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Biomimetic synthesis and ultrastructural characterization of a
zerovalent gold–hydroxyapatite composite
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Abstract—This manuscript describes one-pot, in situ synthesis of organoapatite-gold nanoparticle composite and its characteriza-
tion by XRD, energy dispersive X-ray analysis, atomic force, and scanning electron microscopy. This methodology offers a different
approach into the synthesis of zerovalent metal-mineral-phase nanocomposites having potential application as osteointegrative
ceramics.
� 2005 Elsevier Ltd. All rights reserved.
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Hydroxyapatite (HA) Ca10(PO4)6(OH)2 is a biologically
important mineral phosphate that occurs naturally in
mammalian hard tissues including bones, dentine, shells,
and skeletal units as their mineral component.1 Polyan-
ionic proteins ensure controlled nucleation and modified
growth of HA crystals in vivo,2 resulting in two-dimen-
sional growth of the nanocrystalline phase via ionic
interactions between negatively charged carboxylate
functionality and positively charged inorganic precursor
mineral, octacalcium phosphate (OCP). The role of
acidic organic templates and organogels for the synthe-
sis of bone-like materials has been thoroughly investi-
gated and interestingly, polyanionic nature of DNA
has also been explored for the inhibition of the apatitic
crystal growth.3,4

An emerging area within biomineralization concerns
deposition of mineral phase leading to the generation
of novel materials with desired composition and defined
aggregational patterns.5 Impregnation of biomimetic
composites with zerovalent metals and metal oxides
may impart interesting properties such as toughness
and electrical conduction to these composites.

We have been interested in creating nucleobase poly-
mers to study their ability to catalyze important chemi-
cal and biochemical transformations.6 In order to
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broaden the catalytic profile of nucleobase polymers,
we decided to equip them with amino acid side chains
such as carboxylic group, primary amines, and alcohols.
In this context, nucleobase polymer AP-1 was designed
to bear pendant carboxyl groups (Fig. 1) and its activity
was evaluated for controlled hydrolysis of octacalcium
phosphate to mimic biological calcification by acidic
proteins. The molecular skeleton of AP-1 combines car-
boxylic acid functionalities present in acidic proteins as
well as polyanionic nature and nucleobase composition
of DNA, which have been shown to catalyze biominer-
alization process. This is the justification for using AP-1
as a modulating polymer for OCP hydrolysis and com-
posite synthesis.3,4

Herein, we report AP-1 controlled in situ synthesis of
polymer-hydroxyapatite-gold nanoparticle composite
and study of their ultrastructural details via various
microscopic techniques.
Figure 1. Structural representation of AP-1.
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Figure 3. AFM micrographs of HA: (a) and (b), in the absence and

presence of gold nanoparticles, respectively (AP-1 = 0.001 mg/mL); (c)

magnified HA–gold composite (AP-1 = 0.1 mg/mL); (d) UV–Visible

spectra of gold nanoparticles in the absence (i) or presence of HA/OCP

(ii).
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The experimental protocol used in this study enabled a
facile access to an apatitic composite with possible bio-
medical applications. We have employed a negatively
charged nucleobase polymer AP-1 as a novel modulator
to access controlled growth of the apatitic phase. AP-1
was synthesized via conventional AIBN-mediated poly-
merization condition and its molecular weight was
determined by GPC measurements.7

AP-1 was used to modulate the hydrolysis of octacal-
cium phosphate to hydroxyapatite and also for the
growth of apatitic phase in the presence of gold nano-
particles.7 The envisaged role of negatively charged
polymer, akin to acidic proteins, is to bind to OCP
phase and retard its hydrolysis. Subsequent to OCP
hydrolysis in the presence of AP-1, energy-dispersive
X-ray (EDX) spectrum of HA–gold composite was
recorded to confirm the presence and relative ratio of
various constituents in the composite (Fig. 2).8

Although it was difficult to identify metallic gold phase
as it overlapped with the more intense phosphorus peak,
a calcium-to-phosphate ratio (Ca/P) of 1.33 and 1.65
was calculated for OCP and HA crystals, respectively,
as expected for the compositions of OCP and HA.9 Typ-
ical apatitic features were observed in XRD patterns
and FTIR spectra (data not shown). Significantly, there
was no change in the XRD pattern of HA when the
reaction was performed in the presence of gold nanopar-
ticles, indicating a lack of interference with HA crystal
faces.

AFM micrographs provided crucial insight into the
morphology of the mineral phase and adsorption of
gold nanoparticles to yield nanocomposites. Two differ-
ent ultrastructural HA morphologies, fiber and sphe-
rule-like, were evident from AFM studies (Figs. 3 and
4).10 Highly aggregated long HA nanofibers with an
Figure 2. EDX spectrum of HA–gold composite.

Figure 4. AFM images (a) and (b) of HA spherules in the absence and

presence of gold, respectively.
average width of �50 nm were observed for AP-1 con-
centration of 0.001 mg/mL (Fig. 3a). This morphology
varied with different AP-1 concentrations indicating
highly controlled OCP hydrolysis (data not shown).
When this experiment was performed with gold nano-
particles, they tend to get adsorbed on HA fibers and ap-
peared as bright spots (�140 nm width) (Fig. 3b). These
particles appeared to mostly aggregate along the length
of the apatite fiber (Fig. 3c). In both cases, a distinct loss
of surface plasmon band of gold nanoparticles, subse-
quent to their adsorption on HA surface, was taken as
an indication of gold adsorption and its interaction with
the mineral interface, thus causing a shift in its optical
behavior compared to that of its free colloidal solution
(Fig. 3d). These observations are similar to a recent



Figure 5. SEM images of (a) HA alone; (b) and (c) polymer–HA–gold

composite synthesized using 0.001 and 1.0 mg/mL AP-1, respectively;

(d) fibrous morphology of polymer–HA–gold composite.
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elegant demonstration of HA crystal synthesis using
amino acid-capped gold nanoparticles by Sastry and
co-workers.11

A spherule-like morphology for HA alone was also ob-
served (Fig. 4a), while its synthesis in the presence of
gold nanoparticles revealed decoration of spherules with
nanoparticles, displaying an average width and height
(Z-scale) of �130 and 190 nm, respectively (Fig. 4b).
A facile, controlled synthesis of HA composites, con-
taining gold particles, offers a versatile entry into elec-
troconductive osteointegrative materials.

AFM micrographs once again revealed that the adsorp-
tion of gold colloids does not affect overall morphology
of HA crystal by simply getting deposited on HA sur-
face, as evidenced by the �lighted� spherules. The ease
of in situ deposition of gold nanoparticles on hydroxy-
apatite spherules is notable and presents an attractive
method for the construction of bioactive metal-hydroxy-
apatite (mineral) composites.

SEM micrographs further confirmed spherule-like and
fibrous morphologies of HA, under AP-1 controlled
synthesis, in the presence or absence of gold nanoparti-
cles (Figs. 5a–d).12

Finally, we probed thermal stability of the composite by
thermogravimetric measurements. Initial degradation at
95 �C indicated water loss, followed by significant degra-
dation at 340 �C (data not shown).13 This suggests that
controlled growth, deposition, and calcination of
hydroxyapatite-gold composites might lead to robust
and functional materials.

Control experiments were conducted with adenine
polymer lacking the acidic side chain and with the
monomer 9-(4-vinylbenzyl)-purin-6-yl-aminocaproic
acid. Uncharged polymer failed to modulate hydrolysis,
while the monomer did not retard the reaction to the
extent of AP-1 (data not shown). This confirms the role
of multiple negative charges in a polymeric scaffold for
the inhibition of OCP hydrolysis.

Gold interacts favorably with biomolecules reflecting on
its wide-ranging biological applications in diagnostics
and nanobiotechnology.14 However, innovations in nov-
el colloidal gold-based materials are also required for
other applications.15 Furthering this theme, we have
presented a facile one-pot, in situ synthetic approach
and characterization for novel polymer–HA–gold nano-
particle composite. This benign method offers simplicity
and a viable alternative compared to other reported
methods. From another standpoint, this method points
toward plausible alternative processes for biomineraliza-
tion prior to the evolution of specialized proteins for this
purpose.

It is believed that apatitic composites with zerovalent
metals will be useful in the design and construction of
devices, biosensors, prosthetics, and implants with supe-
rior mechanical properties, and as catalysts. We are cur-
rently undertaking detailed physico-mechanical and
functional characterization of such composites.
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