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Abstract: Colloidal apatitic nanosphere of 2–5 nm in diameter was synthesized in the
presence of poly(acrylic acid), PAA. PAA, which has long been recognized as an inhibitor in
the synthesis of hydroxyapatite, is used as a structure-directing agent for the synthesis of
calcium-deficient apatite (CDHA) in this study. Experimental observation suggests a critical
amount of the low-molecular-weight PAA, above which morphological evolution of CDHA
nanoparticles from needle to sphere was observed. This reveals that the PAA acts as an
inhibitor for the growth of CDHA crystals. Further incorporation of PAA of high molecular
weight formed a highly optically transparent nanocomposite, even with the nanospherical
apatite loading up to 35 wt %, suggesting no agglomeration. This was further justified through
transmission electron microscopy (TEM), where the CDHA nanospheres were uniformly
distributed in the PAA-CDHA nanocomposites. No interfacial crevices were visually observed,
indicating a highly compatible interface between the inorganic CDHA and organic PAA phase.
© 2005 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 73B: 117–122, 2005
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INTRODUCTION

A great advantage of using synthetic apatite is to enhance
physiological affinity to the host tissues, or increase biolog-
ical activity and compatible materials with less biological
compatibility due to its chemical and structural similarity to
the natural apatite crystals.1 For most synthetic apatite crys-
tals, the resulting Ca/P ratio is controlled at 1.67, this is called
stoichiometric apatite. However, in comparison to natural
apatite, which has a Ca/P ratio about 1.5, the Ca/P ratio in
stoichiometric apatite is higher. The nanometric apatite crys-
tals in the mineral tissues offer superior biological properties
to surrounding physiological environment by giving higher
metabolic activity than that of synthetic apatite.1

Synthesis of apatite crystals have been well documented
for decades through a wide variety of methods, including
solid-state chemical reaction,2–4 coprecipitation,5,6 and sol–
gel.7 Wet chemistry is the most widely used synthetic method
to produce micro- to nanocrystalline apatite particles.8,9 Re-
cently, a number of reports have addressed the in situ syn-

thesis of apatite-containing nanocomposites aimed at produc-
ing chemically and biologically improved synthetic
bones.10,11 The primary concept is adapted from a naturally
occurring process termed biomimetic process, where the nat-
ural apatite is synthesized in a physiological environment
associated with the presence of natural polymer, such as
collagen, and ions, which is essentially an in situ synthetic
process. The prime advantage of the in situ synthesis is to
produce apatite-based nanocomposites with outstanding
chemical and physical homogeneity compared to those de-
rived via conventional mechanical mixing. However, few
reports address the occurrence of agglomeration of the nano-
apatite particles in the matrix, even through the use of an in
situ mrthod.11 Such an agglomeration, although not as exten-
sive as those prepared via mechanical blending, can still
adversely affect final properties such as mechanical strength
and moduli.11 Although no further clarification has been
made to account for the cause of agglomeration, it is possible
to assume that it results from a strong interparticle attraction
between the nanoparticles after in situ formation. This inves-
tigation is an attempt to prepare a CDHA-based nanocom-
posite with superior homogeneity by using a two-step syn-
thetic process.

Poly(acrylic acid), PAA, has been well documented as a
suppressant for the nucleation and growth of apatite crystals
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during the course of wet-chemical synthesis and biomimetic
formation.12–14 In recent work, successful synthesis of apatite
crystals with controlled aspect ratio (AR � length/diameter)
was reported through the use of PAA.15,16 It is observed that
increase in the concentration of PAA polyelectrolyte causes a
reduction in the aspect ratio of the resulting apatitic crystals;
however, apatite nanocrystals with equiaxial geometry (such
as spherelike shape) can rarely be obtained. It is then more
interesting to find a method to develop spherical apatite
nanocrystals, and a subsequent development of nanocompos-
ite is targeted via the two-step process to be outlined in this
study.

EXPERIMENTAL SECTION

Synthesis

The starting materials used in this investigation were analyt-
ical-grade reagents (CH3COO)2Ca � xH2O (99%, Aldrich
Chemical Company, Inc.) and H3PO4 (99%, Riedel-deHaen,
Seelze, Germany) as Ca and P precursors, respectively. The
Ca solution was prepared by dissolving 0.015, 0.03, and
0.045 mole of (CH3COO)2Ca � xH2O in deionized water. Poly
(acrylic acid) (Mw 2000) (PAA, Aldrich Chemical Company,
Inc.) (assigned as PAA-2000) with concentrations from 100
to 5000 ppm was added to the Ca solution, and the solution
was adjusted to pH 9 with the use of 5M NaOH solution.
After that, various amounts of phosphoric acid, that is, 0.01,
0.02, and 0.03 mole, was then added dropwise into the
solution, with the solutions kept at pH 9 throughout the
titration. The white precipitated powder was finally obtained
after filtering and washing with deionized water several
times. After oven drying at 80°C, the powder, having a Ca/P
ratio of 1.5, was determined with the use of atomic absorption
spectroscopy.

For nanocomposite synthesis, the CDHA suspensions pre-
pared above were mixed directly with PAA of high molecular
weight (Mw 450,000, Aldrich Chemical Company, Inc.)
while maintaining the resulting CDHA-PAA suspension at
pH 9. The final suspensions with organic high-molecular-
weight PAA from 50 to 90 wt % relative to the concentration
of the CDHA nanoparticles were obtained. After vigorous
stirring for a time span of 16 hours, the suspension, showing
an optically transparent appearance, was cast and dried at
100°C, resulting in a highly transparent nanocomposite film.

Structural Analysis

Both the precipitated powder and CDHA-PAA nanocompos-
ite were characterized by transmission electron microscopy
(TEM, Philips Tecnai 20, The Netherlands), operating at 200
keV, for nanostructural analysis. The obtained particle size of
the CDHA was calculated by averaging more than 500
CDHA particles measured through the TEM images. Both
precipitated powder and nanocomposites were characterized
with the use of X-ray diffractometer (M18XHF, MAC Sci-
ence, Tokyo, Japan) to determine the crystalline phase at a

scanning rate of 4°(2�) per min over a 2� range of 20–60°.
Fourier- transform infrared (FTIR) spectra were performed
with the use of KBr pellets (2 mg per 300 mg KBr) on a
spectrometer (Model 580, Perkin-Elmer) with a resolution of
4.00 cm�1. Infrared spectra were recorded in the range of
4000–400 cm�1 to evaluate the molecular structure.

RESULTS AND DISCUSSION

The appearance of the resulting suspensions and correspond-
ing particle morphology in terms of the concentration of the
starting precursor and the PAA polyelectrolyte (assigned as
PAA-2000) were examined and shown in Table I, where the
symbol “T” indicates that the solution remains optically clear,
and “W” indicates formation of white precipitate. Corre-
sponding particle dimensions were also measured and tabu-
lated. It is clear from Table I that irrespective of the differ-
ence in precursor concentrations, that is, double (2�) and
triple (3�), a white appearance of the solution is always
associated with the presence of needle-like particles, and the
suspension with spherical particles presents an optically clear
appearance. The needle-shaped particles are typically in the
range of 3–5 nm in diameter and 20–30 nm in length [Figure
1(a)], and the spherical particles shape are 5–10 nm in diam-
eter [Figure 1(b)]. These dimensions are much smaller than
visible wavelength, so they are supposed to be optically
transparent with respect to the visible light; however, the
white appearance for solutions containing needle-like parti-
cles indicates a strong agglomeration taking place upon syn-
thesis. The opacity of the resulting solution indicates exten-
sive particle agglomeration, causing pronounced light scat-
tering. Such agglomeration usually leads to undesirable
properties in final products, as has been previously reported.14,15

TABLE I. Observation on the Appearance of PAA-Apatite
Colloidal Suspensions and Corresponding Particle Dimensions
(nm) in Terms of Precursor and PAA (Mw � 2000)
Concentrations Used

PAA-2000
concentrations

Precursor concentrations

1 x 2 x 3 x

100 ppm W W W
20–25 nm 30 nm 20 nm

3 nm 5 nm 3 nm

500 ppm W W W
15–20 nm 25 nm 25 nm

3 nm 3 nm 3 nm

1000 ppm W W W
15 nm 15 nm 15 nm
3 nm 3 nm 3 nm

5000 ppm T T T
5–10 nm 5–10 nm 5–10 nm

Note: W means the resulting solution showing white, precipitate appearance, where
resulting apatite particles are needle shaped; T means the resulting solution showing
clear appearance, where the apatite particles are spherical.
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This is virtually beyond the scope of this investigation, where
an agglomerate-free suspension, together with corresponding
nanocomposites to be synthesized in-situ, is the main goal.

In contrast, the suspensions with spherical particles, show-
ing an optically transparent appearance, suggest that the par-
ticle size is well below the visible regime, including agglom-

erates that may form in the solution. Transmission electron
microscopy (TEM) examination showed that the spherical
particles fall in the range of 5–10 nm in diameter, and some
larger particles (20–30 nm in diameter) are also detectable;
however, it seems that few agglomerates were found in this
synthetic scheme.

Figures 2 and 3 illustrate the XRD and FTIR spectra of the
synthetic apatite powder, respectively. The XRD patterns
show that the nanoparticles synthesized in the presence of
low (100 ppm) and high (5000 ppm) PAA-2000 polyelectro-
lyte are characterized as apatitic structures according to the
ICDD No. 9-432. FTIR further reveals the characteristic
apatitic PO4

3� �4 modes in the regime of 600–500 cm�1 and
PO4

3� �1 and �3 modes of 1150–1000 cm�1, for both types
of nanoparticles.15,16 These structural observations indicate
that the synthesized nanoparticles, regardless of the geome-
try, have an apatitic structure and can be assigned as a
calcium-deficient apatite (CDHA) where Ca/P � 1.5, as

Figure 1. Colloidal apatite prepared in the presence of (a) 100-ppm
and (b) 5000-ppm low-molecular-weight ionized PAA, where a signif-
icant change in morphological evolution can be observed—(a) needle
like and (b) spherical shape.

Figure 2. XRD patterns of the colloidal apatite prepared in the pres-
ence of low-concentration (bottom curve) and high-concentration (top
curve) PAA-2000 polyelectrolyte.

Figure 3. FTIR spectra of the colloidal apatite prepared in the pres-
ence of low-concentration (bottom curve) and high-concentration (top
curve) PAA-2000 polyelectrolyte.
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analytically determined. However, the one with high concen-
tration of PAA-2000 (5000 ppm) appears amorphous-like,
with higher diffraction background and decreased relative
intensity of the diffraction peaks compared to that derived
from low concentration of PAA-2000 (100 ppm). This indi-
cates that the spherical CDHA particles present more disorder
structure than those needle-like CDHA, which accordingly
suggests that spherical CDHA nanoparticles are more disper-
sive.

Because the concentration of the PAA-2000 polyelectro-
lyte is the only parameter for the CDHA nanoparticle syn-
thesis, it is conceivable that it is responsible for the evolution
of particle geometry from needle-like to spherical with in-
creasing PAA-2000, that is, from 100 to 5000 ppm. A pre-
vious study proposed a preferential adsorption of the ionized
PAA molecules (Mw 450,000) onto the c axis of the devel-
oping CDHA crystals, resulting in a reduction in the aspect
ratio (AR � length/diameter) of the synthesized particles.15

Similar rationale to the preferential adsorption should be
more effectively applied with the use of smaller, ionized
PAA-2000 molecules.16 For a given surface of the CDHA
nucleus, higher density of the ionized PAA-2000 is expected
and should be more densely packed onto the surface of the
growing nuclei than using large molecules. Therefore, a mi-
celle-like structure, as schematically shown in Figure 4, is
expected to form.

Moreover, a possible hindrance effect for those larger
macromolecules upon adsorption to solid surface can be
considerably reduced for smaller molecules. As a result, more
efficient adsorption can be expected for the PAA-2000 poly-
electrolyte than for PAA-450000 macromolecules. Structural
evolution based on such a micelle-like adsorption configura-
tion has resulted in the final particles with smaller size and
greater quantity in a given amount of chemical reactant. On

the other hand, once the nuclei are subject to growth, a rapid
adsorption of the small, ionized PAA-2000 onto the growing
nuclei would effectively inhibit preferential growth of the
crystals. In turn, a slow and isotropic growth of the crystals
likely dominates, resulting in spherical morphology. The
relative concentration of PAA-2000 polyelectrolyte to CDHA
for the elimination of the preferential growth of the CDHA
crystals is estimated in the range of 1000–1700 ppm, as
deduced from Table I. Such a dense surface adsorption also
provides an explanation for the stability of the suspension,
whereas over several months little sedimentation has been
visually detected.

For nanocomposite synthesis, vigorous mixing between
the obtained CDHA suspension and PAA-450000 polymer
solution was easily carried out and both phases were inti-
mately miscible. without any detectable phase separation.
The resulting PAA-CDHA nanocomposites with various con-
centrations of the CDHA phase from 4 to 71 wt % were
successfully synthesized. However, the appearance of the
nanocomposites is changing from optically transparent to
translucent when the CDHA concentration is greater than
about 35 wt %, suggesting that a certain degree of agglom-
eration may occur at a higher CDHA concentration. This is
further evidenced in Figure 5, where larger agglomerates
were clearly detected with arrows indicated. The transparent
nature of the resulting PAA-CDHA nancomposites also in-
dicates that the degree of dispersion of the CDHA nano-
spheres remains unchanged from initial suspension synthesis
to final composite formation, and this phenomenon has not

Figure 4. Schematic drawing of the ionized small molecular PAA
adsorbed onto the surface of growing apatite nuclei, where a dense
surface adsorption leads to the formation of the micelle-like structure.
Further growth of the apatite can be highly retarded, resulting in the
formation of spherical apatite nanoparticles.

Figure 5. TEM micrograph of the PAA-CDHA nancomposites with
numerous agglomerates detectable, where the transparent nature of
the nanocomposite disappeared because of extensive agglomeration
upon consolidation.
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yet been observed in related studies as far as is known.
However, particle agglomeration tends to form for higher
solid concentration, that is, above 35 wt %, when the water is
gradually removed upon ambient drying. Such particle ag-
glomeration is then considered as percolation that thresholds
at a critical solid concentration of about 35% in the suspen-
sion currently under investigation.

Figure 6(a) is a high-resolution TEM observation on a
selected nanocomposite with 30 wt % solid concentration.

Nanospheres with particle sizes ranging from 5–10 nm are
sparsely dispersed within the PAA-450000 polymeric matrix.
However, an enlargement of marked region in Figure 6(b)
shows numerous smaller particles with sizes of about 2–3 nm
in diameter dispersed within the matrix. The interface can be
clearly identified; however, crevices seem undetectable at the
interface, indicating an excellent interfacial bonding between
the CDHA and PAA-450000 matrix. This enlarged micro-
graph strongly evidences the good dispersion of the nanopar-
ticles as aforementioned, and the optical transparency of the
resulting nanocomposite provides a supporting evidence for
the successful two-step synthetic scheme developed in this
work.

CONCLUSIONS

Colloidal apatite nanosphere with 2–5 nm in diameter was
synthesized in the presence of PAA polyelectrolyte. The PAA
polyelectrolyte is successfully acting as a structural-directing
agent upon the synthesis of the CDHA nanoparticles. Exper-
imental observation indicates that there exists a critical
amount of the PAA polyelectrolyte, above which the mor-
phological evolution from needlelike to spherical was ob-
served. A stable, optically clear, and well-dispersed CDHA
suspension can be obtained. By mixing with the high-molec-
ular-weight PAA polymer solution, PAA-CDHA nanocom-
posites are easily produced. The exceptional uniformity in the
distribution of the resulting nanospheres within the PAA
matrix suggests outstanding chemical and physical homoge-
neity, which, in turn, can virtually be considered as a new
type of biomaterials. Such an outstanding homogeneity is
essentially a breakthrough of the synthetic process employed
in this study as compared to those reported in the literature,
and may be adopted to further explore new biomaterials of
next generation. It is also suggested that the CDHA-PAA
nanocomposite developed in this study can be potentially
applied for a number of biomedical applications, particularly
in the areas of drug delivery and bone tissue engineering, as
a result of its nanostructured feature of the resulting matrix
phase combined with the bioactive character of the nanopar-
ticulate apatitic phase.

The authors thank ApaMatrix Technologies Incorporated, Can-
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