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Abstract. Up to now, there are enormous efforts to develop such coatings that can enhance the
biocompatibility properties of metallic implant materials (Ti, Ti6Al4V, CoCrMo, stainless steel)
and even provide antimicrobial effect. The most interesting candidates for these coatings are
calcium phosphate (CaP) or specifically hydroxyapatite (HAp) phases due to their biocompatibility,
osteoconductive properties, and chemical similarity to the inorganic phase of human bone. The
ionic modification of CaP phases can improve the biocompatibility property of materials even
more. This review provides an overview of the recent results achieved on the preparation methods of pure and ion-substituted calcium phosphates as well as their characterization. In addition,
we summarize the effect of ion modification (Si, Sr, Mg, Zn, Fe, Cu, and Ag) on the crystal structure
and biological properties of coatings as well as the biological role of ion-substituents.

1. INTRODUCTION
Ti6Al4V, CoCrMo, and stainless steel are widely
used as orthopedic prostheses. This is due to their
excellent mechanical strength, chemical stability
and biocompatibility, however, they are considered
as bioinert materials [1-4]. To improve their
biocompatibility and enhance the bone growth appropriate coating is needed [5]. Pure HAp is a stoichiometric apatite phase with a Ca/P molar ratio of
1.67 and the most stable calcium phosphate salt at
normal temperatures and pH between 4 and 12 [6].
The chemical composition, crystallinity, size, and
morphology of the HAp crystals and their aggre-

gates play critical roles in determining their properties and potential applications [7-9]. Nano sized HAp
crystals have high surface energy [10], and
bioceramics with enhanced mechanical properties
can be fabricated using HAp nanopowders as raw
materials. In addition, nano HAp bioceramics exhibit better bioactivity and higher resorbability than
those in microscale sizes [11]. There are several
techniques to prepare coatings such as plasma
spraying [12-15], sol–gel technique [16-20], chemical vapor deposition (CVD) [21], plasma enhanced
MOCVD [22,23], electrodeposition [24-26], pulsed
laser deposition (PLD) [27-29] and so on. The preparation methods can also be regarded as wet chemi-

Corresponding author: Csaba Balázsi, e-mail: balazsi.csaba@energia.mta.hu
© 2017 Advanced Study Center Co. Ltd.

26
cal and solid state reactions. Depending on the
coating process and preparation parameters, crystallinity and phase composition of the HAp can vary.
The presence of amorphous phase accelerates the
coating dissolution, which can affect the the longterm influence of the coating. The faster dissolution
rate enhances bone growth through biological apatite formation but may lead to the faster degradation of the coating [30]. It is well known that HAp’s
chemistry can be made even closer to bone mineral with the substitution of other ions into the lattice, including carbonate, silicon, magnesium, strontium and zinc.
It is also possible to tailor the apatite to specific
needs and a lot of work has been carried out in the
field of substituted apatites [31]. These ionic substitutions can also modify the biodegradation properties and biosorption kinetics of different calcium
phosphate phases such as amorphous calcium
phosphates (ACP), dicalcium phosphates (DCP),
tricalcium phosphates (TCP) and hydroxyapatite
(HAp). Ionic substitutions for the component ions
(Ca2+, PO43- and OH-) of the HAp lattice or -TCP
lattice are effective to control the biodegradation or
bioresorption of the CaP ceramics. For example Mg
substitution in the Ca-site decreases the extent of
dissolution of -TCP [32]. Magnesium [32], strontium [33], zinc [34,35], fluoride [36], silicon [37] and
carbonate [38] ions have been substituted in the
HAp lattice or the TCP lattice so far. Among them,
F- substitution decreases, while Mg, Sr, or carbonate substitutions increase the extent of dissolution
of synthetic HAp [39]. The Mg2+, Sr2+, Zn2+, Si4+,
and F- ions released due to the dissolution of CaP
ceramic materials containing these ions in the lattice may affect osteoblast and/or osteoclast activities and bone formation [40,41].
In addition, these ionic substitutions remarkably
affect the HAp lattice parameters, crystallinity, solubility, thermal stability, and dissolution rate, enhancing the in vitro proliferation of human osteoblast-like
cells
and
consequently
encouraging
osseointegration. Among the several ions, silicon
has attracted a lot of attention, as it has an important role in bone tissue metabolism and is able to
stimulate osteoblast action and, consequently, new
bone formation [42].
The aim of this review is to summarize the effect
of different preparation methods on the structure,
stability and biological activity of pure and ionic
modified CaP phases as well as describe the main
advantages and disadvantages of the current preparation techniques.
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2. DESCRIPTION OF SYNTHESIS
METHODS
2.1. Plasma spraying (PS)
The plasma spraying technique is based on the use
of plasma flames at very high temperatures and high
velocities that lead the HAp particles onto the surface of substrates. The CaP coating obtained in this
case mainly comprises HAp, but other crystalline
and amorphous calcium phosphate (ACP) phases
can be also present. The amounts of these co-produced phases depend on the conditions of spraying, such as gas flow, plasma temperature, nature
of the gas, cooling conditions and the distance between the substrate and the flame as well as the
size of the HAp particles [43-46]. Wu et al. [14]
described the method for preparing porous HAp layers using suspension. They added pore-forming
agent into the hydroxyapatite suspension with a
solid content of 16%-45%. After full stirring, the feedstock materials for plasma spraying were transferred
into the injection system, and injected into the high
temperature area of the central plasma flame. The
thus achieved porous structure could improve the
the biological properties of the coatings, such as
bioactivity and capability for bone ingrowth. Gan et
al. [15] disclosed an invention related to preparing
antimicrobial silver containing HAp coatings by
plasma spraying technique. In their patent, one
method of incorporating a silver derivative into HAp
includes the steps of sequentially applying layers
of stable silver oxide and HAp powder to an implant.
However, this method did not form a homogeneous
silver-doped HAp coating. Consequently, coverage
was not uniform, and ion release was not steadily
maintained after implantation. Even if the silver oxide was mixed with the HAp powder prior to plasmaspraying, the oxide cannot chemically react and
combine with conventional HAp powder to form a
homogenous formulation. In the other method, they
soaked an implant having a hydroxyapatite coating
in a silver nitrate solution for approximately 24 hours
and then dried the implant in air or an inert environment. The thickness of the plasma sprayed coating
on a medical implant can typically be from about 1
micron, and typically is in the range of 10 or a few
tens to a few hundreds of microns.

2.1.1. Molecular plasma deposition
(MPD)
The MPD process was originally developed by Chameleon Scientific (Longmont, CO, USA) and en-
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ables the deposition of HAp coatings onto metals,
polymers, or other ceramics at thickness levels
ranging from nanometers to tens of microns. The
MPD process utilizes a corona discharge at a high
voltage to allow coatings to be applied uniformly at
low temperatures onto a wide range of substrates
[47]. Balasundaram et al. [47] described nano-hydroxyapatite deposition onto titanium surface via
MPD for the first time. In their work, the HAp containing solution was ionized via corona discharge,
and HAp was then deposited on the anodized
nanotubular Ti by introducing the ionized solution
into the vacuum chamber. This research group filed
a patent also on this topic [48]. They found that the
nano-HAp coating deposited by MPD is highly adherent and free of microparticles.

2.2. Pulsed laser deposition (PLD)
Generally, in PLD technique, a pulsed laser beam
is focused on a rotating HAp target in a vacuum
chamber under a controlled water vapour atmosphere. The material that is vaporized is deposited
consequently onto a parallel substrate, which can
be heated. Several CaP phases can be obtained by
varying the deposition parameters, such as the
fluence of the beam laser, the water vapour pressure and substrate temperature [49]. This method
enables to generate adherent and crystalline films
and has been proven to be efficient and reliable [50].
A comparative study on the adhesion of different
natural-derived HAp composites and commercial
HAp thin films was carried out by Duta et al. [51].
They observed the adherence values recorded for
the HAp films were generally similar to the ones
often reported in the literature for this type of PLD
films. Komath et al. [52] studied the possibility of
obtaining adherent and crystalline HAp on titanium
substrates at 200 °C through PLD and subsequent
hydrothermal treatment in an alkaline medium. They
found a remarkable increase in adhesion with the
substrate as a result of the treatment. Man et al.
[53] investigated the effect of different pre-treatment
method for enhancing the adhesion strength of HAp
and they observed in general the adhesion strength
increased with surface roughness.

2.3. Chemical vapor deposition (CVD)
The process of producing coatings and films with
CVD involves the chemical reactions of gaseous
reactants on or near the vicinity of a heated substrate surface. CVD can be employed to manufacture single-layer, multilayer, composite,
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nanostructured, and functionally graded coating
materials with well-controlled dimension and unique
structure at low processing temperatures.
This atomistic deposition method can offer highly
pure materials with structural control at atomic or
nanoscale levels in addition to the coating of complex-shaped biomedical prostheses and the fabrication of nanodevices and composites [21]. The
main CVD process parameters such as temperature, pressure, reactant gas concentration and total gas flow require accurate control and monitoring. The chemical reactions during CVD process
include pyrolysis, oxidation, reduction, hyrolysis or
a combination of these, and can be catalysed by
the substrate. The chemical reactions determine the
required operating temperature range. The temperature at which the coating is deposited is critical as
it controls both the thermodynamics and the kinetics of the coating process. The deposition temperature must be achieved and maintained in order for
the reaction to occur on the substrate and not in
the gas phase, and with an appropriate microstructure (grain size and shape). Small changes in the
temperature may change the reaction, and/or its
kinetics, resulting in an inferior coating [21]. The
ability of the reactant gases to reach the substrate
surface and the temperature at which the reaction
is gas diffusion limited, are important in determining the uniformity of the coating [54,55].

2.4. Sol gel technique (SG)
In a sol-gel system, colloidal particles in the size of
1-1000 nm are dispersed. The stability of sol particles can be modified by reducing their surface
charge. If it is reduced sufficiently, gelation is induced and the resultant gel is able to keep its shape
without using any mould. Gels can be regarded as
composites since they consist of solid skeleton that
enclose the liquid phase or solvent [16]. The sol-gel
method can be performed by dip coating process
(for large samples with complex shape) or by spin
coating (for smaller samples with flat surface). Generally, it can be said that this technique offers a
relatively easy, convenient and cheap solution to
provide bioceramic coatings compared to the above
discussed high-temperature techniques that require
high energy. Moreover, sol-gel process provides
superior chemical and physical homogeneity of the
final ceramic product compared to other routes, such
as solid-state synthesis, wet precipitation or hydrothermal formation. In the SG coating process, substrate metal degradation due to thermally-induced
phase transformations, microstructure modification
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or oxidation can also be avoided. The ceramic coatings prepared by SG process has better structural
integrity, purity and phase composition than other
conventional methods, such as thermal spraying.
and this process provides significantly milder conditions of the synthesis of calcium phosphate films.
This results in a much better structural integrity
whereas the defects originated from plasma spraying can be largely avoided. Generally a sol-gel process for preparing a crystallized hydroxyapatite
comprises hydrolysing a phosphor precursor in a
water based medium, adding a calcium salt precursor to the medium after the phosphite has been
hydrolysed to obtain a hydroxyapatite gel and subsequent calcination of the crystallized hydroxyapatite at a suitable elevated temperature. Existing solgel hydroxyapatite (HAp) synthesis methods require
calcination temperatures higher than 500 °C to develop a well-crystallized HAp phase. A high degree
of HAp crystallinity is required for bioactive applications, because partially crystalline, or amorphous
calcium phosphate coatings are rapidly resorbed
by living tissue. Metal alkoxides such as calcium
diethoxide and phosphorus esters (for example,
trialkyl phosphites and trialkyl phosphates), are used
as Ca and P precursors, respectively, in SG synthesis of CaP [18].

2.5. Wet chemical precipitation /
Hydrothermal synthesis
Wet chemical precipitation reactions are the most
widely used methods for preparing ceramic coatings or powders. In wet-chemical coating procedures
solutions, suspensions, colloids of dissolved or suspended precursors are used in order to coat bone
implant surfaces. The main advantage of this technique is that ambient temperature and pressures
can be applied using relatively simple equipment.
In addition, objects with complicated shapes can
be completely covered with the coating and the process can easily be upscaled. However its main drawback is that heat treatment is necessary after deposition to enhance the adherence of coatings [56].
CaP coatings have already been intensively investigated for several decades owing to their properties to enhance the integration of implants into
bone [57]. Numerous reviews have been published
dealing with the deposition of biologically active (inorganic) CaP layer on titanium implants [57,58]. The
hydrothermal synthesis is similar to wet precipitation method, however, in this case, treatment is
performed at elevated (>80 °C) temperatures during
a relatively prolonged period of time (>1.5 h), the
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CaPO4 deposits are usually crystalline and they offer
good control on morphology and chemical stoichiometry [59-63].

2.6. Electrochemical deposition (ED)
Electrochemical deposition is a versatile coating
technique that has been used widely in biomedical
applications. Up to now, a large amount of work has
been devoted to the electrochemical HAp coating
on implant surfaces [64,65]. Using electrochemical
process to deposit CaP and modified CaP coatings
is more cost effective compared to other physical
deposition methods (CVD, PLD). The processing
temperature is relatively low compared to plasma
spraying. Furthermore, the properties of the coating can be easily controlled. The other advantage of
electrochemical methods that homogenous layer can
be deposited on 3D materials with complex geometry. In a conventional electrochemical deposition
process, a two-electrode electrochemical cell is used
where the cathode is the substrate material to be
coated and the anode is some inert metal such as
platinum. During electrochemical deposition, the pH
at the cathode/electrolyte interface can be controlled. In an aqueous electrolyte, the following reactions occur at the surface of the cathode (reduction of water, proton discharge, reduction of dissolved oxygen):
2H2O +2e–  H2 + 2OH–,

(1)

2H3O+ + 2e–  H2 + 2H2O,

(2)

O2 + H3O+ + 4e–  3OH–.

(3)

This results in the formation of hydroxyl ions, and
hence increasing pH close to the surface.
The main electrochemical reactions at the electrode surfaces might be as follows:
Ca2+ + HPO42-  CaHPO4,

(4)

Ca2+ + HPO42- + 2H2O  CaHPO4.2H2O,

(5)

10CaHPO4 + 12OH–  Ca10(PO4)6(OH)2 +
4PO43- + 10H2O.

(6)

The electrochemical deposition can be performed
by direct and pulse current. The main advantage of
pulse current deposition over the direct current is
that more homogeneous and dense layer can be
achieved. In the pulse current deposition the time of
current impulses applied are in the order of millisecond which is followed by a relaxation time. This
relaxation time allows the ions-depleted region in
the vicinity of electrode to regenerate. Moreover,
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since the short current pulses prefer nuclei
genetarion over growth, coatings even smaller particles can be deposited which enhance the corrosion properties of samples [66].

2.7. Electrophoretic deposition (EPD)
The electrophoretic deposition (EPD) process employs electric fields to deposit charged nanoparticles
from a solution onto a substrate. Earlier industrial
use of the EPD process used organic solvent solutions and therefore typically generated hazardous
waste as a by-product of the process [67]. In addition, the shapes, compositions, densities, and microstructures of materials formed through EPD processes have typically been difficult to control. It is
extremely difficult to form structures from more than
one material. That is to say, typical EPD processes
are limited in that they are only capable of forming
planar, homogenous structures [68,69].

2.8. Electrospraying (ES)
Electrospraying is a relatively new technique to deposit coatings by generating droplets, which can
then later be collected as films or particulates, under the maintenance of an electric field. Several
works have recently developed CaP suspension or
coatings on substrates by electrospraying method
[70-72]. In addition, using polymeric additives the
particulate form of CaPs can also be produced by
adjusting the solution properties or collector design.
In practice, a range of polymeric suspensions has
been generated into spherical particulates [73,74].
Eltohamy et al. [73] developed TCP bioceramic
microspheres through the electrospraying method
and utilized these spherical microparticulates as drug
delivery systems. They claimed that the generation
and form of particles highly depend on the properties of the initial solution, showing a switch from
continuous fibers (electrospinning) into discontinuous particles (electrospraying). In particular, during
the electrospraying, the shape turned into a spherical cup. Lagaron Cabello et al. filed an invention on
development of bioactive coatings by electrospinning
for biomedical application [75]. In their invention, they
described that the electrospinning technique makes
it possible to obtain coatings generally based on
fibers of submicrometric size from a wide range of
biocompatible and biodegradable polymers. Due to
the fiber size, the electrospun coatings can mimic
the real structure of live tissues and organs, which
favours adhesion, growth, migration and cell differentiation. Furthermore, the materials of greatest in-
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terest as the base of implants are also polymeric,
and can be both temporary and permanent.
Electrospinning shares the characteristics of both
electrospraying and the conventional solution of the
dry spinning of fibers [75].
Summary of advantages and disadvantages of different deposition techniques is presented in Table 1.

3. CHARACTERIZATION OF PURE
AND ION-SUBSTITUTED CALCIUM
PHOSPHATE COATINGS
In this section, the physical and chemical properties of calcium phosphate coatings prepared by different methods are discussed.

3.1. Properties of CaP coatings
prepared by plasma spraying (PS)
Malshe et al. [13] investigated the mechanical properties of PS deposited HAp in their patent. They
have succesfully fabricated HAp coating with a grain
size from 50 to 300 nm and a gradient of nano-tomicron pore sizes. The nano-HAp coating had a Ca/
P ratio of about 1.6, very close to natural bone, and
thus favorable for bone cell growth. Moreover, the
nano-HAp coating was crystalline after sintering.
They performed adhesion tests and microscratch
tests according to ASTM C1624. The microscratch
test results showed that the critical load of coating
delamination reached as high as 10 N. Gan et al.
[15] carried out mechanically tests (pull-out tests)
to determine the shear strength and interface stiffness of the implant-bone interface zone in case of
silver modified HAp coatings. They found that the
modified coatings with the lower or higher Ag+ additions performed similarly. Moreover, the pull-out force
for implant removal increased with increasing implantation period with significantly higher pull-out
forces being recorded for the 16-day implanted
samples compared with the 9-day samples. The
values of interface zone stiffness were not significantly different for the 9-day and 16-day implanted
samples although the mean values were higher for
the 16-day implants. Wang et al. [76] fabricated HAp
coatings by micro-plasma spraying method. They
found that the coating phase distribution significantly
changed throughout the coating depth. Crystalline
HAp, ACP and ß-TCP were observed near the coating-substrate interface. On the other hand, HAp
content increased with increasing distance from interface, and it was ~90% at top surface of the coating ( > 40 mm) according to micro-Raman analysis.
Columnar structure was found in such region, which
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Table 1. Summary of advantages and disadvantages of different deposition techniques [12-29].
Method

Advantage

Disadvantage

Plasma Spray

Homogeneous , dense layer,
High deposition rate,
Coating thickness and deposition
parameters are easy to control,
Layer adherence is good,
Improved wear and corrosion resistance.

Molecular Plasma
Deposition

Homogeneous, dense layer,
High deposition rate,
Coating thickness and deposition
parameters are easy to control,
High adhesive strength,
Improved wear and corrosion resistance.

Expensive equipment,
High temperature,
Possible thermal decomposition,
Materials with complex shape are
difficult to coat (Line-of-sight
technique),
Rapid cooling produces cracks
Poor control of the physicochemical parameters of the coating.
Expensive equipment,
Line-of-sight technique,
High temperature,
Thermal decomposition.

Pulsed Laser Deposition Homogeneous, dense layer,
Coating thickness and deposition
parameters are easy to control,
Layer adherence is good,
Improved wear and corrosion resistance.
Homogeneous, dense layer,
Chemical Vapor
highly pure materials,
Deposition
coating thickness and deposition
parameters are easy to control,
layer adherence is good,
low processing temperatures.
High purity,
Sol/Gel Technique
Homogeneous, thin coating without
residual stresses,
Non-line-of-sight technique,
Low temperature.

Wet Chemical synthesis/ Homogeneous coating,
Hydrothermal
Non-line-of-sight technique,
Low temperature.
Electrodeposition

Low cost,
Low temperature,
Non-line-of-sight technique,
Parameters are easy to control.
Electrophoretic deposition Low cost,
Low temperature,
Non-line-of-sight technique,
Parameters are easy to control.
Electrospraying

Low cost,
Low temperature,
Parameters are easy to control.

Expensive equipment,
Line-of-sight technique,
Low deposition rate.

Expensive equipment,
Line-of-sight technique,
Low deposition rate.

Edge cracking,
Post-treatment needed (heat
treatment to enhance the adherence of coatings)
Layer adherence is poor,
Controlled atmosphere processing
requirement,
Expensive raw materials.
Post-treatment needed (heat treatment to enhance the adherence of
coatings)
Layer adherence is poor.
Inhomogeneous layer,
Coating adherence is relatively poor.

Inhomogeneous layer,
Coating adherence is relatively
poor,
Difficult to produce crackfree coatings.
Inhomogeneous layer,
Coating adherence is relatively poor,
Line-of-sight technique.
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was related to a strong (002) crystallographic texture. They also investigated the dissolution behaviour
of the coating by immersing the material in balanced
salt solution for 14 days. The study revealed that
HAp coating exhibited superior chemical stability,
and the columnar structure emerged on the surface
of the coating during immersion experiment.
Gligorijevic et al. [77] studied the surface structural
heterogeneity of high power plasma-sprayed hydroxyapatite coatings. In their work they examined
the dependence of the local surface structure, the
surface structural heterogeneity on the local thickness (thickness uniformity) and structure properties along the thickness of hydroxyapatite coatings
(HAp) deposited by using the high power (52 kW)
laminar plasma jet. The results showed heterogeneous phase distribution on the surface of each HAp
analyzed and non-uniform thickness of HAp coatings. A correlation existed between the local surface structure and the local thickness of HAp coating. The microstructural analyses along the thickness of HAp coatings suggested that different local
structure in the different surface locations of the
same HAp was caused by the occurrence of different recrystallization along the thickness of HAp
around the corresponding surface locations during
the plasma deposition process. Tsui et al. [78]
sprayed HAp coatings onto substrates of Ti6Al4V,
mild steel and tungsten, using a range of input power
levels and plasma gas mixtures. They found that
the HAp coating had low porosity, high cohesive
strength, good adhesion to the substrate, a high
degree of crystallinity and high chemical purity as
well as phase stability. They also discovered that
as the plasma power level increased, the crystallinity and OH- ion content of the coatings decreased,
while the amount of non-HAp calcium phosphate
compounds present increased. These changes were
attributable to an increased degree of particle melting. The melted material freezed to an amorphous
phase. As the plasma power level increased, the
porosity level and extent of microcracking in the
coatings decreased. These are associated increases
in the Young’s modulus, quenching stress and residual stress in the coating and an increase in interfacial adhesion.

3.2. Properties of CaP coatings
prepared by pulsed laser
deposition (PLD)
There are several studies on investigating the properties of pulse laser deposited HAp coatings [2729,51,77-80]. Popescu-Pelin et al. [79] grown HAp
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thin films onto titanium substrates and studied their
mechanical, physico–chemical and biological properties. They evidenced rough and irregular morphologies with specific micrometric droplets on the film
surface. In addition, granular surface topographies
with micro- and nano-cavities were found for coatings deposited by PLD. Ca/P ratios were within the
range of 1.73 ± 0.3 which indicates the presence of
HAp with a moderately excess of calcium. They
observed that the crystallinity of coatings improved
by PLD deposition. The micrographs of the films
showed a uniform distribution of spheroidal particulates with a mean diameter of around 2 mm. Pulloff measurements demonstrated excellent bonding
strength values between the hydroxyapatite films
and the titanium substrates. Nishikawa et al. [80]
studied the variation of the Ca/P ratio in hydroxyapatite thin films in relation to the spot size of the
ablation laser for two different spatial energy distributions in pulsed laser deposition. They found that
the more uniform spatial energy distribution of the
ablation laser improved the Ca/P ratio. Duta et al.
[51] prepared doped hydroxyapatite thin films by
PLD. The deposited hydroxyapatite powder and films
proved to be polycrystalline and the Fourier transform infrared spectroscopy evidenced the vibrational
bands characteristic to a hydroxyapatite material
slightly carbonated.

3.3. Properties of CaP coatings
prepared by chemical vapor
deposition (CVD)
Krumdiek et al. [22] used pulsed-pressure (PP)
metal-organic (MO)CVD to deposit layers of calcium
phosphate onto flat biomedical grade titanium
(Ti6Al4V) substrates. In their researches, they used
calcium lactate and trimethyl phosphate (TMP),
combined in a methanol solution as precursor. They
found that the films were continuous and the size of
surface structures increases at higher temperatures
and precursor concentration. The films consisted of
amorphous calcium phosphate in elemental Ca/P
ratios similar to the standard bioceramic, hydroxyapatite (1.66).
A qualitative micro-indentation method was also
employed to examine the adhesion of CVD deposited calcium phosphate coatings. They noticed that
the adhesion was relatively consistent, and none of
the coatings deposited at temperatures above 500
°C, or at any concentration, were observed to crack
or delaminate upon cooling.
Gao et al. [23] filed a patent on a method in
which they coated the substrate with a calcium
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phosphate compound using plasma enhanced
MOCVD. They claimed that the ideal substrates for
deposition were solid materials that can be porous
or non-porous, including but not limited to metal,
ceramic, glass and their combinations. After the
coating process the samples were placed into a
solution with an agent selected from an approriate
group of protein, antibiotic, antimicrobial, growth
factor and their combinations that can be adsorbed
into the coating before implantation.

3.4. Properties of CaP coatings
prepared by Sol/Gel method (SG)
Preparing CaP coatings by sol-gel methods is a
widely applied and investigated procedure.
Takahashi et al. [81] developed a gel route preparation method using calcium nitrate and
phosphonoacetic acid (HOOCCH2PO(OH)2) in an
aqueous solution and obtained pure HAp powder at
700 °C. The crystallinity of HAp increased with temperature up to 1100 °C. Chai et al. [82] compared
two calcium precursors, namely calcium diethoxide
and calcium propionate in reaction with triethyl phosphite as phosphorus precursor to form HAp coating. They observed that HAp phase appeared at 500°
C for calcium propionate solution, but no HAp formed
when calcium ethoxide was used. However, they
did not explain the influence of chemical nature of
the precursors on phase formation. Qiu et al. [83]
used calcium nitrate and ammonium dihydrogen
phosphate (NH4H2PO4) to synthesize HAp in highly
basic solution. They obtained HAp at calcination
temperatures of 400 -1100 °C and indicated that the
crystallinity of the HAp improved with increasing
temperature.
Haddow et al. [84] used calcium acetate with a
number of phosphorus precursors, i.e. phosphoric
acid (H3PO4), phosphorus pentoxide (P2O5), and triethyl phosphite for HAp coating preparation. They
found that the films prepared from triethyl phosphite
and calcium acetate showed the best wetting characteristic and the temperature required to form an
apatitic phase was greater than 600 °C. Troczynski
et al. [19] disclosed an invention to manufacture
biofunctional HAp coatings and microspheres for
drug encapsulation. They designed the coatings and
microspheres to perform a defined biological function related to drug delivery. In this process they
used calcium phosphate cement (CPC) slurry and
incubated it to precipitate HAp phase within the
microsphere or the coating. They claimed that by
adding drugs and proteins into colloidal suspension
(CPC slurry) of the microsphere or coating precur-
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sors, a direct in-situ encapsulation and subsequent
controlled release of the therapeutically active agents
from the apatite microspheres can be achieved. The
varying degree of crystallinity of the microspheres
was used to control and customize their resorption
process in body fluids, and thus the rate of drug
release. Usinskas et al. [85] deposited porous and
hydrophilic calcium hydroxyapatite coating onto
modified titanium substrate by sol-gel method combined with dip-coating technique. In their research
work they modified the surface of titanium substrate
with calcium titanate (CaTiO3) sublayer or additional
preheating at 650 °C to achieve a better quality of
HAp coatings. During the preparation process calcium acetate monohydrate was used as precursor.
Ca(CH3COO)2 was added to the aqueous solution
of the 1,2-ethandiol and the obtained mixture was
then stirred for 30 minutes at 65 °C. Afterward,
ethylenediaminetetraacetic acid (EDTA) was added.
They applied triethanolamine (TEA) also as a
complexing agent. Then diluted orthophosphoric
acid (H3PO4 85%) was added into the solution to
obtain the Ca/P ratio of 1.67. Finally, this solution
was mixed with PVA dissolved in distilled water. They
found that the surface modification of Ti substrate
did not have any influence on the morphology of the
HAp thin films.
Malakauskaite-Petrulevicienen et al. [86] demonstrated in their research work that sol–gel processing route is suitable for the fabrication of hydroxyapatite thin films on Si substrate. The substrate was spin-coated by precursor sol solution 1,
5, 15, and 30 times. The samples were annealed
after each spin-coating procedure at 1000 °C for 5h
in air. In the sol–gel process ethylendiamintetraacetic acid and 1,2-ethandiol as well as triethanolamine and polyvinyl alcohol were used as complexing
agents and as gel network forming agents, respectively. They claimed that the properties of hydroxyapatite thin coatings depend on spinning and annealing times.

3.5. Properties of CaP coatings
prepared using wet chemical
precipitation and hydrothermal
methods
In wet chemical preparation methods most research
work are using calcium nitrate as calcium precursor [87,88].
The nitrate method is based on Eq. (7) and avoids
ionic contamination because the ammonium nitrate
by-product does not incorporate into the HAp lattice.
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10Ca(NO3)2.4H2O + 6(NH4)2HPO4 + 8NH4OH 
Ca10(PO4)6(OH)2 + 20NH4NO3 + 20H2O
(7)
In this case extensive washing after precipitation is
required to remove this residual ammonium nitrate
and ammonia.
Thus, an alternative method was employed by
Akao and Osaka [89,90] which focused on a calcium hydroxide method intended for large-scale industrial use. The reaction process in Eq. (8) showes
that in this case the only by-product is water.
10Ca(OH)2+6H3PO4  Ca10(PO4)6(OH)2 + 18H2O (8)
There are numerous other research works using
same precursors. Nörenberg et al. [91] also used
calcium hydroxide as Ca precursor and phosphoric
acid as P precursor to produce rod shaped apatite
crystals with a specific length-to-width ratio where
the length-to-width-ratio of the crystal was at least
 5. Saita et al. [92] filed an invention on method
preparing HAp coating films using coating liquor comprising a colloidal dispersion of hydroxyapatite having a fine particle size of 0.5 ìm or less. Troczynski
et al. [93] in their invention described a novel roomtemperature process for obtaining calcium phosphate, in particular hydroxyapatite, coatings and
microspheres that encapsulate drugs, proteins,
genes, DNA for therapeutical use.
However, the main problem with wet chemical
precipitation reactions is a lack of reproducibility
due to the formation of non stoichiometric CaP
phases or variations in crystallinity and morphology. An important factor is the pH control in order to
avoid the formation of TCP or other phases. The
aqueous calcium source must be buffered at a high
pH in order to ensure the presence of orthophosphate ions in solution produced from aquous H3PO4
[94]. Other finding that the reaction temperatures
between 25 and 37 °C have produced particle sizes
similar to those in bone, whereas 90 °C had particle
sizes similar to dentin [95]. The ionic substitution
can also be problematic for the Ca/P ratio and the
subsequent phase purity. Also, when producing
some substituted apatites, it is necessary to perform the reaction in an inert gas atmosphere in order to avoid excessive carbonate substitution
[96,97]. Bonfield et al. [98] filed a patent on preparation of a single phase magnesium- and carbonate-substituted hydroxyapatite composition. The
process comprises the steps of preparing an aqueous solution containing CO32- and PO43- ions in the
substantial absence of cations other than H+ ions
and mixing the solutions with an aqueous calciumand magnesium-containing solution or suspension.
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The precipitate formed were collected and dried. The
ratio of (Ca+Mg/P) in the calcium- and magnesiumcontaining solution or suspension and the phosphorus-containing solution, when mixed together, was
maintained at 1.67. The product contained up to
0.5% magnesium and up to 1% of carbonate substituted into the hydroxyapatite structure and did
not contained Na+ or NH4+ ions and the ratio of
(Ca+Mg/P) was greater than 1.67.
Bingöl et al. [99] prepared hydroxyapatite from
calcium sulfate hemihydrate and ammonium phosphate solution under mild hydrothermal conditions.
In their research they found that the formation of
HAp at a reaction temperature lower than 50 °C
occurs at very limited extend while at 25 C HAp
formation starts after 7 days. Extending the reaction time for low temperature reactions improves the
HAp formation efficiency, meanwhile this also promotes precipitation of another calcium phosphate
such as monetite together with HAp. Saita et al.
[100] invented a method for forming a hydroxyapatite coating film on substrates. The method comprises coating a dispersion of flocculated colloids
of hydroxyapatite on a substrate and subsequent
drying. The coating method of this invention did not
require heating of the coated substrate to high temperature and hence can also be applied to substrates
which are easily deteriorated with heat. They claimed
that the coated substrate had excellent strength and
adhesion force and was useful in a variety of fields,
particularly as an implant [63]. The source of Ca2+
for electrodeposition can be not only synthetic
Ca(NO3)2 but there are several reseach works where
the authors used so-called organic calcium components derived from either seashell [101,102] or eggshell [103-107]. Narayanan and co-workers [101]
used commercially available calcium nitrate and
calcium nitrate produced from calcined seashell as
sources of calcium in the electrolysis. In their research work the seashell was powdered and calcined for 1 h at 900 °C. One part of this powder was
treated with two parts of HNO3 and the product was
washed in water then dried. They found that the
coatings prepared using organic Ca source were
thin, containing lower amounts of carbonate and
showed better resistance to corrosion in SBF medium compared to coatings with inorganic Ca(NO3)2.
These coatings had low roughness values and they
contained some amount of sodium and bioactive
hydroxyl groups which is suitable for body implant
application showing better biological performance.
While Balázsi et al. [104] prepared hydroxyapatite
powder by ball milling and attrition milling from egg-
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Fig. 1. SEM measurements on (a) hydroxyapatite from eggshells (eHA) (b) synthetic hydroxyapatite (sHA).
Magnification 50000X. Low magnification (1000X) images of eHAp (a) and sHAp (b) in the inset of Figure.

shell. They found that attrition milling resulted in
nanosized grains and after the heat treatment at
900 °C, the particle size was around 100 nm. In the
case of ball milling the grains sticked together. Coagulated samples with smooth surfaces were
achieved after heat treatment at 900 C and smaller
particle size with homogeneous size distribution was
achieved with attritor milling compared to ball milling.
Fig. 1 shows the SEM images of HAp partciles
of different origin (commercial HAp purchased from
Sigma Aldrich (sHAp) and HAp from eggshell (eHAp)
prepared by wet chemical method and ball milling).
It is visible that sHA had smaller size of constituent
granules than eHA. Low-magnification images (inset in Figs. 1a and 1b) showed that eHAp had
smaller particle size than sHAp. It might be due to
the weak aggregation tendency between the constituent granules in eHAp.

3.6. Properties of CaP coatings
prepared by electrochemical
deposition (ECD)
The number of research work and patents is abundant in scientific databases since this technique
offers a cheap and versatile opportunity for preparing bioceramic coatings on metallic implant materials. Benhayoune et al. [108] filed an invention on a
process for the electrodeposition of calcium-phosphorus coatings onto a rough metallic support. They
applied the electric current in pulsed mode between
the support that forms the cathode and a counter
electrode and the electrolyte comprised a solution
of Ca(NO3)2.4H2O and of NH4H2PO4. This coating
can be optionally doped with metallic ions such as
strontium. The strontium was introduced to replace
part of the calcium atom in the calcium phosphate

coating in proportions such that (Ca + Sr) / P =
1.67. The pH value was adjusted to 4.4 by adding
NaOH solution. They claimed that the deposited
HAp had homogeneous microscopic structure and
crystallographic structure similar to that of the stoichiometric HAps The percent of crystallinity was
greater than 90% or even 95%, and the coatings
had good mechanical strength and adhesion to the
support. The crystal structure of HAp was hexagonal and close-packed. The preparation was performed at near room temperature. They stated that
metal dopant can be incorporated into the calcium
phosphate biomaterials by adding precursors in the
electrolytic solution. The dopants can be selected
from zinc, magnesium, manganese, silicon, strontium, sodium, silver, titanium and fluorine, and the
corresponding precursors capable of releasing in
solution e.g. Zn2+ ions , Mg2+, Mn2+, Si4+, Sr2+, Na +,
Ag+, Ti4+ and F– mixtures. Preferably, the dopants
were selected from Zn2+, Mg2+, Sr2+ and its mixtures.
LeGeros et al. [26] described a method in their
patent in which they prepared highly adherent coating of a desired calcium phosphate phase on titanium-based substrates by electrochemical method.
They found that the deposited layer had homogenous
morphology, composition and thickness. They also
investigated the dissolution properties of CaP according to ASTM F1926 specifications (“Test method
for evaluation of the environmental stability of calcium phosphate coating”). They found that the coating composition (mainly the HAp/ACP ratio) significantly affects in vitro dissolution properties of the
coating: the lower the ratio, the more soluble the
coating. Gupta et al. [109] invented a method to
prepare discrete region of CaP coatings onto medical implant by electrochemical deposition. The
shapes of the deposited HAp crystals were mainly
needle-like. Thanh et al. [110] investigated the ef-
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Fig. 2. SEM image of Monetite coating on titanium
alloy deposited by pulse current as well as the corresponding EDX elemntal analysis.

fect of electrolyte/precursor concentrations, the temperature and the H2O2 content on the morphology,
structure and composition of the coating. They found
that H2O2 addition leads to smoother HAp coatings,
when intervening the reaction mechanism and electrolyte composition and its concentration significantly affect the deposition kinetics as well as the
HAp coating thickness. Blackwood et al. [111] discovered that the cathodic deposition of CaP leads
to a mixture of poorly crystalline HAp and amorphous calcium phosphates that were weakly adhered to the Ti substrate. They found that both the
crystallinity of the HAp and its fraction in the deposited layer can be increased by post-treatment
with NaOH and increased adhesion and crystalline
HAp can be obtained by either pre-treating the Ti
substrate with NaOH followed by a heat treatment
at 600 °C or the addition of H2O2 to the electrolyte.
In addition, both the crystallinity of the HAp and its
adhesion to the Ti substrate increased at elevated
temperatures. Rotating the substrate at low revolutions was also beneficial for adhesion to the substrate as the centrifugal forces both pump more Ca2+

35

and PO42- ions towards the substrate and removes
hydrogen bubbles. But, at higher rotation rates OHions were pushed away from the substrate so that
bulk precipitation was favoured over film formation.
It was also discussed in some research works
[112-115] that the main phase of as-deposited CaP
layer is monetite which can be transformed to HAp
by either heat treatment at 900 °C or by immersing
the samples into 1M NaOH solution at 70 °C for 2
hours.
The characteristic morphology and EDX elemental analysis of as deposited Monetite phase are visible in Fig. 2. It is visible that the Ca/P ratio in this
case is 0.97. The morphology of hyrdoxyapatite after phase transformation by alkali-treatment is visible in Fig. 3 (SEM, TEM and EDX analysis). The
elemental analysis in this case revealed the Ca/P
atomic ratio to be 1.74, which is closer to the elemental ratio in hydroxyapatite (1.67).
The electrochemical deposition can also be performed by pulse current instead of direct current.
This method provide coatings with even better characteristic with regard to mechanical and corrosion
properties. With pulse current, more dense, homogeneous layers can be deposited with smaller grain
size compared with direct current deposition. A typical current wave form can be seen in Fig. 4.
Gopi et al. [116] described a comparative study
on direct and pulse current deposition of hydroxyapatite. Their reseach revealed that the pulsed current more positively influences the crystallinity and
adhesion of HAp films deposited on substrate than
the one obtained from direct continuous current
method. They claimed that the off part of the cycle
in pulsed electrodeposition method gives Ca2+ and
PO43- ions in the bulk solution sufficient time to diffuse to the vicinity of the substrate maintaining more
favorable conditions for HAp deposition. Microscopic
studies of the as-deposited HAp coating by pulsed
method demonstrated that the most compact uniform layer was obtained at low current density with
longer off time. Therefore the coatings obtained by
pulsed method were better adherent.
Blackwood et al. [117] have also deposited hydroxyapatite onto titanium substrate and investigated the adhesion properties of coatings. They
found that pulsed deposition at low current densities increased the thickness, crystallinity and adhesion of HAp coatings, making them more suitable for biomedical applications than their DC counterparts. However, they also discovered that HAp
coating deposited with high AC current density for a
short time had similar properties as the one coated
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Fig. 3. SEM (a) and TEM (b) images on HAp coating prepared by pulse current electrodeposition and
subsequent surface treatment in 1M NaOH solution as well as the corresponding EDX elemntal analysis.

with a low DC current density over a long time to
the same charge density.
The other possibility to manipulate the mechanical, corrosion and biological properties of calcium
phosphate coatings is ion doping. It is well discussed
that the ion-modification can interfere with the hydroxyapatite crystal lattice influencing its parameters.
According to the thorough literature survey, the
most common doping elements are silver and zinc.
The role of silver incorporation is to provide antibacterial properties while the zinc content can enhance
the biocompatible properties of coatings and can
promote wound healing process. In some research
works [118-122] the XRD results showed phase

Fig. 4. Schematic pulse-current waveform.

shifting to higher 2q value due to the replacement of
larger sized Ca2+ (0.099 Å) ions with smaller sized
Zn2+ ions (0.77 Å) or even with Mg2+ ions (0.69 Å)
[120-127].
In other research work, Ziani et al. [121] found
broadening of the reflections due to the reduction in
the crystallite size and increase in the lattice disorder, which they attributed to the Mg2+ substitution
in the HAp lattice. On the other hand, the substitition
of strontium and silver can cause phase shifting to
lower 2 indicating an increase in the lattice parameters, which can be attributed to the higher ionic
radius of Sr (1.13 Å) and Ag (1.15 Å), as compared
to Ca2+ [122]. Moreover, the incorporation of Zn ions
into CaP crystal structure can also result in a new
phase, Parascholzite CaZn2(PO4)2.2(H2O), formation
[123-128].
It is visible in Fig. 5 that the ion-modified CaP
coating had mainly a mixture of non-uniform small
needle-like particles in nanometer size and larger
thin, laminated plate-like particles in micrometer
size. Moreover, when silver and/or zinc particles were
incorporated into the layer, flake-like aggregates
were also formed. The Ca/P ratio in modified CaP
layer varied from 1.11 to 1.68 which confirmed the
different calcium phosphate phases present in the
layer.
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Fig. 5. SEM-EDX investigation on AgCaP (a) on ZnCaP (b) and AgZnCap coated Ti6Al4V (c).

3.7. Properties of CaP coatings
prepared by electrophoretic
deposition (EPD)
Theoretically, in EPD deposition direct current (DC)
or high voltage is applied to suspended powder particles in a liquid medium to charge the particles and
deposit them onto a conductive substrate of opposite charge [67-75]. Rose et al. [68] in their patent
demonstrated that electrophoretic deposition (EPD)
is capable of, at small length scales, being performed
using aqueous (water-based) solutions. In addition,
EPD can be performed using a wide variety of
charged nanoparticles, such as oxides, metals,
polymers, semiconductors, diamond and so on.
Rojaee et al. [129] prepared nanostructured HAp
coatings onto magnesium alloy implants via electrophoretic deposition. The obtained nHAp coatings
consisted of an outer course layer with the mean
thicknesses of 87.31 ± 4.52 mm and the nHAp coating showed an average roughness of 5.05 ± 0.72
mm.

Zhong et al. [130] deposited biomimetic zinc
substituted hydroxyapatite coatings with chitosan
and multiwalled carbon nanotubes onto titanium
substrate with electrophoretic method. In their research, they discovered that the use of silk fibroin
as template and zinc as substitution led to changes
in HAp crystal morphology and the silk fibroin acted
as template for nucleation and growth of HAp. The
resultant HAp nanoparticles were rod-like and ZnHAp
nano-particles were in wrinkled sheet-like shape.
Furthermore, the ZnHAp composite coating had
better corrosion resistance compared to HAp coatings.

3.8. Properties of CaP coatings
prepared by electrospraying (ES)
Various bioceramic coatings can be deposited by
electrospaying technique. Leeuwenburgh et al. [70]
deposited thin calcium phosphate layers onto commercially pure cp-Ti substrates using electrostatic
spray deposition. The results showed that the coat-
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ing structure and morphology could be tailored by
choosing the appropriate combination of deposition
parameters. Moreover, with this technique, various
surface morphologies, ranging from dense to very
porous coatings, can be obtained. Particularly interesting was a unique reticular coating morphology characterized by a three-dimensionally interconnected pore network. The X-ray diffraction (XRD)
and Fourier transform infrared spectrometry (FTIR)
analyses showed that crystalline carbonate apatite
coatings were formed after heat treatment of asdeposited ESD coatings. Huang et al. [72] prepared
nano-sized HAp coatings by electrospraying. In their
research work the nHA was synthesized by a precipitation reaction between calcium hydroxide
(Ca(OH)2) and orthophosphoric acid (H3PO4) with a
Ca/P ratio of 1.67. The prepared nHA droplets were
then sprayed on glass substrate for morphological
examination. They claimed that the electrospraying
offers the potential to create both micro- and nanoscale surface topography and appropriate coverage
for a favorable cell response. Eltohamy et al. [73]
investigated the electrosprayed tricalcium phosphate (TCP) spherical cups. The prepared particles
were of a few micrometers in size (average=2.74
mm). They mixed sol–gel precursors, containing
calcium and phosphate (Ca/P=1.5) with polyvinylpyrrolidone in ethanol at varying concentrations,
and then sprayed under a controlled electrostatic
field. Singh et al. [131] coated nano hydroxyapatite
(n-HA) onto orthopaedic implant material. The synthesis of n-HA was performed using wet chemical
method and the n-HA was further coated on titanium alloy (Ti6Al4V), using the electrostatic spray
deposition. In they research they found that the
surface roughness of Ti alloy increased from 2.34
mm to 2.77 mm after coating with n-HAp and corrosion resistance improved drastically. XRD pattern
of n-HAp coated Ti alloyh, owever, showed broadening of HAp associated peak, reflecting change
from crystalline to amorphous phase of n-HA.
Schouten et al. [132] prepared electrosprayed
CaP coatings and investigated their mechanical
properties. The prepared coatings showed a rough,
porous network of densely packed nano-CaP particles distributed over the entire implant surface.
They also carried out Torque test to evaluate the
mechanical properties of coated implants. The results showed that the mean torque-in values were
32.1 N cm-1, and the mean torque-out values after 6
weeks implantation were 42.8 N cm-1 for nano-CaPcoated implants.
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4. BIOLOGICAL PERFORMANCE OF
PURE AND ION-SUBSTITUTED
HYDROXYAPATITE COATINGS
For biomedical application, the developed HAp coatings must meet strict requirements. The critical
quality specifications for HAp coatings include thickness, phase composition, crystallinity, Ca/P ratio,
microstructure, surface roughness, porosity, implant
type and surface texture, which influence the resulting mechanical properties of the implant, such
as cohesive and bond strength, tensile strength,
shear strength, Young’s modulus, residual stress
and fatigue life [133-141]. Changes to these variables can produce coatings with varied bioactivity
and durability. It has been suggested that a coating
for orthopaedic implants should have low porosity,
strong cohesive strength, good adhesion to the substrate, a high degree of crystallinity, and high chemical and phase stability [142]. Generally, it can be
stated that after implantation into the human body,
the implant surface will immediately contact the
physiological fluid, which contains numerous ions
and proteins that guide the adhesion of particular
cell types to the surface. There are numerous biological fluids that can simulate the real biological
conditions within the body. These solutions are SBF
[143,144], Hanks’ solution [145,146], fetal bovine
serum solution [147], buffering fluid [148], saline
solution [149, 150], phosphate-buffered saline [151],
and fast calcification solution [152].

4.1. Biocompatibility investigations on
pure HAp layers
Up to now, the mechanical strength of pure HAp
bioceramics obtained by various technologies is still
lower than that of natural bones. Since the mechanical strength of HAp ceramics is still too poor for
application of implant materials in load bearing place,
therefore HAp ceramics are often coated as a thin
layer on metal materials to increase the
biocompatibility and osteoconductivity of the dental
and orthopedic implants [153]. Furthermore, the
chemistry and surface topography of HAp or other
calcium phosphate crystals deposited as thin film
on implants are known to accelerate early bone formation and increase the strength of the bond between implant and bone.
Pugh et al. [17] invented a method to prepare
artifical stabilized calcium phosphate phases with
unique morphology capable of supporting bone cell
activity. The morphology of prepared coating had a
characteristic form of loosely interconnected globu-
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lar structure resembling coral. The size of the granules varied from approximately 0.5-1 mm in lateral
dimension. The coating was porous in the direction
perpendicular to the substrate with a larger planar
density closer to the surface than near to the substrate. This morphology allowed for the percolation
of liquid. Hontsu et al. [29] examined the in vitro
and in vivo biocompatibility of a thin hydroxyapatite
(HAp) deposited by pulsed laser ablation. Thin HAp
film was deposited on titanium discs using pulsed
laser operating at a repletion rate of 10 Hz and annealed by heating at 380 °C for 1 h. They used actin
staining to test the bioactive properties of coating.
The staining with rhodamine phalloidin revealed that
the spread of clonal stromal cells was markedly
greater on HAp coating than on untreated titanium.
When infused with clonal stromal cells, the HApcoated titanium could indeed generate bone formation in the backs of nude mice. However, the appearance of new bone was not enhanced by the
HAp coating, likely because air in the porous scaffold during cell loading reduces the cell-scaffold
contact. Wu et al. [14] in their invention investigated
the biocompatible properties of porous HAp coating. They added ammonium carbonate, ammonium
bicarbonate, ethanol, hydrogen peroxide as pore
forming agent into the CaP suspension, and the
mixture was extensively stirred to be used as the
feedstock materials for plasma spraying. The porosity of the porous hydroxyapatite prepared by this
invention was 2%-50%, and the pore size was 0.1200 microns. They discovered that its bioactivity was
better than the coatings prepared without the poreforming agent, which can promote the proliferation
and growth of the osteoblast cells. It is obvious since
the porous hydroxyapatite coatings are beneficial
to the delivery of oxygen and nutrients and the excretion of metabolites. They also investigated the
proliferation and growth rate of MG 63 cells by MTT
assay. The results indicated that the coatings were
beneficial to the proliferation and growth of the cells,
in addition to the lack of cytotoxicity. Balasundaram
et al. [47,48] in their invention discovered that the
nano-HAp coated nanotubular Ti surface promotes
osteoblast cell adhesion and the coatings were particularly suitable for orthopedic and dental implants
where deposition of osteoblasts and other proteins
is important in bone formation. The HAp coating was
strongly adhered to the Ti surface. Anchorage-dependent cells, including osteoblasts, exhibited enhanced adhesion to the nanoparticulate HAp compared to microparticulate HAp surfaces, thus effectively promoting accumulation of calcium-contain-
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ing minerals required for new bone formation from
the extracellular matrix. The described nano HAp
coated nanotubular titanium surfaces promoted the
cell adhesion to a greater extent than to nanotubular
titanium surfaces without the HAp coating. The inventors claimed that the greater density and adherence of osteoblast cells to the nano-particulate HAp
surfaces provided significant advantage over currently
used coatings in orthopaedic implants.
Knabe et al. [154] investigated the biocompatible
properties of titanium and hydroxyapatite dental
implant surfaces using a rat bone marrow stromal
cell culture system. They found that after 14-day
incubation, multiple RBM cell layers and elaboration of a multilayered extracellular matrix (ECM)
occurred on all of the test substrates, however, on
the Ti-HAp specimens, cell layers and the extracellular matrix seemed to be less dense and stratified
with fewer fibrillar components. Sewing et al. [24]
filed a patent on method of electrodepositing calcium phosphate layers onto Ti6Al4V alloy by means
of galvanostatic polarization using cathodic current
flow at –10 mA/cm3. The as-deposited layer consisted of amorphous calcium phosphate
(Ca9H(PO4)6.nH2O), hydroxyapatite (Ca10(PO4)6
(OH)2), octacalcium phosphate (Ca8H2(PO4)6.5H2O),
brushite (CaHPO4·2H2O). After 30 minutes of deposition they immersed the samples in a collagen
solution for 10 minutes and subsequent partial mineralization of the collagen was carried out under
cathodic current flow at –10 mA/cm3 for 15 minutes. The deposited coating was whitish and the
thickness was 0.04-150 mm. They investigated the
cell proliferation of MC3T3 mouse osteoblasts on
samples using WST-1 tests. The developed coatings showed increased cell adherence and cell proliferation began after shorter time. Thian et al. [155]
studied the biocompatibility of electrosprayed HAp
coatings. To evaluate the bioactive capacity of these
nanoHAp (nHA) coatings in vitro, an acellular simulated body fluid soaking experiment and a human
osteoblast (HOB) cell culture work were conducted.
Under these physiological conditions, more accelerated apatite precipitation process occurred on the
nHA-coated titanium surfaces as compared to the
uncoated titanium surfaces. HOB cells developed
mature cytoskeletons with distinct evidence of actin stress fibres and vinculin adhesion plaques on
these nHA coatings. Leeuwenburgh et al. [156] investigated the in vitro and in vivo reactivity of porous, electrosprayed calcium phosphate coatings.
They found that all apatitic electrosprayed coatings
induced the formation of homogeneous and adher-
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ent CaP precipitation layers. Amorphous CaP displayed a delayed precipitation of poorly adherent
CaP layers, whereas heterogeneous calcification
was observed on top of b-TCP-coated substrates,
indicating that b-TCP and amorphous CaP coatings
exhibit a poor ability of inducing calcification in SBF
as compared to crystalline apatitic coatings. The in
vivo tests showed no adverse tissue reactions (toxic
effects/inflammatory cells) according to light microscopy investigations, and all coatings became surrounded by a dense, fibrous tissue capsule after
implantation. All coatings degraded gradually at a
dissolution rate depending on the chemical phase,
thereby enabling synthesis of CaP coatings with a
tailored degradation rate. Jonge et al. [157] developed a coating to mimic the biphasic
biomineralization process, where both the enzyme
alkaline phosphatase (ALP) and calcium phosphate
(CaP) were coated onto Ti discs. In this case, they
were able to trigger enzymatically and physicochemically controlled biomineralization pathways.
In vitro soaking studies in cell culture medium revealed that crystal growth initially proceeded at a
faster rate on CaP-coated Ti than on ALP-containing coatings, but mineral deposition onto ALP-coated
Ti caught up with the calcification behaviour of CaP
coatings upon long-term soaking. Cell culture experiments with osteoblast-like cells, however, demonstrated the opposite effect in mineral deposition
on the electrosprayed CaP and ALP coatings. The
ALP–CaP composite coatings showed delayed proliferation as well as accelerated mineralization in
comparison to cells cultured on the CaP-coated and
uncoated Ti. In conclusion, these in vitro results
showed that the osteogenic potential of Ti can be
stimulated by ALP-containing coatings. This research
group also investigated the osteogenic effect of
electrosprayed nanoscale collagen/calcium phosphate coatings in their other manuscript [158]. They
characterized the mechanical and biological coating properties using tape tests (ASTM D-3359) and
in vitro cell culture experiments. The results revealed
that co-deposition of collagen significantly improved
coating adhesive and cohesive strength, resulting
in a remarkably high coating retention of up to 97%
for coating thicknesses below 100 nm. In vitro cell
culture experiments showed that electrosprayed
CaP and coll-CaP composite coatings enhanced
osteoblast differentiation, leading to improved mineral deposition [158].
In addition, some clinical case study results on
HAp coated implants can also be found in the scientific literature. Aebli et al. [159] carried out a his-
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tological study of a proximally hydroxyapatite (HAp)coated femoral component, retrieved after 9.5 years
of good function. They found that the HAp coating
became completely degraded. Bone was in direct
contact with the titanium surface in all the areas
which had been coated, with no interposing fibrous
tissue. There were no signs of particles, third-body
wear, adverse tissue reactions or osteolysis. Bone
remodelling was evident in this case by the presence of resorption lacunae; tetracycline labelling
showed bone laid down six years after implantation. They also discovered that the loss of the HApcoating had no negative effect on the osseo-integration of the stem. They concluded that the HAp
coating contributed to the fixation of the implant and
its degradation did not adversely affect the long term
fixation. Delaunay et al. [160] investigated the effect of hydroxyapatite coating on the radio-clinical
results of a grit-blasted titanium alloy femoral taper.
This work was a case-control study of 198
cementless primary total hip arthroplasty with the
AlloclassicTM system. They found that long-term
cementless press-fit (“flat wedge-shaped”) fixation
was reliable and HAp coating improved the radiological results of the proximal bone-prosthesis interface. Results were excellent or good in 184 hips
(95%) with no significant difference between the 2
groups (without HAp compared to with HAp coated;
p = 0.59) and radiographic signs of stable
osseointegration were observed in 173 hips (90% of
the cases). Nodzo et al. [161] investigated the short
term effect of HAp coated metal backed patellas. In
their work, they evaluated the records and radiographs of 101 knees with a hydroxyapatite coated
metal backed patella (HAp) and 50 knees with a
cemented polyethylene patella (CP) with minimum
two year clinical follow up. They discovered that
patients in both the HAp and CP groups had similar
clinical outcomes at final follow-up. Forty-five percent of patients in the HAp group had 1–2 mm areas of decreased trabecular bone density around
the pegs, which were not observed in the CP group,
and may represent stress shielding. This
uncemented HAp component had satisfactory early
clinical outcomes, but long-term follow up is necessary to determine the durability of this implant. Sato
et al. [162] compared the survival of cups in total
hip arthroplasty with and without HAp coating during a minimum follow-up of 18 years and found no
significant difference in cup survival rates between
the control and HAp coated groups based on their
experiments. In their work, 163 patients were analyzed, including 73 cups with HAp coating (HAp+
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group) and 110 without HAp coating (HAp- group);
otherwise, the cups had identical titanium-sprayed
rough surfaces and were fixed with screws. The results suggested that HAp coating did not have either beneficial or adverse effects on the long-term
cup survival in primary cementless total hip arthroplasty.

4.2. Biocompatibility investigations on
ion-modified HAp layers
It is widely discussed that the biocompatibility and/
or antimicrobial properties of HAp coatings can be
enhanced even more by doping elements or components. The doping elements can be cationic, such
as Ag+ [15,122,126-128,163-170], Zn2+ [34,35,119,
123-129,171-175], Cu2+ [186], Mg2+ [34,40,98,118,
120,121], Sr2+ [8,9,40,122], Si4+ [37,96], Fe2+ [102]
and anionic such as fluorine [120,196], chlorine [196]
and carbonate [194, 195] ions.

4.2.1. Substitution with cations
There are numerous research work on doping the
HAp coating with silver ions to provide the layer
antimicrobial properties. The silver express its antimicrobial properties in cationic form by forming a
strong bond with electron donor groups in biological
molecules. Kose et al. [163] prepared silver ion
doped calcium phosphate-based ceramic
nanopowder-coated prosthesis and found that they
increased the infection resistance in New Zealand
White rabbit modells. Lu et al. [164] prepared nanoAg-loaded hydroxyapatite coatings on titanium surfaces by electrochemical deposition. They performed
antibacterial and cell culture tests to evaluate the
antibacterial properties and biocompatibility of HAp/
Ag composite coatings. The results indicated that
the as-prepared coatings had good antibacterial properties and biocompatibility. However, an appropriate silver content should be chosen to balance the
biocompatibility and antibacterial properties. The
silver-loaded HAp had shown antibacterial effect, and
also good osteoconduction. The biocompatibility
tests were carried out by Alamar Blue assay on
osteoblast cells grown on different samples. They
found that pure HAp coatings had the highest proliferation rate, followed by 0.5 HAp/Ag and 1 HAp/Ag
after 3 days of culture. Erakovic et al. [165] prepared silver doped hydroxyapatite thin films by
pulsed laser deposition. They tested the cytotoxic
activity with HEp2 cells against controls. The antifungal efficiency of the deposited layers was tested
against the Candida albicans and Aspergillus niger
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strains. Their studies on cytotoxicity showed that
the tested biomaterials did not influence the cellular adhesion, viability, morphology and proliferation
rate. Their development onto the tested material
surfaces was similar to the glass control.
Song et al. [166] developed three kinds of antibacterial ingredients loaded hydroxyapatite (HAp)
coating: antibiotic (ampicillin sodium salt), silver ions
and water soluble chitosan. They prepared two different kinds of HAp coatings with dense and porous
structures by the air plasma spraying (APS) and
liquid precursor plasma spraying (LPPS) processes.
They found that the antibiotic loaded HAp coatings
had the best antibacterial activity, while the silver
ion loaded HAp coatings showed the worst bacterial inhibitory effects among the three kinds of antibacterial materials. They found that the HAp coating with porous structure had increased loading of
antibacterial materials and enhanced antibacterial
properties. Such observations suggested that both
antibacterial material and coating structure have
strong influences on the antibacterial properties of
the HAp coatings. Gan et al. [15] described a
method for incorporating a silver derivative into HAp
in their invention. They used WST-1 reagent to quantify the metabolic activity of the MC3T3-E1 cells
grown on different samples and exposed to the conditioned media. Their results showed that the
1%AgHAp and 2%AgHAp groups increased the
metabolic activity of cells compared to the positive
cytotoxic control group (PVC), and the negative
control group (HDPE). The metabolic activity of cells
exposed to pure HAp was however higher than either of the two Ag containing groups. The metabolic
activity of cells exposed to the Ti6A14V group was
below that of all HAp containing groups and the
negative control HDPE. However, Ti6Al4V stimulated
the mineralization of cells to a level that was twice
that of the positive control.
The other most commonly applied doping element is zinc. It is well known that the zinc is an
important mineral in the normal growth and development of the skeletal system and its deficiency is
associated with a decrease in bone density [171].
Moreover, Zn inhibits osteoclast differentiation, and
promotes osteoblast activity thus promoting bone
formation [172]. Li et al. [173] studied the osteoclast responses of tricalcium phosphate and zinccontaining tricalcium phosphate in culture medium
supplemented with zinc. They found that the culture medium supplemented with zinc within the
range between 0.3 and 6.8 ppm induced an increase
in osteoclast apoptosis and a decrease in actin ring
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formation. ZnTCP sample releasing comparable zinc
ion inside the resorption lacuna did not influence
osteoclast apoptosis and actin ring formation. Other
researchers found that ZnTCP ceramic with 0.5 and
1.0 mol.% zinc suppressed resorption by mature
osteoclasts in vitro compared with TCP [174]. Ortiz
et al. [175] studied the in vitro performance of zinc
apatite coatings on titanium surfaces. The percentage of zinc incorporated in the coatings was 7 at%
in this case and the Ca/P ratio was 1.61 for the
pure and Zn substituted apatite, suggesting that Zn
was incorporated substitutionally, replacing Ca atoms in the HAp structure. They found that the incorporation of Zn in the HAp structure changed the
crystal morphology, reduced crystal size and decreased the deposition rate showing that zinc is an
inhibitor of the growth of HAp crystal. They performed
scratch tests to evaluate the coating adhesion
strength and no significant difference was found
between the two tested groups, indicating the good
adhesion of ZnHAp to Ti substrates. The in vitro
response of human osteoblasts (HOB) exposed to
the surface of HAp and ZnHAp coatings were also
studied. The results showed that ZnHAp samples
had better adhered and spread cells compared with
HAp. ZnHAp coatings presented cells with elongated
or polygonal shapes and clearly more spreaded than
HAp. The quantitative analysis also showed that
there was a significantly higher number of cells adhered to ZnHAp coatings compared to HAp, indicating the zinc in corporation stimulates osteoblast
proliferation.
There are some research works on preparing and
characterizing strontium substituted calcium phosphate coatings. The role of strontium in these substituted coating is to decrease bone resorption by
inhibition of osteoclast-resorbing activity and osteoclastic differentiation. In addition, it promotes bone
formation by enhancing pre-osteoblastic cell replication and osteoblastic differentiation. There are also
some positive results obtained in clinical studies
on long-term Sr treatment [176]. Li et al. [177] investigated the effect of strontium-substituted hydroxyapatite coating on implant fixation in ovariectomized rats. In their study, they prepared strontium-substituted hydroxyapatite coatings with 10
mol.% Ca2+ replaced by Sr2+ (10% SrHAp) using
sol-gel dip methods. The results showed that the
10% SrHA coated implants improved the
osseointegration compared to HAp, with the bone
area ratio and bone-to-implant contact increased by
70.9% and 49.9% in histomorphometry, the bone
volume ratio and percent osseointegration by 73.7%

M. Furkó, K. Balázsi and C. Balázsi
and 45.2% in micro-CT evaluation, and the maximal push-out force and ultimate shear strength by
107.2% and 132.9% in push out test. These results
demonstrated that 10% SrHAp coatings could enhance implant osseointegration in OVX rats, and
suggested the feasibility of using SrHAp coatings
to improve implant fixation in osteoporotic bone.
Chung et al. [178] prepared Sr-HAp coatings onto
titanium by micro-arc treatment (MAT). They claimed
that this method can replace calcium (Ca) with different percentages of strontium (Sr). They also investigated how Sr content affects the microstructure of and osteoblast/osteoclast growth on the coatings. The experimental results indicated that an increase in the Sr content in the electrolyte bath resulted in a greater degree of Sr substitution at Ca
sites within the HAp phase, facilitating the formation of Sr-HAp coatings with Sr fully solid soluble in
the HAp phase. Irrespective of the Sr content, most
coatings were similar in porous morphology and pore
size. Additionally, the Sr-HAp coating showed higher
osteoblast compatibility than raw titanium metal and
the HAp coating. Moreover, cell adhesion and proliferation after 48 h was greater than that after 4 h,
indicating that Sr can stimulate osteoblast adhesion and proliferation. Further, Sr significantly inhibited osteoclast differentiation when the Sr-HAp coatings exceeded 38.9 at.% Sr. Boyd et al. [179] prepared strontium-substituted hydroxyapatite coatings
by co-deposition sputter technique. They revealed
that Sr could be successfully incorporated into the
HAp lattice to form SrHAp coatings. It was observed
that as the number of SrHAp sputtering targets were
increased (increasing Sr content), the deposition
rate decreased. Malshe et al. [13] filed a patent on
preparing coating that contained HAp and ZnO particles and investigated their biocompatible and antimicrobial properties. They claimed that ZnO
nanoparticles can be incorporated in the HAp
nanoparticles to form a composite coating material. The role of ZnO was to provide infection resistance due to its inherent antimicrobial properties.
They discovered that HAp-ZnO nanocomposite could
also promote cell organization through contact guidance, topology, and its unique cell interactions.
There are research works on preparing and characterization of silicon substituted HAp coatings. It
can be stated that silicon is an essential trace element for bone development. It was reported that silicon was only located in the active areas of young
bone and was involved in the early stages of bone
calcification [180,181]. A relative high concentration
of silicon is present in metabolically active osteo-
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blasts and is considered to be essential in the formation of extracellular matrix in bone and cartilage
[182]. Qiu et al. [183] electrodeposited novel
bioactive silicon doped calcium phosphate coating
on AZ31 magnesium alloy. They prepared dual-layer
structure with a porous lamellar-like and an outer,
block-like apatite layer. In vitro immersion tests were
carried out in simulated body fluid within 28 days of
immersion. In addition, further formation of an apatite-like layer on the surface after immersion proved
better integrity and biomineralization performance
of the coating. Biological characterization was carried out for viability, proliferation and differentiation
of MG63 osteoblast-like cells. The coatings showed
good cell growth and an enhanced cell proliferation.
Moreover, an increased activity of osteogenic marker
ALP was found. All the results demonstrated that
the Si-doped calcium phosphate can enhance the
bioactivity, which would facilitate the rapidity of bone
tissue repair.
The magnesium is also an important trace element in cell functions at biological, chemical and
molecular levels. It plays a key role in bone metabolism, since it influences osteoblast and osteoclast activity, and thereby bone growth [184].
Kheradmandfard et al. [185] studied the effect of
Mg content on the bioactivity and biocompatibility
of Mg-substituted fluorapatite nano-powders prepared by mechanical activation. They found that bioactivity depended on the amount of Mg substitution
and cell culture suggested that the addition of Mg2+
had no adverse effect and Mg-apatite samples had
good biocompatibility.
The HAp coatings can be modified by more than
one cation by co-deposition. There are research
works on electrodeposited silver and zinc co-doped
hydroxyapatite powders and coatings [126-128].
Iqbal et al. [126] prepared Zn–Ag–HAp nanoparticles
by using microwave-assisted wet precipitation process. In their research work, the antibacterial tests
of the nanoparticles revealed their antibacterial activity against Staphylococcus aureus and Escherichia coli. By using simulated body fluid (SBF), an
apatite layer formation was observed in 28 days. In
vitro cell adhesion assay confirmed the cell attachment of normal human osteoblast (NHOst) cells to
the disc surface. MTT [(3(4,5-dimethylthiazol-2-yl)2,5 diphenyltetrazolium bromide] assay indicated
that the cells were viable, and the cells proliferated
faster on the disks than on the control surface due
to the presence of metal ions. Huang et al. [186]
electrodeposited strontium/copper substituted hydroxyapatite (SrCuHA) coating onto commercially
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pure titanium (CP-Ti). They studied the antibacterial and in vitro cytocompatible properties of coatings. Cu was incorporated into HAp in order to improve its antimicrobial properties while the Sr was
added as a second binary element to improve the
biocompatibility. They found that the presence of
Sr2+ and Cu2+ in solution led to reduced roughness
of the coating and that finer nucleus size was formed.
The results highlighted that Sr2+ and Cu2+ were
homogenously incorporated into HAp lattice to form
SrCuHAp coatings. The antimicrobial test results
revealed that SrCuHAp coatings can kill Escherichia coli to a certain extent during the first few days,
which might be due to the Cu substitution in the
coating. An enhancement of in vitro osteoblast adhesion, proliferation and alkaline phosphatase activity was also observed. There are other discussions on the role of Cu ions that prove its vital part
either in osteogenesis and/or in angiogenesis. Copper is an essential trace element with its highest
abundance in the liver tissue is known for its stimulatory effect on endothelial cells towards angiogenesis. Moreover, Cu functions as a cofactor and is
an important component for structural and catalytic
properties of many enzymes. Although copper can
exist in its oxidized cupric (Cu2+) or reduced cuprous (Cu+) state, the bivalent Cu2+ has attracted
much attention for its role in angiogenic processes
[187].
Gopi et al. [188] developed a bilayer coating by
electropolymerisation
of
poly(3,4ethylenedioxythiophene) (PEDOT) on surgical grade
stainless steel (316L SS) and subsequent electrodeposition of strontium (Sr) and magnesium (Mg)
substituted porous hydroxyapatite (SrMg-HAp). The
results showed that the PEDOT/Sr,MgHAp bilayer
exhibited greater adhesion strength than the SrMgHAp coated 316L SS. In vitro cell adhesion test of
the SrMg-HAp coating on PEDOT coated specimen
was found to be more bioactive compared to that of
the single substituted hydroxyapatite (Sr or Mg-HA)
on the PEDOT coated 316L SS. As a conclusion,
the PEDOT/SrMg-HAp bilayer coated 316L SS can
serve as a prospective implant material for biomedical applications. This research group in other work
[189] deposited minerals (Sr, Mg, and Zn) substituted HAp by pulse current. They also investigated
the biological performance of the prepared coatings.
The in vitro cell adhesion test results revealed that
the M-HAP coating was appropriate for the formation of new cell growth which proved the enhanced
biocompatible properties of the coatings. Yuan et
al. [190] filed a patent on a method providing the
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calcium phosphate material with an effective amount
of trace elements. Trace elements used in this invention are selected from the group consisting of F,
Si, Cu, Li, Al, Mg, Mn, Zn, Ge, Sr and their combinations. The prepared calcium phosphate particles
had a diameter in the range of 200-300 mm. Such
prepared calcium phosphate material was capable
of release of the trace elements comprised in it.
The inventors found that the osteoinductivity of calcium phosphate materials could be considerably
improved by providing the calcium phosphate material with an effective amount of trace elements, which
trace elements are then released over time from the
material. The results also showed that these coatings enhanced the bone formation, stimulated proliferation and differentiation of collagen-synthesizing cells.

4.2.2. Substitution with anions
It is well discussed that the hydroxyapatite crystal
can also be modified by anionic substitutions. The
biologically most relevant anionic substitutions involve F-; Cl-, CO32-, SO42-, for the OH- group. The
fluorinated HAp increased stability and crystallinity
of materials. The partially F-substituted HAp has
lower solubility compared to HAp or fluoroapatite
itself [191]. CO32- can inhibit HAp crystal growth,
and the incorporation may result in poorly crystalline structures with increased solubility [192]. The
anionic modification can be used to perpare apatites with tunable solubility. In addition, a biomimetic
HAp should also contain significant amount of CO32ions. On this basis, enormous efforts have been
made to synthesize biomimetic nanocrystalline
apatite containing carbonate as raw material for the
manufacture of biomaterials [193]. These anionic
substituted apatites can be prepared by wet chemical methods [191-196] or via electrochemical deposition [64] and are mainly used in tissue engineering. Zhou et al. [194] prepared carbonated hydroxyapatite (CHAp) nanospheres through nanoemulsion.
The synthesis was performed by mixing an acetone
solution of Ca(NO3)2.4H2O with an aqueous solution
of (NH4)2HPO4 and NH4HCO3. Four reaction temperatures, namely, 4, 25, 37, and 55 °C, were investigated and no surfactant was added in all
nanoemulsion processes. Wet slurries of CHAp from
the nanoemulsions were then freeze-dried to obtain
dry powders. Xiao et al. [195] developed hollow HAp
microspheres with controllable amounts of carbonate substitution (0–12 wt.%) using a novel glass
conversion route and evaluated the powder in vitro
and in vivo. Hollow HAp microspheres with ~12 wt.%
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of carbonate (CHAp) showed higher surface area
than conventional hollow HAp microspheres and
faster degradation rate in a potassium acetate buffer
solution. They found that after implantation for 12
weeks in rat calvarial defects, the CHAp and HAp
microspheres showed a limited capacity to regenerate bone but the CHAp microspheres resorbed
faster than the HA microspheres.
Wang et al. [64] deposited fluoridated hydroxyapatite (FHAp) coatings on titanium substrates using an electrochemical technique. In their work, different concentrations of F- ions were incorporated
into the apatite structure by adding NaF into the
electrolyte. Typical apatite structures were obtained
for all the coatings after electrodeposition and subsequent post-treatment, including alkaline immersion and vacuum calcination. The coatings were
uniform and dense, with a thickness of 5 m. They
found that when the F- concentration was higher than
0.012 M in the electrolyte, a saturation of fluor into
the coating occurred and the F/Ca ratio in the coatings became almost constant (F/Ca ratio = 0.125).
They observed that the FHA coatings had higher
bonding strength and lower dissolution rate than HAp
coating, particularly for those with a fluoridation level
of 0.5–0.625. This coating also exhibited higher biological affinity like cell proliferation and alkaline phosphatase activity. For clinical application, it is suggested that a moderate content of fluor, such as
Ca5(PO4)3(OH)0.375-0.5F0.5-0.625, is most suitable as a
compromise among cell attachment, cell proliferation, apatite deposition and dissolution resistance.
Fahami et al. [196] prepared chlorine and fluorine substituted hydroxyapatite and investigated their
characteristics and bioactivity properties. They
measured the zeta potential of the prepared suspension. The obtained zeta potential values were
negative which was described to favor
osseointegration, apatite nucleation, and bone regeneration. The bioactivity of samples was investigated on sintered pellets soaked in simulated body
fluid (SBF) solution and apatite crystals formed on
the surface of the pellets after being incubated for
14 days.

5. USE OF PURE AND IONSUBSTITUTED HYDROXYAPATITE
COATINGS IN BIOMEDICAL FIELDS
Nano-hydroxyapatite bioceramics have a wide variety of applications. The most important ones are
applications in bone tissue engineering scaffolds
[107,197-200,216] in bone void fillers
[105,106,201,202], in orthopaedic and dental implant
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coatings [5-18], and in drug and gene delivery systems [19,73,93,198,203-206]. Moreover, HAp can
also be used as a compound to mimic the
biomineralization processes [205-208]. Lee et al.
[105] performed a comparative study on synthetic
(sHAp) and eggshell-derived hydroxyapatite (eHAp)
as a material for bone regeneration. They investigated the regenerative ability of bone using the two
types of HAp in a rabbit calvarial defect model. They
discovered that both types of HAp showed higher
bone formation than the unfilled control. However,
eHAp had significantly higher bone formation than
the unfilled control at 8 weeks after operation.
Concerning current clinical applications of HAp
coatings, the plasma spraying technology is the
most widely used over the last twenty years, with
several companies (APS Materials Inc, Inc.,
Fluidinova, SA, Premier biomaterials Ltd, HiMed,
Surface Dynamics) manufacturing commersially
available HAp coated implants. For application in
orthopaedic surgery, coating degradation is one of
the major concerns because of the potential late
failure of the implant caused by the HAp particles’
migration into the joint space. So far, abundant number of researches and clinical case studies have
been performed on HAp coated implants [159162,210-214]. The results of these clinical trials are
controversary. While Aebli [159], Delaunay [160],
D’Antonio [210], McNally [211] and Furlong [212]
reported positive effect of HAp coatings on osteogenesis induced by the coating leading to permanent and better fixation of the implant over noncoated implants within a few days to weeks. Even
so, there are some cases where clinical studies
reported no additional benefits of HAp coating
[213,214]. However, in these cases, thick HAp coatings (~155 mm) were used, which might be the reason of the lack of positive effect, owing to poorer
mechanical properties leading to coating delamination. Despite the comprehensive investigation of pure
HAp coatings, there are a very few example of clinical applications of ionic modified or particles doped
HAp coatings in the available scientific literature.
One clinical study was performed by Eto et al. [215]
investigating the performance of silver oxide containing hydroxyapatite (Ag-HAp) coating prepared
by thermal spraying. They evaluated the potential
issues of total hip arthroplasty (THA) with an AgHAp coated implant since prosthetic joint infection
is a serious complication of implant therapy. The
implant contained silver at a maximum quantity of
2.9 mg / implant. The results showed that the AgHAp coated implants markedly improved patients’
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activities of daily living without causing any adverse
reactions attributable to silver in the human body.
Ag-HAp is expected to reduce postoperative infections and prevent decreased quality of life in patients undergoing prosthetic arthroplasty, thus leading to more favorable outcomes.

6. CONCLUSION & FUTURE
DIRECTIONS
The aim of this comprehensive literature survey was
to provide a widespread overview of state of the art
in the area of preparing and developing biomedical
implant coatings.
The available research studies and clinical trials
highlighted that preparing and manufacturing of pure
HAp coatings are well elaborated and it is a working technology. However, there is still high demand
to develop ionic doped HAp coatings onto implant
materials for clinical application since applying doping elements into the HAp crystals can improve the
biocompatibility of implants and can mimic the
nanostructure of bone matrix even more. It is obvious that there are numerous parameters that can
affect the performance of HAp coatings such as preparing methods, preparing parameters, quantity and
quality of doping elements. It means that there are
still need to perform thorough research to optimize
the above mentioned parameters to enhance the
biocompatibility performance of HAp coatings and
decrease the number of post-operative failures, infections in orthopaedic surgery.
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