
INTRODUCTION

Nanosized hydroxyapatite (HA) is the main com-
ponent of mineral bone. Living bone constantly un-
dergoes a coupled resorptive-formative process
known as bone remodeling. The process involves si-
multaneous bone removal and replacement
through the respective activities of osteoblasts and
osteoclasts, with the accompanying vascular supply
and a network of canaliculi and lacunae. 
HA possesses exceptional biocompatibility and
bioactivity properties with respect to bone cells and
tissues, probably due to its similarity with the hard
tissues of the body. To date, calcium phosphate
biomaterials have been widely used clinically in the
form of powders, granules, dense and porous
blocks and various composites. Calcium phosphate
materials form the main mineral part of calcified
tissues. However, calcium phosphate presence in
bone is in the form of nanometer-sized needle-like
crystals of approximately 5-20 nm width by 60 nm
length, with a poorly crystallized non-stoichiomet-

ric apatite phase containing CO3
2–, Na+, F– and other

ions in a collagen fiber matrix. Current research
deals with new HA formulations aiming at better
and more effective biomedical applications, pro-
ducing this material with properties closer to those
of living bone, such as nanosized and monolithic
structures. 
Compared to conventional ceramic formulations,
nanophase HA properties such as surface grain
size, pore size, wettability, etc, could control protein
interactions (for example, adsorption, configura-
tion and bioactivity); therefore, modulating subse-
quent enhanced osteoblast adhesion and long-term
functionality. Webster et al (1-3) discovered that
these enhanced osteoblast functions are prolifera-
tion, alkaline phosphatase synthesis and calcium
containing mineral deposition. Nanometer grain
size topography and surface wettability are nanoce-
ramic material properties that not only promote in-
creased selective vitronectin adsorption (a protein
that mediates osteoblast adhesion) but also affect
conformations that enhance osteoblast functions.
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NANOPHASE HA PREPARATION METHODS

There are several methods of preparing HA crystals
reported in the literature, including wet chemical
deposition, biomimetic deposition, sol-gel and elec-
trodeposition.
1) An HA nanocrystal suspension can be prepared
by a wet chemical precipitation reaction following
the reaction proposed by Yagai and Aoki as indicat-
ed by Bouyer et al (4).

10Ca(OH)2 + 6H3PO4 → Ca10(PO4)6(OH)2 +
18H2O     [1]

The shape, size and specific surface area of the HA
nanoparticles obtained by this method are very sen-
sitive to the reactant addition rate, and to the reac-
tion temperature. The reactant addition rate deter-
mines the purity of the synthesized HA and is
linked strongly to the pH obtained at the end of the
synthesis, and to the suspension stabilization. The
reaction temperature determines whether the crys-
tals are monocrystalline or polycrystalline. HA
nanoparticles synthesized at low temperature
(T<60 °C) are monocrystalline. A transition tem-
perature (T=60 °C) can be defined as a limit for the
monocrystalline HA nanocrystal synthesis, above
this critical temperature nanocrystals become poly-
crystalline.
Another possibility, following the method proposed
by Jarcho et al (5) is the wet chemical reaction of
calcium nitrate (Ca(NO3)2.4H2O), with ammonium
hydroxide ((NH4)2HPO4) the grain size controlled
by changing the time and the temperature of HA
precipitation (2, 3). Specifically, to obtain grain
sizes <100 nm the solution requires stirring at room
temperature for 24 hr. 
Yubao et al (6, 7) prepared nanograde calcium
phosphate needle-like crystals (Fig. 1) from wet syn-
thesized Ca/P precipitates using Ca(NO3)2.4H2O
and (NH4)2HPO4 according to a method similar to
Jarcho et al (5). The (NH4)2HPO4 aqueous solution
was added to a Ca(NO3)2.4H2O aqueous solution,
with pH values between 10 and 12 and the reaction
performed at room temperature. The as-prepared
precipitates were put into an autoclave and hy-
drothermally treated at 140 °C and 0.3 Mpa for 2
hr. These crystals with a Ca/P ratio between 1.5 and
1.67 demonstrated a poorly crystallized apatite
structure at room temperature and a biphasic
(HA+β-TCP) structure after sintering at 1100 °C.
Morphologically, these crystals were rod-like and 23
x 91 nm2. Rod-like pure HA (Ca/P=1.67) crystals,
with similar dimensions, can also be prepared using
the same method, but with hydrothermal treatment

at 200 °C and 2 Mpa for 10 hr. Therefore, the Ca/P
ratio of the precipitates improves (in terms of simi-
larity to HA) with an increase in hydrothermal pres-
sure or temperature. 
Janackovic et al (8) modified the method based on
the homogeneous precipitation technique using
the following reaction:

Ca(EDTA)2– + 3/5 HPO4
2– + 2/5H2O →

1/10Ca10(PO4)6(OH)2 + HEDTA3– + 1/5OH- [2]

The modification developed consisted of the addi-
tion of urea for precipitation instead of NaOH,
which led to more homogenous monetite precipi-
tation and further transformation to HA due to pH
changes because of urea hydrolysis. The synthesis
temperature varied between 125 and 160 °C. Dur-
ing urea hydrolysis, the CO3

2– ions were released and
were incorporated in the HA crystal structure as in
human bones. Increasing temperature, precursor
concentration or reaction time results in preferen-
tial crystal growth along the 001 plane.
In addition, HA nanoparticles can be prepared by
wet precipitation under stirring at room tempera-
ture and pH=10. H3PO4 is added to Ca(OH)2 and
C3H6O3 until it becomes Ca/P=1.67. Crystallization
starts after NH4OH addition. Crystal growth was al-
lowed for 24 hr and sinterization performed at
1100 °C for 1 hr. The final product was nanosized
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Fig. 1 - TEM image of HA needle-like crystals obtained by wet
chemical precipitation. Reprinted from: Yubao L, de Groot K, de
Wijn J, Klein CPAT, Meer SVD. Morphology and composition of
nanograde calcium phosphate needle-like crystals formed by sim-
ple hydrothermal treatment. J Mater Sci Mater Med 1994; 5:
326-31.
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and homogenous HA (Figs. 2, 3) (9, 10).
2) Metastable synthetic body fluids (modified SBF),
with an inorganic salt composition similar to that of
human blood plasma, incubate and facilitate the
spontaneous nucleation and growth of a nanosized,
carbonated and “bone-like” calcium HA at physio-
logical pH and temperature. This biomimetic HA
powder can be obtained from calcium nitrate
tetrahydrate and diammonium hydrogen phos-
phate salts dissolved in SBF at 37 °C and with a
pH=7.4 by a chemical precipitation technique (11). 
SBF prepared according to the chemical analysis of
human body fluid, with ion concentrations nearly
equal to the inorganic constituent of human blood
plasma, were first used by Kokubo (12) to prove the
similarity between in vitro and in vivo behavior of
certain glass-ceramic compositions. In these stud-
ies, the glass-ceramic samples were soaked in SBF
solutions and their surfaces coated with a poorly
crystallized calcium-deficient and carbonate-con-
taining apatite similar to bone apatite (13).
Metastable SBF has been proven to incubate and fa-
cilitate the spontaneous generation and growth of a
carbonated and “bone-like” calcium apatite on im-
mersed silica or titania gels, bioglass and titanium
samples at physiological pH and temperatures (14-
18). The presence of this carbonated apatite layer

formed by a biomimetic process on several materi-
als was proven to promote in vitro cell differentia-
tion in a mineralizing chondrocyte cell culture sys-
tem (19) and induce osteogenic cell differentiation
and subsequent bone matrix apposition, which al-
lows a strong bond to bone (20).
Nanosized and chemically homogeneous HA were
synthesized at physiological and biomimetic condi-
tions, 37 °C and pH=7.4, by a chemical precipita-
tion technique from a modified SBF containing cal-
cium nitrate tetrahydrate and dissolved diammoni-
um hydrogen phosphate salts. In addition, these
powders contained traces of other inorganic ions
provided and incorporated by the SBF. The average
grain sizes of this powder after sintering remained
sub-micron. When heated at 1200 °C for 6 hr, they
were found to reach approximately 96% densifica-
tion (11).
It is possible to evenly coat porous implants with
nanosized carbonated HA and other Ca/P com-
pounds biomimetically, which consists of mimick-
ing the bone mineralization process by immersing
implants in SBF (21-23). The nature of the Ca/P
coating, via its microstructure, its dissolution rate
and its specific interactions with body fluids, can
influence the osteogenecity of the coating (24) as
well as the bone remodeling process (25). 
Using the biomimetic coating method, in contrast
to other coating techniques, biologically active
agents can be added to the supersaturated solutions
and gradually be co-precipitated with the calcium
phosphate crystals, forming a layer on the metal im-

Fig. 2 - SEM image of aggregates of HA nanoparticles obtained
by wet chemical precipitation. Reprinted from: Manuel CM, Fer-
raz MP, Monteiro FJ. Synthesis of hydroxyapatite and tricalcium
phosphate nanoparticles- preliminary studies. Key Engineering
Materials 2003; 240-242: 555-8.

Fig. 3 - TEM image of discrete HA nanocrystals obtained by wet
chemical precipitation (ibid). 
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plants (26, 27). This creates the possibility of also
uniformly incorporating an antibiotic within the
biomimetic coating and releasing it at a controlled
rate; therefore, preventing local post-surgical infec-
tion (28). 
The wide range of potential biomimetic applica-
tions explains the large number of recently pub-
lished studies on this topic (21, 23, 24, 28-32).
3) Low-temperature formation and apatitic crystal
fusion are the main contributions to the sol-gel
process, in comparison to conventional methods.
In fact, temperatures >1000 °C are usually required
to sinter the fine apatite crystals prepared from wet
precipitation, whereas temperatures several hun-
dred degrees lower are needed to densify sol-gel
HA. The sol-gel method offers a molecular-level
mixing of the calcium and phosphorus precursors,
which is capable of improving the chemical homo-
geneity of the resulting HA to a significant extent.
HA synthesis requires a correct 1.67 calcium to
phosphorus molar ratio in the final product. A
number of Ca and P precursor combinations were
employed for sol-gel synthesis. 
In addition to the difference in the precursors’
chemical activity, the temperature required to form
the apatitic structure depends largely on the chem-
ical nature of the precursors. Gross et al (33) and
Masuda et al (34) used calcium diethoxide
(Ca(OEt)2) and triethyl phosphate (PO(OEt)3) to
form pure HA phase at temperatures >600 °C. They
found that ageing times >24 hr were critical for the
solution system to stabilize, in order that a
monophasic HA could be produced, otherwise
there were large weight losses during pyrolysis and
undesirable phases, such as CaO observed (35).
Jillavenkatesa et al (36) synthesized a mixture of
HA and CaO at 775 °C using calcium acetate
(Ca(C2H3O2)2) and triethyl phosphate as precur-
sors. This process required further hydrochloric
acid leaching to eliminate CaO, leading to pure HA
phase formation. Brendel et al (37) obtained HA at
temperatures as low as 400 °C using calcium nitrate
(Ca(NO3)2.4H2O) and phenyldichlorophosphite
(C6H5PCl2) as precursors. However, the resulting
HA had low purity and poor crystallinity. A further
increase in the synthesis temperature to 900 °C re-
sulted in a pure, well-crystallized HA phase. 
Takahashi et al (38) developed a gel route using
calcium nitrate and phosphonoacetic acid
(HOOCCH2PO(OH)2) in an aqueous solution and
obtained a pure HA powder at 700 °C. HA crys-
tallinity increased with temperatures up to 1100 °C.
Haddow et al (39) used calcium acetate together
with a number of phosphorus precursors, i.e. phos-
phoric acid (H3PO4), phosphorus pentoxide (P2O5)

and triethyl phosphite for HA coating applications.
They found that the films prepared from triethyl
phosphite and calcium acetate showed the best wet-
ting characteristic and the temperature required to
form an apatitic phase was >600 °C. 
Recently, a novel, low-temperature water-based sol-
gel process for HA synthesis was developed using
triethyl phosphite and calcium nitrate as P and Ca
precursors, respectively (40). A two-step procedure
was employed to synthesize HA. The phosphite was
initially hydrolyzed with water for 24 hr, followed by
the addition of an aqueous nitrate solution. Subse-
quently, the amorphous gel transformed into a well-
crystallized apatite at relatively low temperatures
(300-400 °C). The calcinated gels showed a
nanoscale microstructure, with grains of 20-50 nm
diameter. Through appropriate heat treatment be-
tween 300 and 400 °C, the apatite prepared exhib-
ited a nanoscale, low-crystallinity, carbonated ap-
atitic structure, resembling that of human bone ap-
atite (41).
4) Ultrafine-grained, nanophase HA coatings can
be synthesized by electrocrystallization from dilute
electrolytes [Ca2+]=6.1x10-4M, [PO43-]=3.6x10-4M at
physiological pH (Fig. 4). At these low supersatura-
tions, HA is precipitated without a precursor phase
formation (42). The electrolytes used for the elec-
trodeposition of calcium phosphate coatings were
prepared using Ca(NO3)2 and NH4H2PO4 dissolved
in de-ionized water. NaNO3 was used to improve the
electrolytes’ ionic strength. The electrolytes’ pH
was adjusted in order that in all cases the elec-
trolytes were saturated with respect to HA (values

Fig. 4 - SEM of the calcium phosphate coating obtained by elec-
trocrystallization (11). Reprinted from: Shirkhanzadeh M. Direct
formation of nanophase hydroxyapatite cathodically polarised
electrodes. J Mater Sci Mater Med 1998; 9: 67-72.
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determined from the solubility isotherm for HA in
the ternary system Ca(OH)2-H3PO4-H2O). Calcium
phosphate electrodeposition was carried out for 2
hr at 85 °C. Deposits precipitated from the acidic
electrolytes consisted of plate-like crystals of 4-6 µm
and deviated markedly from stoichiometric HA. At
very low concentrations of calcium and phosphate
ions and physiological pH, nanophase HA is de-
posited directly on the cathodes. 
Manso et al (43), tested growth induced by constant
anodic voltages (2-4 V) in an alkaline electrolyte.
The deposition method of HA coatings resulted
from the modification of a precipitation reaction
(44). Essentially, the changes consisted of the use of
an electrochemical cell and a set of different final
concentrations. They obtained a well-crystallized
nanosized HA coating, through electrical activation
of spontaneous deposition. 

MAIN APPLICATIONS FOR NANOPHASE HYDROXY-
APATITE

Although it is not yet commercially available as a
competitive material with respect to other forms of
HA, nanosized HA is currently used for several ap-
plications, which are either in advanced research
states or undergoing development with consider-
able commercial opportunities. 
Du et al (45) studied the tissue response of nano-
HA-collagen implants in marrow cavities and con-
cluded that nanoparticles allowed for a quicker im-
plant surface turnover. The process of implant re-
sorption and bone substitution was similar to bone
remodeling. 
Muller-Mai et al (46) tested nanoapatite and nanoa-
patite/organic implants in vivo. From their results,
it was seen that both materials were suitable for
bone replacement and for drug release such as an-
tibiotics, growth factors or other substances. In ad-
dition, the organic component can be used to con-
trol physical properties in the bone implantation
bed. 
Among other applications, the following can be
considered.
1) HA coating based on sol-gel technology (41) or
electrodeposition (42, 43), allowing for the forma-
tion of thin adherent films, which do not severely
affect the substrate morphology and topography.
2) Composite preparations with other materials like
chitosan (47, 48), collagen (45, 49-53) and other
polymers (54), able to reinforce the matrix while
promoting osteoconduction; therefore, providing
scaffolding properties required in tissue engineer-
ing applications.

3) Nanosized HA can be used in drug delivery sys-
tems like intestinal delivery of insulin (55), or oth-
er drugs such as antibiotics (56). 
4) Further examples studied include its use in ge-
netic therapy for certain types of tumors (56).

CONCLUSIONS

Therefore it can be concluded that new HA based
materials are certainly among the most promising
challenges in bioactive ceramics for the near fu-
ture, and consequently, the research effort put in
their development will continue to increase. 
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