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1. Introduction 
 
Hydroxyapatite (Ca10(PO4)6(OH)2, HA or HAp) is well known as a biomedical material 

for hard tissue repair and regeneration. HA can integrate in bone structures and support bone 
ingrowth, without breaking down or dissolving. HA is also a thermally unstable compound, 
decomposing at temperatures from about 800-1200°C depending on its stoichiometry. As a 
bioceramic, dense HA does not have the mechanical strength to enable it to succeed in long 
term load bearing applications. 

Several other applications of hydroxyapatite are also interesting, such as drug/gene 
delivery, gas sensor, heavy metal ion adsorption, chromatography, catalyst, and photoelectric. 
The morphology, structure and size of hydroxyapatite crystal and aggregates would influence 
the performance in above applications. For example, rod-like, wire-like and sheet-like HA 
particles have a stronger molecular adsorption property due to the increased surface area, 
while HA nano-rods, nano-wires and nano-sheets can also be used for mechanical 
reinforcement to fabricate bio-composites because of their excellent mechanical properties. 
The hollow nano-structured HA microspheres can be used as drug-delivery system because of 
their high drug loading and favorably controllable release properties.  

Many different methodologies have been proposed to prepare hydroxyapatite particles 
with different morphologies, such as plate-like (or sheet-like), needle-like, rods, spheres, 
core-shell structure, rods, whiskers, fibers, and “flowers” in micro- and nano- size. The most 
common strategies of controlling morphologies based on the above methods are to use 
templates that could direct crystal growth and the assembly of its aggregates. The templates 
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could be “soft materials,” such as surfactants and biomoleculars, or “hard materials,” such as 
calcium carbonates, calcium phosphate and calcium silicates. The mechanisms behind the 
template-directing processes are different. Another interesting strategy of morphology control 
is the self-assembly without any templates, such as biomineralization and mineralization, 
which are known as wet chemical routes.  

In this chapter, we will summarize the recent studies of morphology control of 
hydroxyapatite with and without templates and discuss how templates direct the formation of 
HA particle and the possible mechanism of the self-assembly of HA. The applications of HA 
particles with different morphologies will be also discussed. 

 
 

2. Morphology Control without Any Templates 
 
Several techniques have been used to synthesize hydroxyapatite. These techniques can be 

mainly divided in two ways, solid-state reactions and wet process. The wet technique could 
include precipitation, hydrothermal, sol-gel and hydrolysis of other calcium phosphates, 
which could be regarded as “hard template.” The usage of surfactants, such as urea; glycine; 
formamide; examethylenetetramine; sodium dodecyl sulfate; and organic moleculars, such as 
hexadecyltrimethylammonium bromide, amino acids, protein, monosaccharide, which could 
be regarded as “soft template,” are to modify the wet process to prepare hydroxyapatite with 
morphology, stoichiometry, ion substitution or the degree of crystallinity required for a 
specific application. Other methods, such as microwave irradiation, freeze-drying , 
mechanochemical method , emulsion processing , spray pyrolysis, and ultrasounds can also 
be used to modify the preparation of HA particles. 

In general, natural and synthesized hydroxyapatite crystals or particles are always plate-
like (or flake-like) and thin because they grow elongated along the c-axis of the HA crystal 
[13, 67, 75]. Another explanation is that octacalcium phosphate (OCP) is the precusor of HA 
crystals, which grow along an OCP transition phase. OCP crystal itself is plate-shaped [88]. 
Because the surface energy of OCP is lower than that of HA, the energy barrier for nucleating 
HA is higher than that for OCP. Thus, HA prefers to grow along the OCP layer. B. Viswanath 
et al. developed a general methodology to illustrate the reason for the formation of plate-like 
HA, showing that the surface of lowest energy is the prism plane (100). They strongly 
recommend that the plate-like shape of OCP and HA is mainly due to the chemical driving 
force at which OCP or HA forms falls in the layer-by-layer growth zone. The relatively low 
temperature and neutral pH value favor the growth of two dimensional nanostructures 
associated with a low chemical driving force [91].  

Needle-shaped HA crystals are also common structures, found in both tooth enamel and 
when prepared in a precipitation method. The preferred orientation gives rise to an oriented 
growth along the c-axis and a needle-like morphology. Previous studies [73, 9, 8] showed that 
polyglutamate could be absorbed on the hydrated layer of the OCP (100) face and phosphoryn 
could be preferentially adsorbed on the (100) face of apatite. In the enamel, the incorporation 
of F ion linearly increases its length via the c-axis. M. Andres-Verges et al. reported that the 
hydrothermal method could be used to synthesize needle-like HA particles, but the 
temperature and pH value of the reaction medium would influence the length and diameter of 
HA particles [90]. The carbonate substitution was shown to cause a reduction in crystallinity 
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and change in the shape from needle-like to rod-shaped to plate-like (equi-axed) crystals  
[63, 4, 87]. Koutsoukos et al. reported that the presence of chloride ions in the crystallizing 
medium favored the formation of plate-like HA crystals when a large amount of precipitation 
took place [37]. Zhang et al. tried to modulate the morphologies of HA particles with partial 
substitution of fluoride ion [102]. In their study, HA could be from prickly spheres, whisk 
brooms, flowers, dandelions, and nanofibers to ultralong nanoribbons. One main reason is the 
usage of glutamic acid, which adsorbs on HAp crystal surfaces through electrostatic attraction 
and hydrogen bonds, and possibly influences the morphological development of HA crystals. 
However, fluoride ion did have the effect on the morphology of HA. With the low F 
concentration (0.01g NaF in 150 water), spherical particles composed with needle-like apatite 
were obtained. When F concentration was increased, whisk-broom-like and dendritic particles 
appeared. More concentrated fluoride solution decreased the number and length of whiskers 
in the ends of the brooms, and the round handle of the broom gradually evolved into a 
prismatic one. Actually, it is not just because of the influence of fluoride, but the combined 
effect of fluoride and glutamic acid. Huang et al. reported Eu ion could influence the growth 
of HA crystals in the size and the ratio of length [23]. When the doping of Eu ion was 7.5%, 
the smallest ratio of width to length of HA crystals was obtained. The possible reason is that 
the substitution of Ca by Eu inhibited the crystal growth along the active plane.  

Simulated body fluid (SBF) is a popular solution used to synthesize HA material. There 
are normally two ways to precipitate HA particles from the SBF, adjusting pH value and 
increasing temperature. Kobayashi et al. reported morphology variations of HA crystals via 
SBF based solutions [36]. If the pH value was adjusted to 6.5, phosphate-rich needle-like HA 
nanocrystals were precipitated at 38 °C. When pH value increased to 7.0, a nanosheet 
structure with (110) surfaces was steeply grown. If the temperature reaches 160°C, HA rods 
and plates in micormeter have been prepared in the solution with pH value of 7.0 and 7.4, 
separately. It is assumed that the adsorption of phosphates to the specific faces inhibits the 
growth of HA crystals and changes its morphology to low-dimensional forms. Bouyer et al. 
also found the morphology and size of HA particles are sensitive to the reaction temperature, 
and also to the reactant addition rate [7]. The pH value at the end of synthesis is a key 
parameter for determining the purity of the synthesized HA nanocrystal. A critical 
temperature (60°C) could be used to define HA particle in monocrystalline or polycrystalline 
in their system. 

Kumar et al. reported that HA was synthesized via a wet chemical route using calcium 
hydroxide andortho-phosphoric acid [39]. The reaction temperature was found to affect the 
final morphologies of HA particles. Needle-like nanoparticles with a high aspect ratio were 
obtained at 40°C, while spherical particles were obtained when the precipitation temperature 
was increased to 100 °C. The analysis indicated that the supersaturation level of the reactants, 
especially the concentration of Ca2+ ions, played a predominant role in the precipitate 
morphology for the acid-base reaction. In certain cases, the usage of salts of week acid could 
affect the morphology of HA agglomeration. Yang et al. reported that potassium sodium 
tartrate tetrahydrate and trisodium citrate favored the assembly of spherical HA 
agglomeration with nanosheets and nanorods [96]. However, the mechanism behind it is not 
clear. The sol-gel method has also been introduced to prepare HA particles. The crystalization 
of sol-gel derived HA has much lower activation energy, and plate-like particles were always 
obtained as reported by A. Milev et al. [54]. The diffusion of ions would affect the 
crystalization of HA. Lu et al. demonstrated hexagonal HA rods could be obtained on the 
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surface of TiO2 nanotubes array, while only plate-like HA crystal could be formed on a flat 
surface under a hydrothermal condition [49]. HA microspheres attract a lot of attention 
because of their potential applications in carriers, fillers, environmental protection, tissue 
engineering and chromatography [89, 77, 56, 11, 76, 82]. The only way of preparing HA 
microspheres without any surfactants, polymers and “hard” templates, such as calcium 
carbonate and calcium phosphates, is the spray technique, including spray drying, flame 
spray, and plasma spray, which is induced by the progress of gaining the lowest surface free 
energy when HA slurry is sprayed out [50]. If using this technique, the preparation of HA 
slurry, the spray temperature and post-treatment are very important. The obtained HA spheres 
normally have a large distribution in size, and the microstructure is difficult to control. Long 
HA fibers can be prepared using electrospinning method. Wu et al. reported that the HA 
fibers could be 10mm in length and 10-30μm in diameter, and the grain size of HA was 
around 1 μm in fibers [92]. Polymers were normally used to adjust the viscosity of the 
precursor of HA. 

 
 

3. Soft-Templated HA Preparation and Properties 
 
The controlled formation of HA minerals within organic or polymeric matrices is 

successfully used by nature to design biological materials. Many of the mineralized HA-based 
tissue formed by organisms in mammal animals have superior microstructures and 
mechanical properties. Therefore, templates have been used to mimic their design principles 
during the fabrication of synthetic HA materials.  

In nature, nanoscale or microscopic vesicles often act as vehicles for ion transport and 
provide the microenvironment to promote controlled mineral nucleation and assembly. It is 
well believed that the matrix vesicles released by the osteoblast plasma membrane in bone 
tissue play an important role in the mineralization of the extracellular matrix and the 
formation of bone [52]. Numerous reports have shown that proteins and peptides, which have 
a high negative charge, inhibited the nuclear formation and crystal growth of HA, [10, 66, 62] 
and the HA-inhibiting activity of these proteins and peptides was reduced by modification of 
their phosphate group or carboxyl group [6, 25]. It is also shown that acidic proteins labeled 
with fluorescein were preferentially adsorbed on the (100) face of HAp crystal [19]. More 
recently, Matsumoto et al. studied the interaction between HA nanocrystals and a variety of 
amino acids in order to investigate the effect of amino acid on the crystallinity and the 
solubility characteristics of HA in the HA-synthesizing condition [53]. The HA synthesized in 
the presence of glycine (HA-Gly), serine (HA-Ser), aspartic acid (HA-Asp) and glutamic acid 
(HA-Glu) showed poor crystallinity compared with HAp synthesized in the absence of amino 
acid (HA-con). It is also demonstrated that the amino acids are adsorbed on the surface of 
HA. Furthermore, the solubility of these HA increased significantly compared to HA-con. 
However, other amino acids (i.e., proline, alanine, hydroxyproline, threonine, methionine, 
histidine) did not affect the crystallinity and morphology of HA and had no significant change 
in their solubility. These investigations suggest that the crystallinity and the solubility of 
synthesized HA are different, owing to the variation of amino acids in the HA synthesizing 
condition. 
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On the other hand, natural hydrogels, such as collagen, are the structural scaffolds in 
bone tissue, and it is possible to formulate synthetic hydrogels with similar elasticity and 
water retention ability. Hydrogels can be easily assembled in three dimensions while 
displaying multiple functional domains, and their polymerization chemistry allows the 
incorporation of polar ligands that mimic the acidic matrix proteins regulating mineral growth 
[3].  

Song et al. have developed a template-driven nucleation and mineral growth process for 
the high-affinity integration of HA with a polyhydroxyethylmethacrylate (pHEMA) hydrogel 
scaffold [72].  

A mineralization technique was developed that exposes carboxylate groups on the surface 
of cross-linked pHEMA, promoting high-affinity nucleation and growth of HA on the surface, 
along with extensive calcification of the hydrogel interior. Robust surface mineral layers a 
few microns thick can be obtained via a urea-mediated process. The same mineralization 
technique, when applied to a hydrogel that is less prone to surface hydrolysis, led to distinctly 
different mineralization patterns, in terms of both the extent of mineralization and the 
crystallinity of the apatite grown on the hydrogel surface. This template-driven mineralization 
technique provides an efficient approach toward bonelike composites with high mineral-
hydrogel interfacial adhesion strength [70]. More recently, they used the (pHEMA) hydrogel 
as a versatile template for the urea-mediated surface mineralization and integration of HA 
with the substrate [71].  

Two-dimensional outward growth of circular HA mineral domains from multiple 
nucleation sites was observed on the composite surfaces when heating urea-containing 
solution from room temperature to 95 °C and then maintaining for 10 h. Strong adhesion 
between the organic and inorganic layer was achieved for hydrogels functionalized with 
either carboxylate or hydroxy ligands. When extended mineralization was applied, the 
circular mineral domains eventually merged and covered the entire hydrogel surface with a 
final mineral layer several microns thick. The mineral-nucleating potential of hydroxyl groups 
identified in this study broadens the design parameters for synthetic bonelike composites and 
suggests a potential role for hydroxylated collagen proteins in bone mineralization.  

Similarly, the phase separation can be used to create liquid vesicles inside the dense 
hydrogel matrix formulated to provide specific sites for the attachment of Ca ions and 
template for the crystallization of nano-HA. For example, Liu et al. combine both aspects into 
a seamless process to develop hierarchical structures in which the organic and inorganic 
phases are integrated at the nanoscale, while the mineral particles assemble into well defined 
microscopic structures leading to high mineral concentrations [45]. They have shown how 
current-assisted diffusion can be used to mimic vesicle-mediated mineralization in dense 
hydrogels.  

The direct electric-current-assisted diffusion can promote the transport of Ca2+, PO4
3-, 

HPO4
2-, and OH- ions into a dense hydrogel matrix in the current-assisted diffusion setup. The 

use of pHEMA hydrogels resulted in the formation of micrometer-sized hollow microspheres 
of HA precursors.  

Their size is very uniform and changes inversely with the hydrogel concentration. 
Mineral nanofibers (5-20 nm wide, 200 nm long) can be observed growing from the surface 
of these spheres into the hydrogel, while short and broader lamellar nanoparticles (up to 50 
nm wide) grow toward the interior.  
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The fibers and lamellae are formed by the assembly of amorphous and crystalline 
nanodomains (5-20 nm in size). Such biomimetic mineralization process is helpful to clarify 
some poorly understood aspects in the crystallization of apatite and the origins of the 
transition between amorphous and crystalline inorganic phases during bone formation. Urea is 
usually used to catalyze the nanosized HA precipitation by increasing the pH value of the 
medium owing to the NH3 formed by the hydrolysis of urea at an increased temperature 
condition. [29]  

Aizawa et al. used urea as catalyzer for preparing HA fibers. The Ca-, P-containing 
starting solution was refluxed at 80 °C for 24 h to form OCP via CaHPO4 and then the 
resulting OCP was converted into HA by refluxing at 90 °C for 72 h [2]. The pH in the 
solution increased from 3 to 8. The resultant fibre-shaped particles are 60μm to ~100μm with 
long-axes. High-resolution transmission electron microscopy observation confirmed that the 
apatite fibres were of single crystals with the c-axis orientation parallel to the long axis of the 
fibre.  

Although uniform fibrous HA can be obtained by homogeneous precipitation below 100 
oC using urea as the pH control agent, it is then generally calcium-deficient, with relatively 
low crystallinity and a low aspect ratio. Furthermore, the poor dispersibility of these whiskers 
due to entanglement or agglomeration becomes a problem when mixing with matrix 
materials. In general, both long and uniform HA whiskers, i.e., with controlled morphology 
and composition, are difficult to obtain by most commonly used methods because structure 
and properties are very sensitive to the preparation conditions, and both crystallinity and 
thermal stability are commonly inferior. Compared with the additive urea, which is used to 
raise the pH to drive nucleation and growth of HA crystals, acetamide has a low hydrolysis 
rate under the required hydrothermal conditions. This allows better and easier control, giving 
rise to rapid growth of whiskers at a low supersaturation. Long and uniform HA whiskers of 
mean length of 60~116 μm with high crystallinity, controlled morphology and high aspect 
ratio (68~103) could be synthesized by hydrothermal homogeneous precipitation using 
acetamide [101]. Such whiskers are favorable for their improved bone bonding and 
bioactivity, as well as their mechanical properties. Whiskers were slightly Ca-deficient with 
Ca/P = 1.60~1.65, with the preferred direction of growth along the c-axis. Variation of 
acetamide concentration did not affect the constitution, the crystallinity or the crystal growth 
habit. Nagata studied the effect of methanol on the morphology of HA crystals from a 
precursor HA slurry under hydrothermal conditions in the presence of methanol [58]. It was 
found that the products obtained from slurries without methanol were rod-like or granular 
crystals, about 20 to 100 nm in size. Addition of methanol to the slurries caused an increase in 
the ratio of plate-like crystals to rod-like crystals or granular crystals. When the weight of 
methanol added was equal to the weight of the slurry, only plate-like crystals 20 to 200 nm in 
size were obtained. The morphology of the products was influenced by the amount of 
methanol added to the slurry. XRD patterns of oriented products indicated that the plane 
grown selectively was the α-plane of the plate-like crystals. Furthermore, the variation of the 
morphology can be attributed to the adsorption of methanol on the surface of the HA nuclei 
inhibiting the crystal growth along a particular axis according to the DTA analysis. The 
morphological control of HA crystals modulated by amphiphilic molecules has been reported 
previously by some researchers. Yan et al. report a two-step synthetic method, using the 
surfactants as regulator of the nucleation and crystal growth of nano-HA at room temperature 
and at 150oC, respectively [95].  



Morphology Control of Hydroxyapatite Crystal and its Aggregates 249

The precipitates obtained at room temperature were fibrous polycrystals, but the CTAB-
involved samples transformed to nanorods (150 nm×10 nm) with uniform morphology after 
hydrothermal treatment. The PVA-involved sample simply gave aggregates. The high 
temperature and pressure of hydrothermal treatment could exert both effects on the final 
product. Firstly, they might cause some fibers to aggregate, but the interaction between the 
aggregates is so weak that they tend to dissolve in the aqueous system. Secondly, they might 
raise the solubility of HA to some extent and accelerate the dissolution and crystallization 
process. Since the crystallization process is under critical control of CTAB, the resulting HAs 
were invariably nanorods. The behavior of CTAB was considered to orrelate with the charge 
and stereochemistry properties.  

In an aqueous system, CTAB would ionize completely and result in a cation with 
tetrahedral structure. Meanwhile, the phosphate anion is also a tetrahedral structure. The 
charge and structure complementarity endows CTAB with the capability to control the 
crystallization process. While in the PVA-involved case, things are different. It is a nonionic 
surfactant so that the electrostatic interaction is impossible, and the van-der-Wall’s interaction 
would be the major force. Perhaps in the hot and strong environment, the interaction is too 
weak so the PVA could exert little influence on the products. Liu prepared the HA nanorods 
successfully at 85◦C in water bath in the presence of suitable ethanoic acid, 
cetylrimethylammonium bromide (CTAB) and PEG 400 [47]. The as-made nanorods have a 
diameter of 50–80 nm and a length of 0.5–1.2 μm. On the other hand, in the presence of 
CTAB only needle-like structure is obtained. In the absence of both CTAB and PEG 400, 
particles are obtained [47]. In the presence of CTAB, cyclohexane and sodium nitrate, HA 
nanofibers with 5–8 nm in diameter and 160–220 nm in length are obtained [48]. These 
experiments suggest that the additions of CTAB, PEG 400, NH3OH and ethanoic acid are 
crucial for the formation of the nanorods. The growth mechanism of HA nanorods could be 
explained by a soft template. The effect of CTAB on the formation of HA nanorod is as 
follows: (1) PEG is a non-ionic surfactant. The PEG monomer can easily form long chain 
structures in aqueous solution [34]. (2) In an aqueous system, CTAB would ionize completely 
and result in a cation with tetrahedral structure [95]. In addition, CTAB solution with a 
certain concentration enhances the rod yield and has a tendency to form elongated rod-like 
micellar structures [81], which possibly served as a soft template, assisting in the formation 
HA nanorods. (3) The phosphate anion is also a tetrahedral structure. Thus, it is proposed that 
the charge and structure complementarily endows CTAB, PEG and pH of solution with the 
ability to control the crystal growth process. Moreover, Sauer et al. applied ionophores to 
control concentration with triblock copolymer vesicles and precipitate HA nanorods [69]. It is 
believed that this concept of combing artifical block copolymer membranes with natural 
membran proteins holds great potential for biomimetic mineralization. Bose et al. 
successfully prepared the HA nanoneedles 30~50 nm in size with a surface area of 130 m2/g 
and particle size between with shape and spherical morphology [5]. These nanocrystalline HA 
powders were synthesized using the reverse micelle-processing route in the 
cyclohexane/water system, mixed poly(oxyethylene)5 nonylphenol ether (NP-5) and 
poly(oxyethylene)12 nonylphenol ether (NP-12) as the surfactant phase, and a solution of 
Ca(NO3)2 and H3PO4 was used as the aqueous phase. It was found that experimental 
conditions such as aqueous/organic phase volume ratio, pH, aging time, aging temperature, 
and metal ion concentration in the aqueous phase affected the crystalline phase, surface area, 
particle size, and morphology of HAp nanopowders. With the use of this technique, 
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nanopowders were prepared with different morphology depending on the reaction parameters. 
Similarily, Sadasivan used the reverse micelles of calcium bis(2-ethylhexyl)phosphate 
(Ca(DEHP)2) to synthesize HA nanostructures from a reaction mixture initially containing a 
water-in-cyclohexane emulsion of Ca(DEHP)2, ammonium hydrogen phosphate, and triblock 
copolymer, P123 [68].  

Bundles of DEHP-coated amorphous calcium phosphate nanofilaments, 2 nm in width 
and >300 µm in length were formed in the oil layer of a phase-separated reaction mixture 
prepared at a [Ca]: [PO4] molar ratio of 1:1 and pH of 8.2. The nanofilament bundles were 
stable in the reverse micelle phase up to around 5 days, after which they transformed into 5-
nm-wide surfactant-coated HA nanorods.  

In contrast, similar experiments at a higher supersaturation level (pH = 9, [Ca]: [PO4] = 
1.66) produced discrete nanofilaments (100-500 10-15 nm in size) that consisted of a linear 
superstructure based on the side-on stacking of surfactant-coated amorphous calcium 
phosphate nanorods. 

Chitosan is the rarely naturally derived cationic polysaccharide. Some investigation 
suggested that this polyelectrolyte modulates the nanocrystalline HA particles in aqueous 
solutions. For example, Li et al. reported that the nano-HA could be mineralized in situ in the 
chitosan–pectin polyelectrolyte complex (PEC) network [40].  

Especially, the pH value is the main factor to control the nucleation and growth of nHA 
crystal in chitosan–pectin PEC networks, because both the interactions' strength between 
nHA crystal and chitosan–pectin and diffusion rate of inorganic ions depend on the pH value 
of the reaction system.  

The crystallite size of the nHA particles (L) from the (002) face is calculated by 
Scherrer's equation coincided to the particle length. Chitosan–pectin networks lead to nHA 
crystallite sizes in the range 16.4–8.2 nm for the [002] directions. This size is very similar to 
the value of 18.6–16.4 nm for apatite from nature bone. The particle size distribution also 
seems narrow and uniform in all samples. Furthermore, nHA crystals are embedded in 
chitosan–pectin PECs network, and the needle-type nHA crystals, with a mean length and 
width of about 100 and 8 nm, respectively, can be observed. Furthermore, SAED analysis on 
the granulated aggregates region exhibit polycrystalline diffraction rings, which are identified 
as the crystallographic planes (112) and (002) of the HA crystals.  

Wang et al. investigated that the HA nanoparticles with equivalent diameter about 20–40 
nm precipitated in distilled water or ethanol or the mixture of them in the presence of 
different dispersants such as ethanolamine, citric acid and polyethylene glycol (PEG-12000) 
were spherical or close to spherical in shape, with different sizes and dispersibility  
[84].The dispersant could prevent the products from aggregating during synthesis process. It 
is interesting that the temperature of reaction was another important factor that influenced the 
morphology of nano-HA.  

The HA nanoparticles prepared at 25°C, 40°C, 60°C, and 80°C had four different 
morphologies: sphere- and rod-like at 25 °C, sphere- or close-to- sphere-like at 40 °C, rod-
like at 60 °C and bamboo-leaf-like at 80 °C. All of the diffraction patterns of the XRD 
patterns of HA powders revealed characteristic peaks of HA, except the one synthesized at 25 
°C, which showed peaks of amorphous state. The patterns indicated that high reaction 
temperature was propitious to the crystallization of HA.  
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4. Morphology Control of HA Crystal  
and Its Aggregates Using “Hard Templates” 

 
Recently, another approach, using hard-templates, such as calcium phosphate, calcium 

carbonate, calcium silicate, etc. as the precursors has been developed to delicately control the 
morphologies of HA from simple 0D morphologies to complicated 3D architectures. The 
merit of applying the hard-templates as precursors was attributed to facileness, low-cost and 
large-scale synthesis process. 

In addition, the sizes and/or chemical compositions of the final HA products can be easily 
regulated by changing the conditions of the precursors. Therefore, the hard-template method 
provides a new platform for HA materials to be efficiently synthesized and manipulated. In 
this section, the morphology control of HA materials using solid precursors as the hard-
template is summarized, and the possible morphology formation-mechanisms are also 
discussed.  

Using the solid precursors as the hard-template to fabricate the inorganic materials with 
especial morphologies and/or chemical compositions has widely aroused attentions in 
material and device fields for several decades. Many researchers studied the synthesis of HA 
powders using the natural or synthesized calcium carbonate (CaCO3) powders as the 
precursors under hydrothermal methods. Jokanovic et al. used the CaO powders calcined 
from the chicken eggs and (NH4)2HPO4 solution as the calcium and phosphor sources, 
respectively [30]. After hydrothermal treatment, the precursors completely transferred into 
HA powders with agglomerated particles of 5-20μm, built up from particles of approximate 
200 nm. In addition, the study also revealed that the hydrothermal treatment parameters, such 
as precursor and phosphor source concentration, temperature, pressure and reaction time 
played important roles in the crystal lattice parameters, crystallite size, crystallinity, 
composition, microstructure and specific surface area of the products.  

Yang et al. prepared plate-like carbonated hydroxyapatite (CHA) crystals with a width-
size of 100-200nm and a thickness of approximately 25nm via hydrothermal conversion of 
fine CaCO3 powders milled from oyster shells in (NH4)2HPO4 solution [97]. The 
hydrothermal conversion allowed ionic exchange without destroying the morphology of the 
raw oyster shell powders based on the reaction equation: 

 
10CaCO3 + 6(NH4)2HPO4 +2H2O → Ca10(PO4)6(OH)2 + 6(NH4)2CO3 + 4H2CO3  (1). 
 
In the conversion process, the CO3

2- ions incorporated into the HA crystal lattices, which 
resulted in CHA products. Furthermore, the dense structures of piece-shaped and screw-
shaped HA were created by hydrothermal conversion of conch and clamshells according to 
Eq. 1. The conversion process was accelerated at higher temperatures, and the thickness of 
the HA layer around precursors increased with the increase of the conversion time.  

The average fracture stress of the obtained samples reached 137-218MPa, which is close 
to that of compact human bone. This indicated that the converted shell samples can be used as 
implants in load-bearing applications. Yoshimura et al. prepared the plate-like HA crystals via 
hydrothermal treatment of the synthesized calcite in H3PO4 solution based on the 
dissolution/precipitation mechanism, followed by nucleation and growth on the surface of 
calcite crystals [99].  
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Based on Eq. 1 under hydrothermal transformation, Rocha et al. used cuttlefish bones 
with highly channelled structures as the precursors to synthesize HA scaffolds. The 
transformation completed quickly after 9 h at 200oC and no intermediate products remained. 
After conversion, the initial structure of the cuttlefish bones was preserved, which exhibits 
micropore size of ~80μm in width and ~100μm in height. The HA crystallites formed had a 
size of nanoscale (~20-50nm), similar to the size of bone-like apatite, and were strongly 
resembled into bi-layered nano-structures [65, 64].  

If the phosphor sources of (NH4)2HPO4 solution were replaced by NH4H2PO4, the HA 
crystallites in the products were in plate- and needle-like shapes [28]. Corals were also used 
as the precursors to synthesize HA scaffolds with interconnected macroporous structures [22]. 
The SEM observation showed that the both tablet and stacks-of-tablets morphologies similar 
to the original nacre structures were preserved after conversion of the nacre pieces (2-4 mm) 
in (NH4)2HPO4 solution [100]. 

The conversion of silicate (45S5) and borosilicate glasses (partially replacing the SiO2 by 
B2O3 in the silicate-based 45S5 bioactive glass) to HA in dilute K2HPO4 solution (0.02M) at 
near body temperature was investigated by Huang’s group [24]. After conversion, the layered 
structures of HA assembled by sheet-like particles formed in situ. In addition, the higher B2O3 
content of the glass produced a more rapid conversion to HA and a lower pH value of the 
phosphate solution. Furthermore, the hollow HA microspheres were fabricated by conversion 
of solid microspheres of a Li2O-CaO-B2O3 glass in K2HPO4 solution [18, 1, 24, 85]. The 
effect of the temperature, K2HPO4 concentration and pH of the solution on the diameter (d) of 
the hollow core normalized to the diameter (D) of the HA microspheres; the surface area and 
the pore size of the microsphere wall was studied in detail. The studies showed that the pH 
had little effect, while the concentration of the solution had a marked effect on d/D, surface 
area, and pore size, whereas temperature markedly influenced d/D and pore size, but not the 
surface area. On the other hand, the shell size of the HA increased with the increase of the 
CaO contents. When the weigh percentage of CaO increased up to 30%, the HA microspheres 
showed a compact other than hollow structure. The obtained hollow HA microspheres 
possessed high surface area (135m2/g) and good rupture strength (1.6±0.6 MPa). The 
consequences of these results for potential application of these hollow HA microspheres as 
devices for local delivery of proteins, such as drugs or growth factors, are discussed. These 
hollow HA microspheres might be useful as devices for drug or protein growth factor delivery 
or as scaffolds for engineered tissues [98].  

As the precursor phases during the in vivo mineralization, the amorphous calcium 
phosphate (ACP), octacalcium Phosphate (OCP), monetite (CaHPO4, DCP) and dicalcium 
phosphate dihydrate (DCPD), etc. have been widely used as the precursors of the hard-
templates to synthesize and morphology control of the HA crystals. Tang et al. have 
discovered that only when the starting nanoparticles were aggregates of nanospheres with HA 
cores and ACP shells, would highly ordered HA architectures be formed with the help of 
glycine (Gly) and glutamate (Glu) [78]. These finding provide evidence for a new mechanism 
for assembly of biominerals in which ACP functions by linking HA nanocrystals while they 
assume parallel orientations and is then incorporated by phase transformation into HA 
molecules that rigidly link HA nanocrystals in larger fused crystallites. The biologic 
molecules regulate the assembly kinetics and determine the structural characteristics of the 
final HA architecture. Pan et al. further observed that the transformation from ACP to HA 
takes place in about one hour. During the transformation, the nucleation occurs preferably at 
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the surface of ACP spheres. The embedded/adhered crystallites on the ACP surface would not 
allow the crystallites to rotate their orientations and/or relocate from their relative positions. 
This gives rise to the formation of HA spherulites [59]. Recently, they have successfully 
performed a bio-inspired enamel repair experiment via Glu-directed assembly of apatite nano 
particles. Therefore, once again, the investigations highlighted the importance of 
biomineralization principles—the nano assemblies of building blocks, the regulation effect of 
organic species and the template crystallization [41]. The study of Kim et al. also showed that 
the more excess calcium ions exist in the calcium-rich solution, the more rapidly HA 
crystallization from ACP occurred, and the Ca/P molar ratio of the finally obtained 
precipitates increased to reach the stoichiometric value of 1.67 [35]. The similarity of the 
apatite layer in OCP and the apatite structure in HA provides geometrically favorable 
conditions for phase transformation from OCP to HA. The tranformation follows a 
dissolution–precipitation process in aqueous environment.[15] Leng’s group also observed 
the mechanism of solid-state transformation phenomenon from OCP to HA by electron beam 
irradiation in transmission electron microscopy (TEM) [93]. The dicalcium phosphate 
dihydrate (CaHPO4·2H2O, brushite) are thermodynamically unstable under pH values greater 
than 6–7 and undergo transformation into more stable calcium phosphates (e.g., HA) via the 
dissolution–precipitation mechanism [38]. After soaking the plate-like brushite in alkaline 
solutions at pH 10.8, the similar plate-like HA agglomerate, with a size around 30μm, 
composed of fine particles (<1μm) were obtained. The study showed that the conversion 
crucially depended on temperature and pH. In addition, the addition of Ca2+ ions into solution 
caused the acceleration of the conversion process [74]. Monetite (dicalcium phosphate: 
CaHPO4, DCP) was found to be a good precursor of hard-template for nanoscopically 
controlled HA crystals. Nanoscale needles, fibers, and sheets of HA could be selectively 
prepared through the conversion the DCP precursor in an alkali solution by varying the pH 
and ion (Ca2+ or PO4

3-) concentrations via the balance of the topotactic solid–solid phase 
transition and dissolution–crystallization processes. An oriented array of bundled nanoneedles 
of HA elongated in the c-axis was obtained under a highly basic condition at pH 11–13. The 
ordered architecture originated from the spatially periodic nucleation of HA seeds on the DCP 
surface through topotactic solid–solid transformation. Long HA fibers were observed under a 
relatively mild basic condition at pH 9–10. The fibrous morphology evolved from the 
nanoneedles produced by the solid–solid transformation with the elongation of the c-axis 
through a dissolution-precipitation route. Flaky HA nanosheets consisting of a parallel 
assembly of nanoneedles were observed with an excess amount of phosphate ions under mild 
basic conditions. The presence of phosphate ions suppressed the solid–solid transformation 
and promoted the formation of a two-dimensional structure with the dissolution-precipitation 
process. Furthermore, the hierarchical architecture of including the macroscopic morphology 
and the nanostructures similar to those of the human bones and teeth could be controlled by 
regulation the pH values [27]. Ma et al. synthesized flowerlike and bundlelike monetite 
consisting of nanosheets by a one-step microwave assisted method using CaCl2·2.5H2O, 
NaH2PO4, and sodium dodecyl sulfate (SDS) in water/ethylene glycol (EG) mixed solvents. 
After immersion in NaOH solution at 60oC, the monetite transformed to HA phase, and the 
morphologies were well maintained [51]. The hierarchical architectures of the nanostructured 
HA could also be successfully achieved by the hard-template transition associated with the 
specific interaction of the organic molecules. The organized nanostructures of HA were 
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produced using a novel preparation route through the topotactic transition of dicalcium 
phosphate dihydrate (DCPD) containing gelatin molecules. 

A nanoscale texture of dicalcium phosphate (DCP) was formed by the dehydration of 
DCPD prepared in gelatin gel containing phosphate ions. A three-dimensionally oriented 
framework of HA consisting of ca. 20 nm grains was prepared by a rapid hydrolysis of the 
nanotextured DCP with a sodium hydroxide solution. However, hydrolysis at a low pH (pH 
10.0) using an NH4OH solution produced aggregates of nanofibrous HA. The hierarchical 
architectures of the nanostructured HA providing a high specific surface and macroscopic 
pores would be applicable for various biomedical applications [20].  

The carbonated apatites (CHA) with different carbonate contents were prepared by the 
conversion of monetite (CaHPO4, DCP) in solutions with a Na2CO3 concentration ranging 
from 0.001 to 0.075mol/L. The influence of the carbonate content in apatites on the adhesion 
and the proliferation of MC3T3-E1 osteoblastic cells were further investigated. The cell 
culture results showed that only the apatites with a carbonate content higher than 11% 
supported both high cell adhesion and proliferation [60]. 

The α-triclcium phosphate (α-Ca3(PO4)2, α-TCP) and calcium silicate with good 
dissolution ability provide another precursor to modulate the morphology of HA crystals. 
After hydrothermal treatment the α-TCP powders, granules and scaffolds in aqueous 
solutions, the precursors will be transformed to nano- or micro-sturecuted HA materials with 
similarly macroscopical appearances [26, 83, 46]. 

Furthermore, through simply adjusting the reaction temperature and the concentration of 
Ca2+ ions under hydrothermal treatment of the α-TCP powders in aqueous solutions without 
using any surfactants or additives, the well developed HA crystals with different structures 
and morphologies (chrysanthemum-like HA microflowers, enamel-like HA microparticles, 
rectangle shaped HA microplates and HA microrods) could be obtained. The experimental 
results showed that different aggregation routes of HA nanorods that grow along the c-axis 
were the reason for the formation of various micro-structures and morphologies. Recently, a 
novel process has been developed to synthesize element-substituted HA with controllable 
morphology and chemical composition using calcium silicate as hard-template precursors in 
the absence of any surfactants and additives by Lin et al. [43]. In this work, the element-
substituted HA powders with controllable morphologies and chemical compositions were 
synthesized via hydrothermal treatment of a calcium silicate precursor in phosphate solutions. 
With hydrothermal treatment of the calcium silicate hydrate (CSH) precursor in Na3PO4 
solution, the HA nano-particles with diameters about 90 nm were obtained (Figure 1A). In 
contrast, when the crystalline calcium silicate (CS) powders were used as the precursor and 
the Na3PO4 solution was used as phosphorus source, the obtained HA powders consisted of 
nano-wires with lengths up to 2 μm and diameters about 100 nm (Figure 1B). Figure 1C 
illuminates that the obtained HA powders via hydrothermal treatment the crystalline CS 
powders in NaH2PO4 solutions had a smooth surface and ultra long sheet-like shape with 
thickness about 100 nm, widths 1~5 μm and lengths up to 20 μm, and almost no particles or 
rods were observed. The model of Ca9(PO4)6 clusters (Posner Clusters) with positive charge 
could be applied to illuminate the effect of the different phosphorus sources on HA 
morphology development [61]. The Ca9(PO4)6 clusters are considered the growth unit of HA 
crystals. The Ca2+ ions gradually dissolved from the calcium silicate precursors into the 
phosphate solution to form Ca9(PO4)6 clusters. It is well known that hexagonal HA crystal has 
two types of crystal surfaces with different charges, positive on a- and b-surfaces and 
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negative on c-surfaces [33]. Usually, hexagonal HA crystals, which grow along the c-axis, are 
easily obtained because of a strong bond site for Ca9(PO4)6 cluster in the [0001] direction, but 
not in the [1010] direction. The crystal growth is thus easier in the [0001] direction than in the 

[1010] direction. In the Na3PO4 solution, a large quantity of PO  ions were ionized into the 

solution. Therefore, there would be enough PO  ions to form Posner Clusters with Ca2+ ions 

dissolved from CS particles. The released Ca2+ ions were rapidly consumed, which resulted in 
quite a few Ca2+ ions remaining in the near of the surfaces of CS particles. According to the 
Cluster Growth Model for HA, Posner Clusters would attach to c-surfaces preferentially and 
the direction along c-axis developed quickly. Ultimately, the HA nano-wires were obtained. 
However, in the NaH2PO4 solution, the hydrolyzation of NaH2PO4 salts was greater than 

ionization. The major ions in the solution were H2PO  and HPO  ions, and there were 

only small amount of PO  ions formed from the secondary ionization. Therefore, large 

amount of released Ca2+ ions were attached to the c-surfaces with negative charges, which 
resulted in less Posner clusters incorporated onto the c-surfaces. The growth of c-surfaces was 
limited, while the growth of a, b-surfaces was enhanced, leading to the aggregation of a, b 
planes.  

 

 
  

Figure 1. FESEM images of HA powders with different morphologies. A: nanoparticles (CSH as 
precursor, Na3PO4 as solution); B: Nanowires (CS as precursor, Na3PO4 as solution) and C: nanosheets 
(CS as precursor, NaH2PO4 as solution). 
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Ultimately, the HA nano-sheets were obtained. However, the morphology of the synthesized 
HA was nano-particles after hydrothermal treatment the CSH powders in Na3PO4 solution. 
This might be attributed to the crystal structure of CSH itself. It is well known that the CSH is 
a poorly ordered phase with layered structures. The layer consists of a central Ca-O part 
sandwiched between parallel silicate chains [79]. When hydrothermal treatment in phosphate 
solution, the HA crystal formed accompanied with the split of the sandwiched layers and 
silicate chains of the CSH into the short fragmentations. In this situation, HA crystals were 
formed on these fragmentations, resulting in the particle-like products. At the same time, 
through regulating the chemical compositions of the precursors and the reaction ratio of the 
precursor/solution, the HA crystals substituted by different kinds and amount of elements 
(such as Si, Na, Mg, and Sr, etc.) could be easily obtained. 
 

 

Figure 2. Morphologies of the HA nanoparticles, nanowires and nano-structured hollow HAp 
microspheres transformed from CaCO3 nanoparticles, Ca6(Si6O17)(OH)2 nanowires and hollow CaCO3 
microsphere precursor, respectively. 

Recently, Lin et al. also developed a facile strategy to delicately control the morphologies 
of HA materials from simple 0D morphologies to complicated 3D architectures using hard-
precursors with similar structures, which provided a new platform for HA materials to be 
efficiently synthesized and manipulated [42]. The HA nanopartilces, nanowires and hollow 
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nano-structured microspheres (Figure 2) were successfully synthesized easily via 
hydrothermal treatment of the similar structured precursors of calcium carbonate (CaCO3) 
nanoparticles, xonotlite [Ca6(Si6O17)(OH)2] nanowires and hollow CaCO3 microspheres in 
Na3PO4 solutions, respectively. In addition, their sizes can be easily regulated by changing the 
template conditions. With hydrothermalization of the precursors in phosphate solution, the 

surface erosion occurred on the precursors, accompanied by the release of the Ca2+, CO  

(from CaCO3 precursor) and Ca2+, SiO  (from xonotlite precursor) ions into the solutions. 

With the increase of the ion-release amount, the concentration of the Ca2+ and PO  

reached over saturation and the HA nucleated on the eroded precursor surfaces. During this 
process, the precursors themselves played the roles of the Ca2+ ion source and the HA crystal 
nucleation sites. With the prolonging of the reaction periods, the ions released continuously 
and the HA crystals grew continually. Ultimately, the phases of the precursors disappeared 
and transformed into the final HA products. In this process, the morphologies of the 
precursors can be well preserved without destruction. At the same time, part of the Na ion 
came from the phosphate solution, and Si or carbonate ions released from the precursors were 
incorporated into the newly formed HA crystal lattices.  

 
 

5. Application 
 
HA is well known as a bioactive material used in hard tissue repair and regeneration. 

Other applications of HA are also interesting, such as drug/ gene delivery, gas sensor, heavy 
metal ion adsorption, chromatography, catalyst, and photoelectric. The performance of HA 
materials in the above applications depends on its crystal morphologies, particle sizes and 
three-dimensional (3D) architectures. 

Porous and hollow spheres inherently favor drug and proteins delivery. High drug 
loading and slow release could be expected. HA microspheres have been studied as an 
injectable drug delivery systems aimed at periodontitis treatment and simultaneously 
initiating the osteointegration process. Amoxicillin, clavulanic acid and erythromycin were 
the antibiotics used in Ferraz’s experiment [17]. A long-term sustained release with the 
effective dose was obtained, compared with using regular HA particles.  

Emoto et al. tried to use resorbable calcium-phosphate microspheres loaded with an agent 
anti-angiogenic to treat tumors [16].  

Their results suggest that targeting tumor vasculature in human uterine sarcoma using 
calcium phosphate microspheres might be more effective and safer than the treatment that 
employs an anti-angiogenic agent alone. Mizushima et al. examined spherical porous 
hydroxyapatite microparticles as carriers for protein and lipophilic drugs, such as interferon 
alpha (IFNa), testosterone enanthate (TE), and cyclosporin A (CyA). In the in vitro and in 
vivo results, these porous HA microspehres not only showed a sustained release but also a 
good injectibility [55].  

Bovine serum albumin (BSA) with negative surface charge and lysozyme hydrochloride 
(LSZ) with positive charge were also used to study the protein release from HA spheres that 
have good affinity of both negative and positive substance in water solution. The release 
could last more than 2 weeks.  
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The slow release of BSA may indicate that these spheres could more easily adsorb 
negative protein [80]. Because HA nanoparticles are able to permeate the cell membrane and 
dissolve in the cell, they could also be a candidate for gene delivey. HA nanoparticles could 
be nonviral gene delivery systems, which protect DNA from the cytoplasmatic environment 
and enables it to go into cell nucleus. HA nanoparticles are more suitable as a gene delivery 
system than silica, quantum dots, carbon nanotubes and magnetic particles because they are 
soluble and less toxic. The rod-like, wire-like and sheet-like HA particles have a stronger 
molecular adsorption property due to the increased surface area [86]. 

HA nano-rods, nano-wires and nano-sheets can be used for mechanical reinforcement to 
fabricate bio-composites because of their excellent mechanical properties [12, 57, 14]. Dubey 
et al. pointed out that HA nanocrystal shape along with the optimal direction was important to 
strengthen the materials at nanoscale. Muller et al. reported that HA whiskers can increase the 
bending strength of calcium phosphate cements by 60%. Fibrous HA can be as a promising 
reinforcement for HA/polymer biodegradable bone substitutes, a constituent for porous HA 
ceramics or porous HA/-TCP composites, and a skeletal mesh with ion-exchange properties 
for filtration [92].  

Because of high surface area and the affinity of certain ions and molecurs, porous and 
nano HA particles can be applied as a sorbent to remove toxic and hazard substance [21, 44]. 
Otherwise, HA foam was also studied as a catalyst for formaldehyde combustion at room 
temperature [94]. Porous hydroxyapatite beads and HA particles can also be as a matrix for 
the chromatography of both proteins and nucleic acids [32], but they are unsatisfactory with 
respect to flow rate, stability, and elution characteristics. HA has proved useful in the 
separation of IgG idiotypes that cannot easily be separated by other techniques [31]. 
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