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Abstract

Nanostructure syntheses have been applied to derive hydroxyapatite in nanometric scale for orthopaedic and
dental implant applications due to its biocompatibility and similarity to natural apatite characteristics, becoming
to a preferred material compared to hydroxyapatite in micro scale. This overview presents some of the most
studied processes of obtaining nanophased hydroxyapatite, enriched with results from our group and additional
and interesting information about cell-nanohydroxyapatite performance in vitro experiments.
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Resumen

Las sintesis de nanoestructuras se han aplicado para
obtener hidroxiapatita a escala nanométrica para apli-
caciones de implantes ortopédicos y dentales debido a
su biocompatibilidad y a la similitud de las caracteristi-
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a microescala. Este resumen presenta algunos de los
procesos mas estudiados para obtener hidroxiapatita
en nanofase, enriquecido con los resultados de nues-
tro grupo y la informacién adicional e interesante so-
bre el rendimiento celular de nanohidroxiapatita in vi-
tro.

Palabras clave: nanoparticulas, ceramicos, hidrox-
iapatita, ingenieria de hueso, implante dental.

Introduction

When bone is lost due to injury and/or illness, the de-
fects are filled with natural or artificial bone grafts, but
with infections and bioaffinity as collateral problems,
respectively. Hence, research has recently being fo-
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cused towards artificial materials, which might pres-
ent biological properties similar to those of bone and
that might replace natural bone by grating.

In recent years, apatite and others calcium orthophos-
phates have shown substantial interest and importance
due to their chemical similarity with the natural calci-
um phosphate. Calcium orthophosphates are salts of
the tribasic phosphoric acid, H,PO,, and this forms three
groups of compounds that contain H,PO,, HPO,* or
PO,* ions (Elliot, 1994). The first group are compounds
formed only under acidic conditions and so they are not
found normally in biological systems. The compounds of
second and third groups are found in the mineral com-
ponent of bones and teeth, as well in some pathological
calcifications.

Among apatites, Hydroxyapatite (HA),
(Ca,,(PO),(OH),) is known to be the major inorganic
constituent of bone, corresponding to almost 70% in
dry weight, of bones hard tissues (Hench, 1991, Klein
et al., 1994, Lacefield, 1999, Lavernia & Shoenuna,
1991). The term apatite was firstly coined by Werner
in 1786, which is derived from the Greek word apa-
taw (Elliot, 1994) that means “to deceive” because
frequently the minerals, belonging to this group,
were misleading due to similar appearances with
valuable stones.

Biological apatites, which comprise the mineral phases
of calcified tissues (enamel, dentin, and bone), slight-
ly differ from pure HA in stoichiometry, composition
and crystallinity, and in other physical and mechanical
properties (Bayraktar & Tas, 1999). There are several
reports dealing with the precipitation of HA, modifying
stoichiometries from aqueous solutions in order to
obtain different Ca/P ratios (Akao, Aoki & Kato, 1981,
Akao etal., 1982, Chair, Heughebaert, & Heughebaert,
1995, Ishikawa, Ducheyne, & Radin, 1993, Nordstrom
& Karlsson, 1990, Osaka et al., 1991b, Rouer et al.,
1993). Since Jarcho and colleagues in 1976 until now,
many studies about HA preparation have been re-
porting the synthesis of crystals of HA in the nano-
metric, sub-micrometric and micrometric size rang-
es (Dhont, Verbeeck & De Mayer, 1996, Lépez-Man-
cipe, Goémez-Morales & Rodriguez-Clemente, 1998,
Suchanek et al., 1995, Wang et al., 1995, Zong & Gon-
salves, 1997). However, the various parameters that
affect size, shape, and crystallinity of nanoscale HA (1-
100 nm) still need further study.

Hydroxyapatite Properties

In general, calcium phosphates are all white solids, un-
less doped with a coloured ion and most are sparingly
soluble in water, although some as HA are quite in-
soluble, but all dissolve in acids (Elliot, 1994). HA has
a relatively high thermal stability and phase purity
ever after high temperature sintering (1000-1300°C)
(Bayraktar & Tas, 1999).

HA has been proposed as substitute for defective bones
or teeth. It is known to be biocompatible, bioactive, i.e.
ability to form a direct chemical bond with surrounding
tissues, osteoconductive, non-toxic, non-inflammato-
ry and non-immunogenic agent (Hench, 1991, Jarcho,
1981, Ogiso, 1998).

HA appears to form a direct chemical bond with hard
tissues (Piattelli & Trisi, 1994, Uehara, Takaoka, & Ito,
2004) and on implantation of HA particles of porous
blocks in bone, new lamellar cancellous bone forms
within 4 to 8 weeks (Spanos, Deimede & Koutsoukos,
2002). HA ceramics have a flexural strength compara-
ble to human bone. However, the elastic modulus and
compressive strength of HA ceramics are higher than
those of human bone, while the fracture toughness is
significantly higher for human bone than for HA ce-
ramics (Tanaka, Hirata & Yoshinaka, 2003).

Nowadays, HA is widely applied as a coating artificial
joint components used in orthopaedics and dental
implants and hold a great potential as a biomaterial
for bone implantation due to its bioactivity, dissolu-
tion range, and resorption properties close to those
of natural bones (Rodriguez-Lorenzo & Vallet-Re-
gi, 2000). According to the literature, conventional
HA has been widely applied in the forms of powder,
dense or porous blocks (Hench, 1991, Murugan &
Panduranga Rao, 2002).

Currently, significant research effort has been dedi-
cated to developing inorganic nanosize crystalline ma-
terials because of their new possibilities deriving from
size and their potential in biology, electronics, optics,
transport, and information technology (Combes &
Rey, 2002, Gorbunoff, 19844, b, ¢, Hench, 1991, 1998,
Kawasaki, Niikura & Kobayashi, 1990b, a, Suzuki, Ishika-
wa & Miyake, 1984, Zahouily et al., 2003). It is believed
that nanostructured calcium phosphate ceramics can
improve the sintering kinetics due to a higher surface
area and subsequently a significantly increase in the
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mechanical properties (Bose & Saha, 2003). Further-
more, most likely the nanoscale sizes of the particles
will provide an increase in specific surface area, which
in turn can cause an increase in the binding capacity
of macromolecules such as DNA (Kumta, Sfeir & Lee,
2005) and thus might dramatically affect the biologi-
cal outcome.

Differences in shrinkage between the agglomerates
are also responsible by the occurrence of small cracks
in sintered HA (Ruys et al., 1995). Therefore, synthe-
sis of agglomerate-free or softly agglomerated nano-
structured HA may be an important step towards
achieving improved mechanical properties in dense
nanostructures (Banerjee, Bandyopadhyay & Bose,
2007).

Recently, HA prepared at nano level has been playing
an increasingly significant role in various biomedical
applications owing to its unique functional properties
of high surface area to volume ratio and its ultrafine
structure similar to biological apatite, which is having
a great impact on cell-biomaterial interactions (Web-
ster, Siegel & Bizios, 2000, Zhu et al., 2006). This type
of HA has been considered mainly in the form of par-
ticulate for the treatment of periodontal osseous de-
fects and alveolar ridge augmentation because of its
easy fabrication, handling and close surface contact
with the surrounding tissue (Doi & Horiguchi, 1996).

The attractive advantages described above justify a
further review of HA nanocrystals synthesis, charac-
terisation and its behaviour in contact with cells.

NanoHA applications

Needle-like HA particles are suitable for preparing fil-
ters for ion exchange between cations (Suzuki, Ishi-
kawa & Miyake, 1984) or for protein adsorption (Ka-
wasaki, Niikura & Kobayashi, 1990b, Tiselius, Hjertén
& Levin, 1956). In particular, colloidal HA has been
used as adsorbents for chromatography to separate
proteins and as catalysts for chemical reactions such
as the Michael-type addition and methane oxidation
(Akazawa et al., 1999, Sugiyama et al., 1999, Zahouily
etal., 2003).

NanoHA preparation has a considerable academic and
commercial interest for bone replacement and coatings
on metallic joint prostheses. HA occurs in ammoniat-
ed superphosphates, and in calcareous soils as a re-

action product of monocalcium phosphate monohy-
drate (Ca(H,PO,),.H,0) or brushite. In addition, nano-
fiber-shaped HA is a promising candidate material for
reinforcing ceramic or polymer matrices used in the
biomedical applications (Wang et al., 2006).

Magnetic nanoparticles have been developed to such
an extent that the functional properties have been
specially tailored for biological applications such as
cell separation, drug delivery, a a contrast agent for
magnetic resonance imaging (MRI), and as a heat me-
diator for hyperthermia (Wu et al., 2007).

Obtaining non-agglomerated nanosized bioceramic
particles of high-surface area is interesting for many
applications including injectable/controlled setting
bone cements, high strength porous/non-porous syn-
thetic bone grafts, the reinforcing phase in nano-com-
posites that attempt to mimic the complex structure
and superior mechanical properties of bone (Phillips
et al., 2003); and as potentially useful materials for
a number of biomedical applications including scaf-
folds for tissue engineering and as carriers for non-vi-
ral gene delivery (Kumta, Sfeir & Lee, 2005).

NanoHA Preparation Methods

Considering the numerous applications of calcium
phosphate compounds in biomedical fields, several
nanoHA synthesis techniques and variations have been
developed.

HA nanostructured can be produced from dry and
wet reactions, being this one the most widely studied.
Wet chemical reactions to form calcium phosphate
materials can be generally divided in two types of pro-
cesses in terms of reagents concentrations: non-ho-
mogeneous and homogeneous processes (Bezzi et
al., 2003). A dropwise addition of a donor reagent of
phosphorous into a calcium hydroxide solution or salt
slurry is involved in the non-homogeneous process;
while, in the second one, calcium and phosphorous
salts are solubilised in water under a strict pH con-
trol. In both cases a long ageing time is required to let
the precipitation reactions be concluded, in order to
obtain uniformity of a single ion concentration during
the precipitation phase (Bezzi et al., 2003).

Previous work mainly placed emphasis upon con-
trolling the stoichiometry of the product, while, with
the development of nanotechnologies, considerable
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effort is now focused on controlling the morpholo-
gy and size (Hirai, Hodono & Komasawa, 2000, Sar-
da, Heughebaert & Lebugle, 1999, Walsh & Mann,
1996, Yuan, Liu & Peng, 2002) due to studies that have
shown that many clinical capabilities of HA highly de-
pend on its morphology and size (Hing, Best & Bon-
field, 1999).

Mechanochemical processing

The principle on which mechano-chemical synthesis
during the reduction of powders particles is foun-
ded, relates to the energy provided by the impaction
that mill balls exert on powder particles constrained
towards the internal wall of the jar. Moreover, about
temperature it can rise in the collision region may
vary from few degrees to few hundred degrees (Soni,
2001). This method takes advantage of the pertur-
bation of surface-bonded species by pressure to en-
hance thermodynamic and kinetic reactions between
solids (Gutman, 1997). During milling, the energy
transmitted to crystalline particles results in a dislo-
cation cell structure that develops into random nano-
sized particles increasing the milling time (McCormick
& Froes, 1998). Spherical particles with 10-50 nm in
size of carbonated-substituted HA were produced
from phosphate di-hydrogen ammonium and cal-
cium carbonate as precursors after 6h of milling
(Coreio et al., 2005).

Sol-gel route

Sol-gel technique is considered as an elective method
for the preparation of highly pure powder due to the
possibility of a strict control of the process param-
eters. This particular synthesis process induces bet-
ter chemical homogeneity and its product is charac-
terized by nano-size dimensions of the primary par-
ticles, which improve the contact reaction and the
stability at the artificial/natural bone interface (Bezzi
et al., 2003). In addition, sol-gel is characterized by
being a low temperature process because there is a
highly reactive powder without any degradation phe-
nomena occurring during sintering. Nevertheless, hy-
drolysis of phosphates and expensive raw materials
are the limitations to this technique (Jillavenkatesa &
Condrate, 1998).

In other studies (Chu et al., 2002), citric acid
(C,H,0,) was added as a chelating agent to avoid
agglomeration of HA particles in the presence of

calcium nitrate and trimethyl phosphate as precur-
sors in a sol-gel processing. Primary and secondary
particles produced have 50 nm and 100-200 nm,
respectively, where these last are aggregates of the
first ones. Through the addition of citric acid, the
substitution of organic macromolecule for hydrate
molecule can lower the reaction speed making fa-
vourable the HA gel particles uniformly distributed
by the organic constituent and difficult for them to
aggregate and grow.

Biomimetic process

The biomimetic process is inspired in the bio-
mineralization of bone, which involves the depo-
sition of apatitic crystals on a matrix rich in colla-
gen fibrils, which are the structural macromolecules
that create the scaffold within which the biological
mineral is formed. Moreover, the biological matrix
contains acidic macromolecules that are rich in nega-
tively charged groups, mainly carboxylates but also
sulfates and phosphates. These macromolecules
are believed to control nucleation, polymorphism,
growth, chemical composition, shape, dimensions,
orientation, and texture of the crystals (Lowenstam
& Weiner, 1989). The presence of the acidic macro-
molecules usually inhibits the nucleation and growth
of calcium salts in aqueous solution, whereas they
promote calcification when adsorbed on a sub-
strate (Huer et al., 1992). Several synthetic macro-
molecules and polyelectrolytes are known to influ-
ence nucleation and growth of calcium salts, resem-
bling the role that biological macromolecules play
in vivo. Even after extensive investigations related
to biomineralization, many intermediate stages are
still unclear. This complex biological process means
crystallization of apatite, formed biologically, onto
the surface of either already formed bone or bio-
logical macromolecules, being possible this process
in presence of hundreds of biological compounds
having some influence in the mineralization process
(Dorozhkina & Dorozhkin, 2002).

For that purpose, several authors have been used syn-
thetic body fluids (SBF) (Bayraktar & Tas, 1999, Bigi
et al., 2000, Dorozhkina & Dorozhkin, 2002, lImori et
al., 2005, Kokubo, 1990, Landi et al., 2006, Muller &
Muller, 2006, Noris-Suarez et al., 2007, Oyane et al.,
2003) that have similarities with the chemical analy-
sis of human body fluid, with ion concentrations near-
ly equal to those of the inorganic constituents of hu-
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man blood plasma. SBF were firstly used by Kokubo
et al. (Kokubo, 1990) to prove the similarity between
in vitro and in vivo behaviour of certain glass-ceramic
compositions (See Table 1).

Table 1. lon concentrations of SBF solution and “human plasma”.

lon Human  Kokubo et Bayraktar Bigi et al.,
plasma al., 1990 & Tas, 1999 2000
(Kokubo (Bigi et al. (Bayrak-
1990) 2000) tar & Tas
1999)
(mMm) (mM) (mM) (mM)
Na* 142.0 142.0 142.0 141.5
cr 147.8 125.0 103.0 124.5
HCO, 4.2 27.0 27.0 27.0
K+ 5.0 5.0 5.0 5.0
Mg, 1.5 1.5 1.5 1.5
Caj 2.5 2.5 2.5 2.5
HPOAZ' 1.0 1.0 1.0 1.0
SO42’ 0.5 0.5 0.5 0.5

SBF is known as a meta-stable buffer (Ohtsuki, Kokubo
& Yamamuro, 1992), however, its preparation must
be very careful because a small variance in either the
preparation steps or the storage temperatures, has a
radical effect on the phase purity and the kinetics of
the HA precipitation processes.

Two routes were proposed (Bayraktar & Tas, 1999)
using di-ammonium hydrogen phosphate ((NH,),H-
PO,) and calcium nitrate solutions (Ca(NO,),.4H,0)
as phosphate and calcium ions sources, respective-
ly. The syntheses were carried out at 37°C, to avoid
SBF degradation reaching HA powder with Ca/P ra-
tio of 1.67. In addition, Mg- and CO,* substituted HA
was performed obtaining particles of 30-40 nm in size
(Landi et al., 2006) and it was found that pH is a pri-
mary variable in the mineralization process (Dorozhki-
na & Dorozhkin, 2002).

Hydrothermal method

There are not many studies on the hydrothermal syn-
thesis of nanoHA. The source of calcium phosphates
can be either organic or inorganic. The purity and me-
chanical property of the products from the organic
source are comparatively inferior to those from the
inorganic one, i.e. calcium phosphates extracted from
bone are likely to retain traces of products are equal-
ly biocompatible (Jinawath, Pongkao & Yoshimura,
2002). In general, the high purity chemical reagents
are much more expensive than bone ash, so it is in-
teresting to prepare calcium phosphates compounds
with minimal impurities from bone or its related
substances. Low temperature (< 200°C) hydrothermal
treatment is recommended (Yoshimura, 1998) as an
attractive inexpensive and environmentally friendly
solution process with high purity products.

The mechanism of organization of organic surfaces;
that can control the nucleation of inorganic materials
by geometric, electrostatic, and stereochemical com-
plementary between incipient nuclei and functional-
ized substrates; has been reviewed by several authors
(Yan et al., 2001).

Emulsion technique

Microemulsion is a technique based on the use of two
immiscible liquids such as water that has a high dielec-
tric constant being dispersed under agitation in an oil
phase, having low dielectric constant, both phases
stabilized by an ampiphilic surface-active agent or sur-
factant in order to control interfacial tension. Micro-
droplets of water, formed when the aqueous phase
is dispersed surrounded by a monolayer of surfac-
tant molecules in the hydrocarbon phase, are stabi-
lized in a non-aqueous phase by a surfactant acting as
a microreactor or nanoreactor in which reactions are
conducted (Bose & Saha, 2003). These self-assem-
bling media of reverse micelles can be used in the
synthesis of nanophase materials without excessive
agglomeration, and with high surface area. Hence,
nanoHA with spherical morphology can be produced
by this method. It has been shown to be one of the
few techniques, able to produce a particle size in the
range of nanometers with minimum agglomeration
(Pileni, 2003).

Nanocrystalline HA particles have been synthesized
using a microemulsion technique (Bose & Saha,
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2003) with Ca and P ions and NP-5 and NP-12 surfac-
tant in cyclohexane organic solutions. It was shown
that for HA nanopowders, their surface area, mor-
phology and particle size were strongly affected by
the composition of the microemulsion system, pH,
aging time, temperature and metal ions concentra-
tion. The results of nanoHA particles characterisa-
tion showed surface areas around 130 m?/g and par-
ticle sizes in the range of 30-50 nm with needlelike
morphology, among others.

Sonoda and co-workers (Sonoda et al., 2002) have
reported HA synthesis with small size and aspect ra-
tio using pentaethyleneglycol dedecyl ether emul-
sion similar to a nonoemulsion. Lim et al. (Lim et al.,
1996) have reported the synthesis of HA powders
with a specific surface area between 42 and 80m?/g
and an average particle size between 0.53 and 1.15
pum with agglomerated morphology; and formation
of nanocrystalline HA in nonionic surfactant emulsion
where the specific surface area varied from 7-75 m?/g
depending on petroleum ether concentration. Lower
average surface area (26 m?/g) with high particle size
(200 nm), including a strongly agglomerated mor-
phology of 45 um in size, was reported (Layrolle, Ito
& Tateishi, 1998).

The reverse microemulsion technique (Guo et al.,
2005) appears as a nanoHA technique where the par-
ticle length depends directly of hydrophile-lipophile
balance (HLB) value, reaching particles from 21 up to
93 nm but without any uniform shape.

For HA nanofibers, the hydrothermal microemulsion
(Cao et al., 2004), regarding 1D structures, appears as
a variation of emulsion technique and led to a sub-
stantial increase in the aspect ratio, a fairly satisfying
uniformity in diameter (50-120 nm), a well-crystal-
lized product, and a shorter reaction time. The hydro-
thermal method has been proved to be an effective
method to synthesize materials in nano dimensions.
It was also was proved that, after the HA nucleation
in CTAB reverse micelles, the surfactant head groups
preferentially adsorb on surface planes parallel to the
¢ axes of the nuclei, resulting in the formation and
growth of anisometric particles. These tiny particles
then aggregate in a directional manner though their
c axes onto ultrahigh-aspect-ratio HA nanofibers (Cao
etal., 2004).

Chemical precipitation

The most commonly used technique for the formation
of HA is the precipitation, which involves wet chemical
reactions between the calcium and phosphate precur-
sors under controlled temperature and pH conditions
(Aoki & Kato, 1975, Asada et al., 1987, Hattori, Iwadate
& Kato, 1988, Jarcho et al., 1976, Osaka et al., 1991a).
However, this method has some inherent disadvantag-
es such as the difficulty to control of the pH value over
9 to avoid the formation of a Ca-deficient HA, which
during sintering forms tricalcium phosphates (Bezzi et
al., 2003). Chemical synthesis of HA powders in neutral
and /or slightly acidic aqueous media is known to be
a more complicated and difficult task (Ebrahimpour et
al., 1993, Madsen & Thodvadarson, 1984).

In our own experiments, during titration was observed
that viscosity decreased as a function of H,PO, addition,
and so at pH 10.5 the white solution obtained is visibly
less viscous in comparison with the starting point at pH
13. These findings are in agreement with reported else-
where (Bao, Senos & Almeida, 2002), where to a solu-
tion of HA different percentages of a polyacrylic acid
dispersant (Dispex N40) were added, showing that for
pH values between 9.5 and 11 the suspensions show
a minimum in viscosity for the three concentrations
of dispersant. These results indicated that the best
condition for the stabilization of the HA suspensions
is achieved for a pH around 10.5 (Bao, Senos & Almei-
da, 2002).

Recently, as a variation of chemical precipitation, sur-
factant-based template systems are being explored to
synthesize nanosize materials and they are assumed
to be very efficient templates for controlling parti-
cle size and shape (Pileni, 2003). Agglomeration can
cause lower sintered density as well as crack-line voids
during densification. High aspect ratio morphology
in the starting powder can also cause poor packing,
which results in exaggerated grain growth during sin-
tering (Bose & Saha, 2003). Consequently, to produce
sintered monolithic HA parts with desired mechanical
properties, will be need to use agglomerate-free low
aspect ratio fine Ha powders with high surface area.

Nanostructure processing of HA in the presence of
ytria-stabilized zirconia by chemical precipitation
and pressure-assisted sintering of these powders,
has also been reported (Ahn et al., 2001).
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Materials and Methods

Chemical precipitation was the processing route cho-
sen for nanohydroxyapatite synthesis because it is a
low cost, simple and widely studied process. Hence-
forth, experimental data is related to hydroxyapatite
nanophased obtained from this process.

NanoHA synthesis

Aqueous solution of calcium hydroxide (Ca(OH),) and
ortho-phosphoric acid (H,PO,, 85%), both of analyti-
cal grade, were used as starting reagents in a chemical
precipitation for the preparation of HA nanoparticles
according to the following procedure: firstly, 100 ml
of an aqueous suspension of H.PO, (0.6M) was very
slowly added, drop by drop, to a 100 ml of an aque-
ous suspension of Ca(OH), (1M) added with sodium
dodecylsulfate (SDS) into the calcium solution while
stirring vigorously for about 30 min at room tempera-
ture. Concentrated NaOH was added until a final pH
of 10.5 was obtained. The white solution obtained
was washed using de-ionized water and dried in oven
at 80°C for 24 h.

NanoHA caracterisation

The characterisation methods listed below were per-
formed without any further physical or thermal treat-
ment of nanopowder.

A) Physical characterisation
Biodegradation study

In order to investigate the degradation behavior of
nanoHA synthesized was carried out a comparison of
biodegradation of three types of nanoHA, one of them
was the commercial nanoHA (nH-1) and the other two
were prepared by different routes: chemical precipi-
tation (describe above, nHA-2) and hydrothermal pro-
cess (nHA-3). Discs of nanoHA were incubated with
solutions of phosphate buffered saline (PBS) and SBF
during 1, 3, 7 and 15 days at 120 rpm and 37°C.

Inductively Coupled optical emission spectrometry
(ICP-OES)

Three specimens of nanoHA obtained from chemical
precipitation process describe above, were dissolved
in conc. HCI, and afterwards were diluted in a 2% of
HNO, solution to obtain concentrations in the range

of 10— 100 ppm for each element (Ca, P). Quantification
was performed using an ICP-OES (Inductively Coupled
Plasma — Optical Emission Spectrometer, Activa-S,
Horiba Jobin Yvon, NJ). Atoms in the plasma emitted
light to detect phosphorus and calcium at 213 nm
and 317 nm, respectively. The intensity of the energy
emitted at the chosen wavelength was proportional
to the element concentration in the analyzed sam-
ple, and the values obtained were compared with
standards in the range of concentration above men-
tioned.

Scanning electron microscopy analysis — SEM

The powder morphology was analyzed using digital
imaging and scanning electron microscopy (SEM).
Using a JEOL JFC-100 fine coat ion sputter device,
samples were sputter coated with gold. Then they
were studied with a JEOL JSM-6301F microscope at
an accelerating voltage of 5 kV.

Transmission electron microscopy — TEM

The size and morphology of the nanoHA powder was de-
termined using a Transmission Electron Microscope (TEM,
Zeiss model EM 902A) at an accelerating voltage of 80kv.
A nanoHA solution was prepared by dispersing 0.5mg
of nanoHA in 1mL of ethanol. This was placed in an
ultrasonic bath overnight, to ensure thorough disper-
sion. A drop of the solution, agitated for 1min in vor-
tex, was placed on a Formvar carbon-coated copper
400 grid and left for 1 min. Excess liquid was removed
with filter paper and the grid was allowed to dry for
10 min. TEM images were acquired and observed with
Axion Camera Zeiss and AxionCs 40AC Zeiss, v 4.2.0.0
software.

B) Chemical characterisation
Infrared spectroscopy

Chemical characterisation was performed using Fou-
rier transformed infrared (FTIR) spectroscopy. For
this purpose, nanoHA was ground in an agate mortar
and thoroughly mixed with spectroscopic grade KBr.
1-2 mg of nnaoHA powder sample was mixed with
200 mg of KBr powder. Pellets were analyzed using a
PerkinElmer System 2000 spectrometer. FTIR was per-
formed to determine the various functional groups in
phosphates and carbonate substitution in the synthe-
sized nanoHA powder.
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X-ray Photoelectron Spectroscopy - XPS

XPS analysis was performed using VG Escalab 200R
facility equipped with hemispheric detector with 5
channeltrons (energy steps of: 2-200 eV) X rays source
with doubleMg/Al anode; pre-chamber with both
temperature and atmosphere controlled on gun in
pre-chamber and in main chamber (ISS) Electron gun
for Auger spectroscopy

X-ray diffractometry — XRD

X-ray diffraction characterisation of nanoHA powder
was conducted using a Panalytical X'Pert PRO alpha-1
with a RTMS X'Celerator detector. It used Ni-filtered
Cu Ka radiation over the 2teta range of 10-90° at a
scan rate of 2.4° /min and with a sampling interval of
0.002° at 40 mA and 45 kV.

C) In vitro performance

MG-63 cells were cultured at 37°C in a humidified at-
mosphere of 5% CO, in air, in a-MEM (GIBCO 22561-
021), 10% fetal bovine serum (FBS), 1% fungizone and
0.5% gentamicin. For the subculture, the cell mono-
layer was washed twice with PBS and incubated with
trypsin-EDTA solution (0.05% trypsin, 0.25%EDTA) for
5 min at 37°C to detach the cells. Cells were re-sus-
pended in culture medium for re-seeding. There were
synthesized porous and uniform microspheres (500
um) based on nanoHA particles that were sterilized at
120°C for 20 min, placed on a 96 PS culture plate (14
mg of microspheres in each well, c.a 1cm? of surface
area) and incubated with PBS overnight. Cells were
then seeded on microspheres pre-conditioned with
a-MEM with 10%FBS, 1% fungizone and 0.5% genta-
micin. MG-63 cells were cultured (2x10* cells/cm?) up
to 7 days under controlled conditions (cells seeded on
96 TCPS plates) and on the surface of both type of mi-
crospheres. The control cultures and seeded micro-
spheres were evaluated throughout the incubation
time (7 days) for cytotoxicity (Neutral Red) and ob-
served by confocal microscopy (CSLM) and scanning
electron microscopy (SEM). Medium was substituted
by fresh one every other day.

Cytotoxicity tests (Neutral Red)

Cytotoxicity of nanoHA-1 and nanoHA-2 microspheres
was investigated on MG-63 osteoblast-like cells, which
express a number of features characteristic of rela-

tively immature osteoblasts (34) using Neutral Red
assay. A 0.4% w/v solution of neutral red dye tested
for cell cultures (Color Index 50040) in distilled water
was prepared and stored at 4°C (stock solution). The
working solution was prepared immediately before
use by diluting the stock solution in complete medium
to yield a final concentration of 50 pg/mL. Five repli-
cates were performed for each type of microspheres.
The negative control was microspheres in culture me-
dium in PS 96 wells culture plates. The positive con-
trol was MG-63 in culture medium in 96 wells TCPS
culture plates. After incubation for 1, 3, 5, and 7 days
at 37°C, the supernatant was discarded, 0.150 mL of
neutral red dye solution were added to the wells for
3 h at 37°C. The supernatant was removed, the wells
washed twice with PBS and 0.1 mL of lysing solution
(50% ethanol in 1% acetic acid) was added. The color
intensity of each well was read at 540 nm with refer-
ence to 620nm, the optical densities of the replicates
were averaged and the viability read in negative con-
trol was discounted.

Cell morphology (SEM and CLSM)

For SEM, microspheres-cells constructs were washed
twice with PBS and fixed with 1.5% glutaraldehyde
in 0.14% cacodylate solution for 30min at room tem-
perature. They were dehydrated by suspending in suc-
cessive ethanol solutions (50%, 70%, 80%, 90%, and
100%) for 10min in each solution. After dehydration,
the samples were transferred to hexamethyldisilazan
and air-dried at room temperature overnight. Finally,
the microspheres-cells constructs were sputter coated
with gold and examined under a JEOL JSM-6301F mi-
croscope at accelerating voltage of 5kV.

For CSLM, samples were washed twice with PBS, fixed
in 4% v/v formaldehyde (methanol-free; Polyscience)
for 15 min, permeabilized with 0.1% v/v Triton X-100
for 5 min, and incubated in 10 pg/mL bovine serum
albumin and 100 mg/mL RNAse for 1h at room tem-
perature. F-actin filaments were stained with Alexaflu-
or-conjugated phalloidin (Molecular Probes) for 20
min at RT in dark, and nuclei were counterstained
with 10 pug/mL propidium iodide (Sigma) for 15 min.
Finally, samples were washed with PBS, mounted in
Vectashield® and stored at 4°C in dark. CLSM images
were acquired on a BioRad MRC 600 microscope.
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Results

Biodegradation

The disintegration of nanoHA discs in both solutions
(PBS and SBF), in crescent order after 15 days was
nanoHA-3> nanoHA-2> nanoHA-1. All nanoHA sam-
ples increased their weight during the experience
as was evidenced in SEM images (data not showed)
where it was observed deposition of crystals (NaCl)
and new nanoHA formation. This fact suggests that
synthesized nanoHA were more biodegradable that
commercial sample, obtaining an interest feature for
a biomaterial used in bone tissue engineering.

ICP-OES

ICP accounts deserve special attention the value
found for the loss of mass (20.7%) that indicates the
presence of volatiles substances, which may be OH,

= = |
Lo errerr . s

500nm

Figure 1. SEM (left) and TEM (right) micrographs. NanoHA particles have been studied using these methods to characterize morphologically these nano-
crystals that are presented in agglomerates of few microns. Nanometric particles of HA exhibit in both micrographs bar and needle-like shapes with

80x20nm dimensions in mean. (SEM, scale bar=500nm; TEM, 12000x).

TEM

Morphology of nanoHA particles using Transmission
Electron Microscopy is observed in the Figure 1. Dis-
persed crystals of nanoHA, due probably to the sur-
factant use with bar and needle-like shapes, are ob-
served in a high magnification.

FTIR

FTIR results (data not showed) suggested the pres-
ence of bands characteristic of PO,* at 471 (v2), 563

H,O or CO,. As the hypothesis of CO, will be unlikely
since is not a constituent of the raw materials. How-
ever, as the stoichiometric amount of OH in apatites
rarely exceeds 5%, it is suggested that the sample con-
tains an excess of H,0, probably encapsulated in its
structure. The value of Cl is found compatible with a
chlorine-apatite. The values of CaO and P,O, are rela-
tively low for a natural apatite. However, if the analy-
sis is recalculated, disregarding the value of water, fol-
lowing values are obtained CaO = 55% and PO, = 42%,
which are perfectly compatible with a stoichiometric
apatite.

SEM

Morphological results from SEM investigation are
shown in Figure 1, where it is observed that the mor-
phology of the HA nanocrystals presents a uniform
needle-like shape.

|

(v4), 961 (v1) and 1000 cm™ (v3) (Panda et al., 2003);
OH- vibrational due to water at 602 cm™ and occluded
water at 1638 and 3431 cm™. It is important to point
out that bands at 1422 cm? (v3, in-plane stretching
band) and 872 cm™ (out-of-plane stretching band) sug-
gesting the presence of a carbonated nanoHA, which
may have practical applications. It is well known that
the presence of carbonate in calcium phosphate ma-
terials is an important factor contributing to their re-
activity and to the in vivo integration of the implant
(Ribeiro, Barrias & Barbosa, 2006). The bands at 1545,
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1450 and 880 cm™ were thought to be due to a small
fraction of the total CO,> ions replacing OH"ions in the
lattice (Elliot, 1994).

XPS

Results from XPS are presented in Table 2. It is note-
worthy that the atomic ratio of material P/Ca or as
well more current expressed Ca/P = 1,71 near to the
natural apatite with a calcium / phosphorous ratio of
1,67. Besides, Table 1 presents P2p and Ca 2p 3/2 val-
ues similar to natural apatite, as well.

Table 2. Binding energies (eV) of core electrons and surface atomic ra-
tios of apatite

€0.%/Ca

Sample P2p Ca2p3/2 01s Cls :/Ca. ’
atomic Htomic

Apatite 133.2 3472 531.0 289.7 0.585 0.106

XRD

A typical XRD profile of HA ceramic synthesized by cal-
cium hydroxide and ortho-phosphoric acid to ceram-
ic conversion has been shown in Figure 2. XRD analy-
sis of the nanoHA powder indicated the presence of
monophase non-crystalline compound.

| I ~
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Figure 2. XRD spectra of nanoHA in powder. It is indicated that results
(blue line) fit the most of peaks (vertical lines) that exhibits natural hy-
droxyaptite.

Biological Assessment

In the present work, the cytotoxicity tests of nano-
HA it was assessed by the synthesis of microspheres
based on nanoHA particles (Mateus et al., 2008). Bio-

logical evaluation was performed using human MG-3
osteoblast-like cells line. Cells seeded on TCPS, used
as a control, showed the same trend, but with a higher
growth rate than microspheres. The control presented
less number of viable cells in the first day probably
due to the less available surface area compared to the
microspheres. The nanoHA microspheres presented a
significant number of viable until the end of the cul-
ture, and high growth rate as well.

SEM images of MG-63 osteoblast cells cultured for 7
days on the surface of nanoHA microspheres based on
nanosized hydroxyapatite are presented in Figure 3.
The surface of nanoHA microspheres is almost com-
pletely covered by layers of cuboidal cells which be-
came denser along the entire time of culture, forming
confluent monolayers. CLSM images in Figure 3 show
nanoHA microspheres uniformly colonized by osteo-
blasts cells after 5 days of culture.

Figure 3. SEM (left) and Confocal (right) micrographs of seeded micro-
spheres with MG-63 osteoblast cells after 7 days of culture. In the left,
osteoblasts proliferation was observed on nanoHA microspheres means
SEM using backscattered electron imaging. In the right, a CLSM image
shows aligned osteoblasts proliferating on microsphere surface where
nuclei is stained in red and cytoplasm stained in green.
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Discussion

In general, the nanoHA synthesis using a number of
methods; including mechano-chemical, sol-gel, bio-
mineralization, chemical precipitation, emulsion tech-
niques, batch hydrothermal processes, being all of
these the most used methods to processing nanoHA;
having several disadvantages such as requiring a very
precise control over reaction conditions, expensive
starting materials, large amounts of toxic organic sol-
vents, or time consumption (Chaudhry et al., 2006).
However, chemical precipitation is the most outstand-
ing process due to its simplicity and good results with-
out many sophisticated instruments, equipments or
reagents.

NanoHA prepared by chemical precipitation was
characterized using different method that has al-
lowed verifying results about morphology, size, chem-
ical composition and biological behavior. The use of
different methods provides to researcher support for
initial results and a better understanding about mate-
rial from different points of views.

Synthesized nanoHA can be useful as nanocrystals,
aggregates, powder, or as well conforming discs and
microspheres, been a versatile material in bone engi-
neering scaffolding with many action fields.

So far as we know, no review has revised extensively a
vast number of preparations processes, characteriza-
tion methods enriched with own data that exemplify
the knowledge, as presented in this work.

Conclusions

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

Being bone engineering one of the action fields where
nanoHA play an important role, others such as pharma-
ceutical, cosmetics, catalysis and instrumentation, are
industrial sectors benefited from the new technology
applied in the nanoHA processing.

Therefore, it can be conclude that among bioactive
ceramics, the hydroxyapatite and its processing into
particles smaller than one micron have poured on

this well-known ceramic, interesting new abilities in
several areas. Specifically in biomedical engineering
are brought new opportunities in scaffolding, drug de-
livery system and even DNA transportation.
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