), (112),
(300), (202), (212), (310), (311), (113), (203), (222), (312),
(213), (321), (402), (411), (322) and (313) reflections
(Fig. 3). A high degree of crystallinity of HA nanoparti-
cles, synthesized at room temperature and exhibiting
almost 100% crystalline phase, may be attributed to the
biomimetic process of synthesis, where the surface energy
associated with the underlying polymer matrix contribute
to a good crystallinity of the synthesized material. It is note
worthy that all the three samples yielded identical dif-
fraction pattern, except milling induced relative broadening

Fig. 2 Bright field TEM micrograph showing shape and size of
biomimetically synthesized nano HA particles used for the synthesis
of injectable paste
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Fig. 3 XRD patterns of sample N1, N2, and N3 after injection and
setting, confirming the presence of HA phase only

of diffraction peaks, which may be attributed to a com-
bined effect of induced stresses due to defects as well as
possible reduction in particle size. Not considering the
effect of generated defects due to milling, a calculation of
average crystalline size based on well known Scherer’s
equation (average crystallite size = KA/f3-cosf, where K is
the constant related with crystallite shape and can be
approximated to unity, A is the wave length of the radiation,
f is the peak width in radians at half of the intensity
maximum), yielded an average crystalline size of 22.94 nm
for sample N1, while 12.51 nm for N2 and 12.06 nm for
N3. It is to be mentioned here that milling of HA nano-
particles, on one hand may reduce the average crystallite
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size of HA, on the other hand due to presence of moisture
and high surface energy of HA nanoparticles, it induces
some degree of agglomeration of nanoparticles, leading to
an increase of polycrystalline HA particles, due to the well
known cementing reaction during ball milling.

SEM microstructures of the three injected samples
confirmed the formation of three dimensional porous net-
works having elongated pore in the size range of 1 to 2 pm
(Fig. 4). Injected HA of unmilled material revealed a rel-
atively denser micro structure (Fig. 4a) in comparison to
milled ones (Fig. 4b, c). All the three microstructures in
general and microstructures of milled samples in particular,
manifest a regular networking of HA particles which
agglomerated during milling as well as during mixing with
sodium buffer and further due to pressure created during
injection. Besides the above mentioned harsh environment
faced by HA nanoparticles, the regularity in the micro-
structure observed may be attributed to a mechanism of
biomimetic HA setting, which seems to be different from
the known mechanism of CPC setting. It is proposed that
self setting of CPC takes place due to cementing action of
acidic and basic Ca—P compounds on wetting under
aqueous atmosphere, leading to the formation of dahllite
[19, 25]. However, the stability of CPC under water and
physiological conditions could not be ensured [11, 21]. On
the other hand, studying the aqueous and physiological
stability of the injectable nano HA, we immersed all the
three samples (N1, N2, and N3) in distilled water. All the
three samples behaved differently, revealing a possible
correlation in its microstructure and stability. Figures
(Fig. 5a—c) exhibit the state of sample N1 just after
immersion in the water (Fig. 5a), after 02 min (Fig. 5b)
and after 30 min (Fig. 5c). After that, we have kept this
sample in water for over a month and no visible change in
its shape and size was observed. However, it was noted that
as soon as sample N1 was immersed in water, lots of
bubbles were evolving out of the upper surface of the
sample, while no bubble formation could be seen from the
bottom surface in the Petri dish (Fig. 5a). With time bubble
formation was reduced and finally no bubble could be seen
after 30 min. Formation of bubbles only from the upper
surface of the immersed sample, may be understood in
terms of capillary action, caused by the nanosized open
pores present across the thickness in the volume of the
injected HA. Rising of liquid in these fine pores was
responsible for the migration of entrapped air molecules,
resulting bubble formation on the top surface of the
immersed sample. Bubble formation decreased with time
and finally stopped when equilibrium height of water in the
capillary was reached. On the contrary, both the injectable
samples (N2 and N3), prepared from the ball milled
nanocrystalline HA particles, did initially, exhibit bubble
formation on its immersion in water, but within 02 min,
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Fig. 4 a SEM microstructure of the injected and incubated NI,
exhibiting a three dimensional macroporous structure, comprising HA
agglomerate in the size range of 0.5-2.5 pum. b SEM microstructure
of the injected and incubated N2, exhibiting a three dimensional
macroporous structure, comprising an ordered pattern looks to be
resulted from a self assembly like process. ¢ SEM microstructure of
the injected and incubated N3, exhibiting a three dimensional
macroporous structure, comprising an ordered pattern looks to be
resulted from a self assembly like process
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Fig. 5 a Sample NI, just after immersion in distilled water,
exhibiting bubble formation from the top surface of the sample
immersed. b Sample N1 after 2 min of immersion in the water
revealing a reduction in rate of bubble formation. ¢ Sample N1 after
30 min of immersion in distilled water exhibiting no bubbles at all
and a totally intact sample in the water

both were burst and ruptured into smaller pieces (Fig. 6a,
b). Ruptured pieces were relatively finer in the size in case
of N3 rather than N2. It is worth mentioning here that after
the rupture of N2 and N3, no more decomposition or dis-
solution of the broken pieces could be seen, even after a
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Fig. 6 a Sample N2, after 2 min of immersion in distilled water,
showing ruptured sample. b Sample N3, after 2 min of immersion in
distilled water, showing ruptured sample

month of continuous immersion in water, confirming the
failure to be a purely mechanical in nature and not
dependent on the chemistry of the material. Rupture of N2
and N3 may be attributed to sudden expansion and com-
pression of air bubbles during its transport along the cap-
illary having variable cross section along its length.
However, injectable sample N1 seems to be having capil-
laries of uniform cross sectional area, hence the high stress
generated in case of N2 and N3 due to the sudden com-
pression and expansion was not the case with N1. In order
to ensure the stability of the synthesized material in blood,
we have dipped the injected nano HA rods of sample N1
(as only N1 was found stable under aqueous environment)
in freshly extracted human blood and then centrifuged it at
5,000 rpm for 15 min, we could not notice any deformity
in the material (Fig. 7a, b).

Chemical characterization of the three samples using
FTIR revealed almost similar absorption spectra (Fig. 8).
All the recorded absorption bands are tabulated and
indexed in the table (Table 1). Along with characteristic
—OH, P-O and P-O-P band of HA, —CH2 and —CH bands
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Fig. 7 a Sample NI after 15 min immersion in human blood,
revealing an intact injected structure. b Sample N1 after 15 min of
immersion in human blood followed by a centrifuge at 5,000 rpm for
5 min, showing undamaged injected structure

of PVA were also observed confirming the presence of
PVA in the synthesized HA system. Possibly, the presence
of available hydrogen bonds, due to in situ HA precipita-
tion in the PVA matrix, as described in our earlier refer-
ences [22-24], may be correlated with the
secondary bonds, steric entrapment, and in turn self
assembly assisted cementing of HA nanoparticles on
injection [26]. Presently, it is a proposition only and needs
further confirmation.

In summary, the present manuscript reports the synthesis
of injectable nano HA system, making use of biomimeti-
cally synthesized HA nanoparticles and a modified sodium
phosphate buffer. A high stability of the injectable system
in water and as well as in human blood makes it an
attractive system for the injectable scaffolds for bone
regeneration. In comparison to commonly available CPC
powders, involving multi phosphates of calcium, the
present study demonstrates a single phase based injectable
material, again simplifying the synthesis and the cost of the
product.
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Fig. 8 FTIR spectrum of N1, N2, and N3 revealing no effect of
milling over the chemical structure of the samples

Table 1 Absorbance bands of different groups present in samples

S. No Wave number (cm™}) Assigned

1 467.73 P-O-P (stretching)
2 568.94 P-O-P (stretching)
3 609.42

4 639.79

5 872.57 HPO;2

6 963.66 P-O (stretching)

7 1034.51

8 1449.48 —CH, (stretching)
9 1641.78 —OH (bending)

10 2927.16 CH (stretching)

11 3443.33 OH (stretching)

It is well known that a complete characterization of an
injectable product requires the optimization of solid: liquid
ratio used in the synthesis, and its effect on structure—
property correlations, handling time before the injection,
injectability, mechanical properties under compression and
in vivo and in vitro response. Most of these studies are on
and will be reported separately as the main focus of the
present communication is limited to the possibly first report
on the synthesis of self setting and injectable nano HA
system.

4 Conclusions

A process has been developed to convert biomimetically
synthesized nano HA into injectable and self setting HA
scaffolds, without involving the conventional ingredi-
ents of bone cement. In comparison to aqueous instabil-
ity of commonly available CPC systems, in the present
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communication, the nano HA based system has established
its stability in both water as well as in human blood. An
interesting phenomenon of self setting behavior of HA
nanoparticles at neutral pH, makes them distinct from CPC
setting mechanism dependent on acidic and basic compo-
nents of CaPs involved. The setting behavior of nano HA
based system may be attributed to a combined effect of
H-bond cross linking of PVA molecules and physical
entrapment in addition to well known cementing action of
the phosphate buffer.
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