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Dimensionally and compositionally controlled growth
of calcium phosphate nanowires for bone tissue
regenerationy

Philip James Thomas Reardon,?® Albertus Denny Handoko,? Lin Li,° Jie Huang®
and Junwang Tang™®

Nanostructured biomaterials with controlled morphology and composition are of high interest for bone
tissue regeneration. As resorbable and biocompatible materials for bone tissue engineering, calcium
phosphate nanowires and nanoneedles with different aspect ratios and compositions have been first
synthesized without the use of any toxic surfactants via an energy efficient microwave assisted process.
Correlation between solvent composition, mixing methodology and reagent stoichiometric ratios was
investigated with the aim of producing orientated growth and varied biphasic composition, resulting in
dimensionally controlled growth of materials containing varying hydroxyapatite (HA)/monetite
quantities. It was observed that the HA/monetite content and dimensionality could be manipulated by
changing the initial ethanol (EtOH) volume in the H,O/EtOH solvent mixture. Three dimensional
particles with minute amounts of HA were produced when a H,O/EtOH volumetric ratio of 20/80 was
used. Conversely, high aspect ratio (ca. 54) nanowires containing ca. 38 wt% HA were obtained with a
60/40 H,O/EtOH volumetric ratio. Importantly, the quantity of HA in the high aspect ratio nanowires/
needles was controlled by varying the stoichiometric ratio of the reactants, demonstrating that one-
dimensional materials with close to 100% HA can be achieved when the Ca/P ratio is increased to 1.67.
Additionally, significant correlation between the extent of orientated growth of the materials and the
point of EtOH addition during the mixing method was observed. The findings highlight that solvent
composition, reactant stoichiometric ratio and mixing procedure can be used in tandem to tailor the
morphology and composition of calcium phosphate materials, which are of very high importance in
developing excellent materials suitable for bone tissue regeneration.

biomedical technologies. Generally, selectivity of nano/micro-
particle morphology is achieved through template-directed

An ever aging and expanding population have led to increasing
cases of bone disease and fractures. The new generation of
nanostructured biomaterials with controlled morphology and
composition are of great interest in the development of bone
tissue engineering, which is of high importance in meeting this
increasing demand on the modern healthcare system.
Dimensionality is an important factor in controlling nano-
material properties. Specifically, one-dimensional materials
have attracted intense interest due to their unique physical and
chemical properties, including enhanced mechanical and bio-
logical functionality, which endow them with great potential for
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growth methods, using surfactants, ligands or solid membrane
templates. The conventional solvothermal technique, for
example, offers an effective route for the production of
morphology controlled calcium phosphate materials in the
presence of templates or surfactants."® However, there is
concern that using templating materials during conventional
solvothermal synthesis may result in unwanted organic resi-
dues being incorporated into the final products.*** Further-
more, these processes require lengthy reaction times of many
hours.'®

Calcium phosphates are a group of inorganic materials that
are of special interest as biomaterials due to their similar
composition to that of mammalian bone tissue. Their unique
biocompatibility has led them to be used for many biomedical
applications, most notably bone tissue engineering and thera-
peutic delivery.*” The bioresorbability of calcium phosphate
biomaterials is a key parameter for productive in situ tissue
regeneration. Dicalcium phosphate anhydrous (DCPA), or
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monetite, is a bioresorbable member of this group of bioactive
materials, thus possessing a higher aqueous solubility and a
greater in vivo degradation rate when compared to other
commonly used calcium phosphate phases.® The potential of
monetite as a biomaterial for bone tissue regeneration has
recently been highlighted by a series of in vitro, animal and
human studies.*® Hydroxyapatite (HA) is a highly bioactive
calcium phosphate biomaterial possessing very low solubility
that has been widely reported as a bone graft substitute and as
an implant coating. Combining the more stable phase of HA
with the more soluble phase monetite produces a biphasic
calcium phosphate ceramic, a class of biomaterials that has
received much attention recently due to the potential for control
over bioresorbability afforded by these compounds,' thus
making a biphasic material of HA and monetite an ideal
candidate for bone tissue regeneration.

Wire-like calcium phosphate materials are attractive for
mechanical reinforcement in fabricating biocomposites due to
their excellent mechanical properties.' In polymer composites
the diameter and aspect ratio of the calcium phosphate nano-
particles will determine the strengthening effect, with high
aspect ratio nanoparticles being the ideal filler material.*>**
Moreover, osteoblast cells are sensitive to surface composition,
energy and roughness.> Therefore, there have been many
reports on attempts to control the size, shape and composition
of calcium phosphate nanomaterials.*'* Recently, the synthesis
of HA nanowires using hydrothermal processing without the
use of morphology controlling agents was demonstrated by
Costa et al.*> however, their system used a relatively lengthy sol-
gel-hydrothermal combination methodology and had less
control over the material phase. Microwave heating is charac-
terised by rapid, volumetric and differential heating, allowing
for better reaction control that has been shown to give altered
morphologies,* increased yields, greater purity, and consider-
ably reduced synthesis times.*"” The employment of microwave
dielectric heating to the hydrothermal/solvothermal method is
an emerging technology that offers many advantages for the
synthesis of morphology and size controlled calcium phosphate
materials in the absence of template or surfactant materials, as
we reported recently for the synthesis of porous monetite
nanoplates and nanorods."

In this study, a facile microwave-assisted chemical method
using a mixed solvent system was employed to prepare both
phase and morphology-controlled single and biphasic calcium
phosphates without the use of additional surfactants, in effect
producing samples that can be directly utilised in vivo without
pretreatment. The underlying mechanism was discussed based
on the material characterisations.

Materials and methods
Synthesis

Material preparation followed a two step process. Initially two
aqueous solutions of the same volume of Ca(NOs),-4H,0
(Sigma) and H3;PO, (Sigma) were prepared. Then, at room
temperature and standard atmospheric pressure, the H;PO,
solution was added drop-wise to the Ca(NOj3),-4H,O solution,
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after which a predetermined volume of ethanol (EtOH) was
added to the mixture. The total volume of the reaction solution
was fixed at 60 ml, but the volumetric ratio between the EtOH
and water was adjusted, as given in Table 1. This clear reaction
mixture was then transferred to a Kevlar reinforced sealed PTFE
container and irradiated in a microwave solvothermal process
to 200 °C using a predetermined temperature ramp and time
programme. The microwave accelerated reaction system used
(MARS, CEM) automatically adjusts the output power in order to
maintain a steady temperature and pressure profile. A ramping
time of 25 minutes and a hold time of 60 minutes were used in
all cases. The product suspension was then transferred to a
centrifuge whereby the solid product was separated, washed
several times with water and EtOH, and then dried in an oven at
60 °C overnight.

Characterisation

The X-ray diffraction (XRD) patterns of samples were obtained
using a Bruker D4 Advance Powder X-ray diffractometer with a
CuKa (1 = 0.1541784 nm) radiation source. Diffraction patterns
were collected from 10° to 60°, with a step size of 0.02° and 4
seconds acquisition time per step. XRD data analysis and
compilation were carried out using the Bruker® TOPAS 3 plat-
form. Due to the complex structure of monetite, an alternative
two step refinement strategy was devised based on the whole
powder pattern decomposition (WPPD) method,*® followed by a
simplified Rietveld method," to account for preferred orienta-
tion on the (002) and to quantify the fraction of each phase.
Lattice parameters obtained from previous WPPD refinement
were taken as starting points for subsequent Rietveld refine-
ment. Atomic parameters of monetite and hydroxyapatite were
taken from ref. 20 and 21 respectively and were not refined. The
modified Thompson-Cox-Hastings pseudo-Voigt function was
used to model the peak shape throughout the refinements.
Material size and shape were observed using a JEOL JSM-7401F
field emission-scanning electron microscope operating at 3-10
kV. Materials were observed in powder form, and due to the low
conductivity of the inorganic samples, they were coated with a
thin layer of Au nanoparticles to improve the image quality.

Results
Effect of H,O/EtOH volumetric ratio

For the synthesis of calcium phosphate nanowires and nano-
needles, a dual solvent system of EtOH and water was utilised.
The initial search-match comparison of the XRD patterns of
materials produced using varied EtOH/H,O ratios against a
standard monetite reference pattern (JCPDS 70-1425) reveals
the presence of crystalline monetite in all cases (Fig. 1), with the
major peaks at 26 = 13.1, 26.4, 30.2, and 40.0° corresponding to
the monetite (001), (002), (120), and (003) reflections, respec-
tively. Importantly, materials W20E80, W40E60, W60E40, and
WB80E20 have a relative XRD intensity ratio between the peaks
corresponding to the (002) and (120) (selected as neutral refer-
ence) diffraction planes of around 0.9, 3.8, 12.6 and 139,
respectively, compared to 1.1 for the standard pattern. This
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Table 1 Sample notation and treatment conditions
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Volume (cm?)

Sample code Water EtOH

Conditions

Ethanol added Ca/P ratio Notes

W20 x 10%° 12 48
WA40E60 24 36
W60E40 36 24
WS0E20 48 12
WS0E20-B 48 12
WS80E20-1.67 48 12
W100E0 60 0
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Fig. 1 XRD patterns of materials synthesised using different H,O/EtOH volu-
metric ratios: (a) W20E80, (b) W40E60, (c) WE0E40, and (d) W80E20.

trend of more profound (002) preferred orientation as the H,O/
EtOH ratios increase is supported by the refinement results (see
ESI, Table S1t), and suggests a preferential growth orientation
with an increased expression of {001}. This preferred orientation
observation is also corroborated from the electron micrographs
of the samples (Fig. 2), which show a transition from three
dimensional to one dimensional growth with an increase in the

Fig. 2 SEM micrographs of materials produced with different H,O/EtOH volu-
metric ratios: (a) W20ES80, (b) W40E60, (c) W60E40, and (d) WSO0E20.
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After mixing 1.4
After mixing 1.4
After mixing 1.4
After mixing 1.4
Before mixing 1.4
After mixing 1.67 Higher Ca/P ratio
After mixing 1.4 No solid Product

H,O/EtOH ratio, leading to the formation of nanowires
(WS80E20) or nanoneedles (W60E40).

Table 2 shows the phase composition of the materials
obtained by XRD data refinement when the volumetric ratio of
solvents H,O/EtOH is varied. W20E80 contains almost entirely
monetite with 2.4 wt% HA. In contrast, W60E40 and WS0E20
show a significant amount of HA (JCPDS 09-432) in conjunction
with monetite, calculated to be 37.6 and 28.0%, respectively
(Table 2). It is apparent that the amount of monetite is reduced
with an increase in H,O volume in the solvent composition.
These results demonstrate the potential for control of calcium
phosphate material composition using EtOH as a co-solvent.

SEM micrographs further reveal the changes in material
morphology using different H,O/EtOH solvent ratios (Fig. 2). It
can be seen that W20E80 (Fig. 2a) is a mix of various polyhedra
of dimensions ca. 811 nm + 317 nm x 593 £ 181 nm, resulting
from three dimensional growth. Material W40E60 displays a
plate and cube-like morphology with larger dimensions ca.
10.2 pm =+ 5.4 pm x 4.4 pm =+ 2.3 pm (Fig. 2b) representing a
mixture of two and three dimensional growth. The wire/needle-
like morphology displayed by-products W60E40 and W80E20
(Fig. 2c and d) implies that a highly directionally selective
growth regime was realised with reduced EtOH volume in the
solvent composition. W60E40 (Fig. 2c) has a wire or needle-like
morphology of dimensions ca. 4.4 + 2.4 pm x 231 £+ 142 nm
(aspect ratio ca. 19); W80E20 has a nanowire morphology of
dimensions ca. 4.9 + 1.5 pym x 83 £ 26 nm (aspect ratio ca. 54).
The higher aspect ratio for the nanowire material W80E20
compared to W60E40 correlates with a reduction in three
dimensional growth towards increasing one dimensionality

Table 2 Phase composition of materials formed in different volumetric ratios of
H,O/EtOH

Phase composition®

Sample Monetite (%) HA (%)
W20E80 97.6(3) 2.4(3)
WA40E60 95.4(3) 4.6(3)
W60E40 62.4(8) 37.6(8)
WS80E20 72.0(7) 28.0(7)
WS80E20-B 73(1) 27(1)
WS80E20-1.67 8.5(8) 91.5(8)

% Obtained from XRD refinement. Numbers in parentheses represent
standard deviation.
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with a reduction in EtOH volume. It is therefore observed that a
reduction in EtOH volume facilitates an increase in one
dimensional preferred growth orientation and reduced multi-
dimensional particle growth.

Effect of changing the point of EtOH addition in the mixing
procedure

To ascertain the effect of the presence of EtOH during the
solution mixing process, the nanowire experiment (W80E20)
was repeated with variation to the mixing procedure. In this
different methodology instead of adding the EtOH after mixing
of the H;PO, and Ca(NOj),-4H,0 aqueous solution, EtOH was
equally added to the individual aqueous precursor solutions
before mixing (this material was assigned the code W80E20-B).
The XRD pattern (Fig. 3) of the W80E20-B material shows the
presence of both HA and monetite phases. The proportion of
monetite in W80E20-B was calculated to be close (72%) to that
for W80E20 (the low relative intensity of peaks corresponding to
HA is due to the large degree of growth orientation with an
increased expression of {001} for monetite in W80E20), further
implying that EtOH favours the production of monetite in
comparison to HA. Interestingly, a 46% reduction in (002)
preferred orientation was observed for W80E20-B compared to
WB80E20 (see ESI, Table S17) suggesting a relative reduction
in the expression of {001} (Fig. 3b). This observation is in
agreement with the SEM study of this material (Fig. 4). SEM
micrographs of W80E20 and WB80E20-B materials show that
WS80E20-B is also the product of highly 1D growth displaying a
needle/wire morphology (Fig. 4b) and dimensions ca. 5.4 +
2.5 um X 252 + 21 nm. However, the increase in particle width
and reduced aspect ratio (ca. 22) for W80E20-B (Fig. 4b)
compared to W80E20 (aspect ratio of ca. 54, see Fig. 4a) suggests
an increase in 3D growth when EtOH is added before reagent
solution mixing.

Effect of Ca/P molar ratio

One dimensional calcium phosphate materials were also syn-
thesised using different Ca/P molar ratios in the precursor
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Fig. 3 XRD Patterns of calcium phosphate materials with EtOH added to the
reaction mixture: (a) after mixing of aqueous reagent solutions (W80E20) and (b)
before mixing of reagent solutions (W80E20-B).
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Fig.4 SEM micrographs of calcium phosphate materials with EtOH added to the
reaction mixture: (a) after mixing of aqueous reagent solutions (W80E20) and (b)
before mixing of reagent solutions (W80E20-B).

mixture, with the composition of the reaction solvent consistent
with that of W80E20. The XRD patterns of materials obtained
with Ca/P ratios of 1.4 (W80E20) and 1.67 (this material was
assigned the code W80E20-1.67) are shown in Fig. 5. A ratio of
1.4 was selected as it lies midway between the theoretical Ca/P
molar ratio of monetite and that of HA in order to target a
biphasic mixture, and 1.67 as it is the stoichiometric ratio for
pure HA. Both products obtained with different Ca/P ratios
contained crystalline monetite (JCPDS 70-1425) and HA (JCPDS
9-432) phases (Fig. 5a and b). However, the composition of
WS80E20-1.67 was calculated to contain a significantly larger
proportion of HA (91.5%) compared to W80E20 (28.0%). This
result fits with what would be expected for these materials due
to HA having a higher Ca/P molar ratio of 1.67 compared to 1 for
monetite, and indicates that the composition of these biphasic
1D calcium phosphate materials can be controlled by varying
the Ca/P ratio of the starting materials. SEM micrographs of the
products obtained by varying the Ca/P stoichiometric ratios of
the starting materials (Fig. 6) show that this parameter also has
an effect on the morphology of the resultant material. The
resultant product obtained by using a Ca/P ratio of 1.67 had a
wire/needle morphology but a smaller aspect ratio (ca. 30) with
dimensions of ca. 4.6 + 2.4 pm x 154 £+ 93 nm compared to
when a Ca/P ratio of 1.4 was used (aspect ratio ca. 54), corre-
lating with a small reduction (9%) in (002) preferred orientation
(see ESI, Table S17).
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Fig. 5 XRD patterns of products obtained using Ca/P ratios of (a) 1.4 (W80E20)
and (b) 1.67 (W80E20-1.67).
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Fig. 6 SEM micrographs of products obtained using Ca/P ratios of (a) 1.4 and
(b) 1.67.

Discussion

The XRD data showed that the formation of HA increased with
an increase in H,O volume fraction, correlating with HA being
the most stable phase in H,O. However, no solid product was
formed when 100% H,O was used (W100E0), implying that
under purely aqueous conditions both monetite and HA have a
very high solubility; this is expected given the relatively low
reaction pH used (ca. 2.5). The formation of HA was observed
only in the presence of ethanol, which corroborates reports that
dilution with EtOH can decrease the solubility of HA and induce
the formation of apatites in mixed H,O/EtOH systems.*
Conversely, at high fractions of ethanol, monetite was mainly
observed accompanied by a decreasing HA formation rate,
resulting in the formation of a pure crystalline monetite phase
when EtOH was solely used (reported by us previously).”* The
increased rate of monetite formation when large EtOH volumes
are used could be explained by the reduced solubility of this
phase in non-aqueous conditions.

The size and aspect ratio of the materials produced were also
highly dependent on the quantity of EtOH used as a co-solvent,
Ca/P stoichiometric ratio of reactants, and point of addition of
EtOH in the reagent mixing procedure. Generally the shape of
inorganic nanoparticles is controlled by the presence of poly-
mers, surfactants or chelating agents. In the present system
rapid energy input and high-pressure conditions fostered
through microwave heating produced crystalline nuclei that
grew to form calcium phosphate nanoneedles and nanowires
when high H,O/EtOH solvent volumetric ratios were used. Peng
et al. introduced a shape evolution growth mechanism for CdSe
nanocrystals, which showed that diffusion-controlled 1D growth
can occur under conditions of a higher chemical potential of

(i)
NV

JNRY)
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monomer (precursor species) in the solution to that of the
unique surface of the nanoparticles.”*** A recent study by Costa
et al. reported one dimensional hydrothermal growth of HA
nanowires, in which a similar diffusion-controlled mechanism
was used to describe the shape evolution process of HA crystals
with varying chemical potential of the solution.” These argu-
ments suggest that a high chemical-potential environment and
an anisotropic crystal structure are key to orientated growth.

In our system, the observed morphology evolution could also
be explained by this theory (Scheme 1). Here, the strong EtOH
volume relation with the length and aspect ratio of the products
is due to the sensitive influence of the EtOH/H,O ratio under
microwave heating conditions on the concentration of the
solute species ([Ca®"] and [HPO,>"]) in the crystal growth phase.
The concentration of solute species remaining in solution after
nucleation is governed by the number of nuclei formed, with a
relatively small number of nuclei desirable for elongated
growth. Lerner et al. suggested that ethanol can cause weak-
ening of the bonds in the water structure and disrupt the
interaction of water molecules with calcium cations, lowering
the energy barrier to deaquation and hence facilitating nucle-
ation of the most stable calcium phosphate species.”® Also, the
interaction between EtOH and microwave radiation (dielectric
loss) is stronger than that between water and microwave radi-
ation; the addition of EtOH is thus known to increase the
dielectric loss (heating effect) of an aqueous medium and to
induce the fast formation of calcium phosphate nuclei.

Therefore, it is proposed that this increase in nucleation rate
due to EtOH addition can explain the 3D growth that is more
obvious when larger EtOH volume fractions are used (W20E80
and W40E60), as the large number of nuclei produced will lead
to a low precursor (solute) concentration and chemical potential
in the growth stage, leading to three dimensional growth
(Scheme 1(i)). Inversely, when small EtOH fractions are used
(W60E40 and WS80E20), the nucleation rate will be lower,
leading to a reduction in the number of nuclei formed, and an
associated increase in solute concentration and chemical
potential in the growth stage, leading to one dimensional
growth (Scheme 1(iii)).

The results suggest that both ethanol and microwave play a
critical role in controlling the morphology of calcium phos-
phate materials. Therefore, it is hypothesised that if the point of
ethanol addition is changed from after mixing of the precursor

(i)

N

-8 Ay .
Precursor concentration
Scheme 1 |lllustration of the diffusion-controlled crystal growth process, which is governed by the precursor concentration in the bulk resulting in either 1D or 3D

growth of calcium phosphate. Small blue arrows represent precursor flux.
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solutions to before mixing of the precursor solutions (material
WS80E20-B), this deaquation process would be enhanced; hence
when nucleation takes place as the mixture is treated under
microwave assisted solvothermal conditions, the nucleation
rate will be slightly higher, thus causing a reduction in chemical
potential of the growth environment leading to increased 3D
growth, and a reduction in the product aspect ratio (Scheme
1(ii)). In the case where a higher Ca/P stoichiometric ratio of
reagents is used, the increased presence of excess free Ca*
would shift the chemical equilibrium leading to increased
nucleation. This could explain why the nanofibres had a
reduced aspect ratio when an elevated Ca/P ratio was used
(Scheme 1(ii)).

This mechanism suggests that 1D or 3D growth stages may
be captured by maintaining the chemical potential in the
correct range (Scheme 1) through addition of different volumes
of co-solvent, changing the mixing procedure, or varying the
stoichiometric ratio of the precursor species, which is in
agreement with the previous observations by Peng et al.*

It is believed that 1D growth can occur only if the chemical
potential of monomers (precursor species) in the solution is
much higher than the highest chemical potential of the atoms
on the surface of the nanoparticles.”*** Costa et al. reported the
1D growth of HA nanowires due to the chemical potential of a
(precursor) amorphous calcium phosphate (ACP) solution
having significantly greater chemical potential than that of the
(001) associated facet (which is reported as possessing greater
interfacial free energy than the other faces), which in turn
caused migration of precursor to this face and hence growth
perpendicular to it along the c-axis.'” In the crystal structure of
monetite, the lattice contains distorted Ca-PO, chains aligned
parallel to the b-axis forming a sheet of atoms that are roughly
in the (001) plane,*® which are similar to those parallel to the
c-axis in HA.*” A preferential growth model of the calcium
phosphate nanowires/nanorods along the [001] direction for
monetite is in good agreement with the abnormally strong
intensity of the monetite {001} associated peaks observed in the
XRD patterns of these materials (Fig. 1). This structural feature
would make the {001} very sensitive to surrounding growth
conditions.

In some cases the autogenous pressure and the energy input
by a hydrothermal process was found to activate the reactions
and induce anisotropic growth of nanorods.”® Microwave
assisted solvothermal methodology is associated with rapid and
uniform increases in temperature and pressure, which has been
shown to accelerate crystal growth in comparison to conven-
tional heating.* In addition, microwave assisted synthesis
conditions will accelerate Brownian motion, giving faster
effective circulation of solute in solution.

Therefore, it can be concluded that the anisotropic growth of
calcium phosphate nanowires and nanoneedles in this case
(without surfactants) is governed by the intrinsic chemistry of
specific faces, the local solution details, and the mode of foreign
energy activation (microwave assisted solvothermal heating).
Based on the controllable synthesis of calcium phosphate
fibres, work on films of orientated calcium phosphate fibres is
underway.

This journal is © The Royal Society of Chemistry 2013
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Conclusions

Calcium phosphate 1D and 3D materials with varying compo-
sitions have been successfully synthesised using a rapid and
facile microwave assisted method without the use of any
surfactants. Calcium phosphate materials were morphologi-
cally controlled by changing the relative quantities of EtOH
used as a co-solvent. Nanowire calcium phosphate materials
synthesised using a H,O/EtOH volumetric ratio of 80/20
exhibited the highest aspect ratio of ca. 54 and had a biphasic
composition of HA and monetite (72.0% monetite, 28.0% HA).
The aspect ratio of the nanowires/nanoneedles can also be fine
tuned by either changing the Ca/P stoichiometric ratio of the
reactants or by changing the point of EtOH addition in the
reactant mixing procedure. Varying the Ca/P reactant stoichi-
ometry to a higher value of 1.67 appeared to increase the relative
quantity of HA (up to 91.5%) in these 1D biphasic calcium
phosphate materials, implying that the composition of the
nanowires/nanoneedles can be controlled using this variable.
Therefore, this approach could enable the production of
morphology and compositionally controlled calcium phosphate
1D and 3D materials, with the potential for tuneable mechan-
ical and degradation properties when used in composite
materials for bone tissue engineering.
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