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Calcium phosphate (CP)-based biomaterials, especially nanostructured ones,
show a high biocompatibility and increased biological properties. The coatings
composed of stoichiometric hydroxyapatite have been extensively used to improve
integration of metallic implants in the host bone. However, these coatings exhib-
ited several drawbacks that limited their successful application. It was concluded
in numerous articles that the sol-gel derived coatings can undergo cracking and
delamination and are scarcely uniform. In this review article the recent advances
on the sol-gel synthesis of different phosphate coatings and thin films are sum-
marized. The attention is paid to coatings and thin films of calcium hydroxyapatite
(CHAp), other phosphates, bioglasses and different composite materials. The state
of the art, limitations, potentialities, open challenges, and the future scenarios for
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the application of CP bioceramics are highlighted in this study.
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INTRODUCTION

Calcium phosphates (CP) are very important syn-
thetic biomaterials due to their high bioactivity in
human bones and dental tissues. These CP bio-
ceramics are widely used to treat bone defects due
to their chemical similarity to bone minerals with
a good biocompatibility [IE]. The nanodimen-
sional forms of CPs can be utilized in biominerali-
zation and as biomaterials also due to their excel-
lent biocompatibility [ﬂ, E]. Among nanomaterials,
nanocalcium hydroxyapatite (n-CHAp) has been
widely used in scaffolds for bone tissue engineer-
ing as well as implant coating material [E, E]. Many
bioactive glasses (BG), glass ceramics (GC) and na-

nocomposites have been prepared by various tech-
-

niques during last decades [ l.
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Up to now, there are enormous efforts to devel-
op different coatings that can enhance the biocom-
patibility properties of metallic implant materials
and even provide antimicrobial effects [].
The field of bone regeneration has pushed to-
wards an extensive use of CHAp coated implants
as a bone substitute, in view of its similarity to
the inorganic phase of mineralized tissues. How-
ever, clinical results obtained by these traditional
coatings are not as promising as expected, since
due to a relatively high thickness, the synthesized
coatings have a high tendency to cracking and de-
lamination [@]. The quality of synthetic biomate-
rials, however, is highly dependent on the overall
characteristics and properties of the synthesized
products, such as phase purity and composition,
crystallinity, pore size, particle size, particle-size
distribution, particle morphology and a specific
surface area [R(]]. Thus, all mentioned properties
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of bioceramics are highly sensitive to the process-
ing conditions [R1-36]. Over the last few decades,
the sol-gel techniques have been used to prepare
a variety of mixed-metal oxides, nanomaterials,
nanoscale architectures, organic-inorganic hy-
brids, nanocoatings, glasses, monolithic, struc-
tured, composite and bio-inspired materials in
the form of thin films [p7-64].

In this study we present the results of a system-
atic analysis of the environment-friendly sol-gel
synthetic approach to calcium phosphate coatings
and thin films, including bioglasses and different
composites. This review focuses on the sol-gel
performance for biomaterials used for differ-
ent purposes of clinical applications in orthope-
dic surgery, restorative dentistry and implantol-
ogy, and discussing possible future strategies for
the development of sol-gel processing for novel
biomaterials with enhanced properties.

CALCIUM HYDROXYAPATITE COATINGS

Sol-gel synthesis using organic precursors
In 1998, Gross et al. [p3] showed that calcium hy-
droxyapatite (CHAp) coatings could be success-
fully synthesized through the sol-gel technique,
using calcium diethoxide and triethyl phos-
phite dissolved in ethanol as starting materials.
1,2-ethanediol was used as a complexing agent
in the sol-gel processing. It was concluded that
the production of thin homogeneous hydroxyapa-
tite coatings by the sol-gel method on titanium
substrates using alkoxide precursors required
control of the aging time and annealing tempera-
ture. Interestingly, the CHAp powders through
the sol-gel technique using alkoxides as start-
ing materials for the first time were obtained in
1990 [@]. One year later the same synthetic ap-
proach was used to fabricate CHAp coatings on
glass, polycrystalline alumina, partially stabilized
zirconia, Ti6Al4V alloy and single crystal MgO
substrate materials [ﬁi. It was determined that
coating thickness varied between 70 and 1000 nm
depending on the number of applied layers. SEM
and AFM examination revealed the presence of
two distinct regions consisting of grains 200 and
800 nm in size, respectively, after being sintered
at 1000°C.

However, the alkoxide route was soon slightly
modified using a calcium inorganic precursor.

Calcium nitrate (Ca(NO,),-4H,0) has been se-
lected as a calcium precursor for the synthesis of
calcium hydroxyapatite when the organic phos-
phorous precursor, triethyl phosphite, was used
in the sol-gel processing [6§]. The mechanisms
of on-going hydrolysis/condensation/polymeriza-
tion processes resulting in the formation of more
(-Ca-O-P-)-containing bonds in dry gels were
suggested. Upon ageing, the hydrolyzed phospho-
rus sol PHO(OEt), or P(OEt), (OH)_interacted
with calcium sol, possibly in the form of Ca(OEt)y
(NO3)2_Y in anhydrous ethanol and Ca?* in water, to
form oligomeric derivatives containing Ca-O-P
bonds. For the ethanol-based process, the reac-
tion may proceed as follows:

P(OEY), (OH), + Ca(OE) (NO,), > (OEY) (NO,), -
- Ca-O-HPO(OEY), +H,0+C,H,OH. (1)

The low temperature (375°C) fabricated CHAp
coatings on the Ti implant demonstrated bioac-
tivity over a short time of the period incubation
in the simulated body fluid (SBF) at ambient tem-
perature.

The simplified sol-gel synthesis approaches for
the preparation of CHAp coatings on galvanostat-
ically treated stainless steel and NiTi alloy sub-
strates were used by Ak Azem and Cakir [p9] and
Zhang et al. [@], respectively. They did not use
any complexing agent in the sol-gel processings.
Figure [ll shows the comparison of the XRD pat-
terns for the CHAp coatings obtained at different
processing conditions. The results summarized in
the article [@] revealed that the coating derived
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Fig. 1. XRD patterns of CHAp coatings obtained on 316L stainless steel sub-
strates with sols aged for different time [69]
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trom the sol with the aging time of 24 h shows bet-
ter crystalline properties and surface morphology
that has a dense structure with a low crack density.
Acidic conditions of the used sol solutions excite
the formation of the impurity phase of Ca P,O..
It was shown that modification of the substrate
surface with electrochemical seeding helped to
develop better adherence of the CHAp film on to
the surface when compared to those without seed-
ing. It is interesting to note that the CHAp coat-
ing, with a thickness at a sub-micron scale, has
been formed not only on the surface of the porous
NiTi alloy but also inside the pores without block-
ing them [@].

2.2. Sol-gel synthesis using only inorganic
precursors

Many authors suggested for the synthesis of
CHAPp coatings and thin films by a sol-gel method
to use phosphorous pentoxide (P,O,), phosphoric
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acid (H,PO,), ammonium hydrogen phosphates
((NH,),HPO,) or sodium phosphate (Na,PO,) and
calcium nitrate tetrahydrate (Ca(NO,),-4H,0), cal-
cium acetate monohydrate (Ca(CH,COO),-H,0)
or calcium chloride (CaCl) as starting materi-
als [71-83]. The sol-gel chemistry routes have
been developed to prepare calcium hydroxyapatite
thin films on titanium, silicon, silica and stainless
steel substrates by dip-coating and spin-coating
techniques. The quartz substrates were coated
1, 5, 15 and 30 times using both, dip- and spin-
coating techniques and annealed at 1000°C after
each dipping or spinning procedure [@]. It was
demonstrated that the crystallization of calcium
hydroxyapatite depends on the number of layers.
The progressive changes in the surface morphol-
ogy of CHAp films with increasing the dipping
or spinning time were detected (Fig. ). The SEM
micrographs of sol-gel calcined at 1000°C showed
highly uniform and crystalline particles with

Fig. 2. SEM micrographs of the CHAp samples containing 1 layer (at top, at left), 5 layers (at top, at right), 15 layers (at bottom, at left) and 30 layers (at
bottom, at right) of Ca—P—0 gel deposited by spin-coating technique and calcined at 1000°C [75]
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smooth surfaces. The homogeneous CHAp coat-
ings of regular polygons with a narrow particle
size distribution (300-400 nm) have formed in
the samples prepared with 15 and 30 spinning
and annealing procedures. The highest roughness
(44.2 at a surface area of 2/2 pm) was observed in
the sample containing 30 layers. The thickness of
the CHAp films increased monotonically with in-
creasing the number of spin-coating and anneal-
ing procedures.

The calcium hydroxyapatite thin films on sili-
con substrate were synthesized using only a spin-
coating procedure [@]. The results of Raman
spectroscopy showed the peak at 961 cm™', which
corresponds to the symmetric stretching vibra-
tion of phosphate groups in calcium hydroxyapa-
tite proving the formation of high quality CHAp
thin films on the Si substrate obtained using an
aqueous sol-gel chemistry approach. The Raman
spectra in the wavenumber region from 600 to
1250 cm™ of the Si substrate and the CHAp sam-
ple containing 30 layers are presented in Fig. H It
was proposed from the Fourier transform infra-
red (FTIR) spectroscopy results that formation
of the oxyhydroxyapatite Ca (PO,) (OH),, O
phase on the Si substrate was also possible [@Z].

The authors [@] showed that the sol-gel-de-
rived hydroxyapatite-coating layer on the Co-
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Fig. 3. Raman spectra of the CHAp sample obtained with 30 layers
on Si substrate (a) and only pure Si substrate (b). Difference of two
spectra (c) is also shown [77]

Cr-based substrate, dip-coated with two different
thicknesses, after the sintering process exhibited
a significant improvement in corrosion resistance
compared with the uncoated material. The poten-
tiodynamic polarization test in SBF at 37°C con-
firmed that the thickness of the CHAp-coating
layer affected the corrosion rate of the substrate.

An aqueous sol-gel method was developed
for the synthesis of calcium hydroxyapatite
(Ca (PO,),OH,, CHAp) thin films on the stain-
less steel substrate at 1000°C temperature with
a low number of layers [@]. It was demonstrated
that the values of the contact angle on the surface
of films decreased dramatically in comparison
with the pure substrate. Thus, high hydrophilic-
ity CHAp coatings were obtained after five im-
mersing, withdrawal and annealing procedures
in the sol-gel processing. The CHAp coatings on
the stainless steel substrate with a considerably
increased phase purity and homogeneity have
been synthesized with increasing the number of
immersing, withdrawal and annealing proce-
dures [@]. The SEM results indicated a slightly
different surface morphology of the spin-coated
and dip-coated samples when a large number of
CHAp layers was designed. The spin-coated sam-
ples were homogeneous and composed of nano-
scaled particles. The individual particles were
about 100-300 nm in size. The hydrophilic CHAp
coatings with contact angle values of 78.8°-82.8°
were obtained after 30 immersing, withdrawal and
annealing procedures in the sol-gel processing
(see Fig. H).

To increase the surface quality of CHAp coat-
ings the specific modification of the surface of
titanium and stainless steel substrates before
the coating procedures was performed [@, @].
To deposit calcium titanate sublayers by a sol-gel
route, titanium (IV) isopropoxide and either cal-
cium acetate monohydrate or calcium hydroxide
were used as Ti and Ca sources, respectively. Fig-
ure E shows a schematical view of sol-gel prepa-
ration of calcium titanate sublayers and calcium
hydroxyapatite thin films on the Ti substrate.
In the XRD patterns recorded peaks attribut-
able to CaTiO, were clearly, however, along with
CaTiO,, TiO, was also present at the Ti surface.
Moreover, it was observed that the intensity of
TiO, reflections increased with each step of dip-
ping in the CHAp gel procedure. Thus, the initial
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Fig. 4. The results of contact angle measurements for the sol—gel derived CHAp coatings [79]

Fig. 5. Schematical diagrams of the sol—gel preparation of calcium titanate sublayers (left) and calcium hydroxyapatite thin films (right) on Ti

substrate [80]

formation of a sublayer of calcium titanate on
the Ti substrate did not prevent the formation of
titanium oxide. The situation was different when
the Ti substrate was pre-heated before the for-
mation of a calcium titanate sublayer. The inten-
sities of the diffraction peaks of TiO, remained
unchanged with increasing the number of CHAp
layers up to 20 (see Fig. E).

An aqueous sol-gel method was applied for
the synthesis of CHAp thin films on medical grade
stainless steel substrates with a transverse and lon-
gitudinal patterned roughness. A schematic dia-
gram of the preparation of CHAp coatings is pre-
sented in Fig. H The surface of CHAp coatings on
the roughened stainless steel substrate obtained
after 25 spin-coating procedures was composed of
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Fig. 6. XRD patterns of CHAp films on Ti (initially pre-heated)
with the (aTi0, sublayer (derived from calcium acetate) annealed
at 650°C for 5 h in air. Diffraction peaks are marked as follows:
- — (Ca,,(PO,),(OH), (PDF: 74-0566); 0 — Ti0, (PDF: 77-2224); * —Ti
(PDF: 44-1294); x — (aTi0, (PDF: 22-0153) [80]

homogeneously distributed well-interconnected
spherical grains about 250 nm in size. The formed
layer of calcium hydroxyapatite was continuous and
pore-free. The increased hydrophobicity of CHAp
coatings on the rough substrate due to the synergy
of energetic and chemical effects, however, was de-
termined [@]. In this study, the fabricated CHAp
coatings were estimated after immersing in SBF for
2, 3 and 4 weeks. After 1 month of soaking in SBE
a decrease in the intensity of the peaks attributable to
both CHAp and TCP phases was observed. The XRD
results clearly indicated that amorphous calcium
phosphate had formed on the immersed samples.
The CHAp coatings were fabricated from the Ca-
P-O sol-gel solution for the first time on the silicon
nitride (Si,N,) substrate [@]. It was observed that
the formation of CHAp as a single phase occurred
after annealing of the coatings in air atmosphere at
650°C for 5 h. The CHAp coatings obtained after

30 dip-coating cycles were slightly cracked and po-
rous, having a smoother surface without formation
of islands. The Raman data indicated that the stud-
ied samples possess a hydroxyapatite molecular
structure and no formation of oxyhydroxyapatite
Ca, (PO, (OH),, O on_silicon nitride was ob-
served. Usinskas et al. [83] have fabricated calcium
hydroxyapatite thin layers from the Ca-P-O sol-gel
solution on the silicon (Si) substrate using the im-
proved dip-coating method. This developed tech-
nique allowed them to achieve the desired results
4 times faster in comparison with the previously
suggested processing.

Based on these observations and characteriza-
tion, it may be concluded that the sol-gel method
provides an effective way to produce CHAp coatings
on a variety of substrates with the enhanced apatite
forming ability beneficial for biomedical applica-
tions. Such CHAp coated specimens could be very
important implantable materials and used as sub-
stitute material for human hard tissues (bones and
teeth).

2.3. Sol-gel synthesis of cation-substituted
CHAp layers

Metal-substituted Ca, (PO,) (OH), coatings were
also synthesized by sol-gel synthesis routes [84-91]].
The inhibitory and antimicrobial effects of silver
particles have been known since ancient times, how-
ever, possible antimicrobial properties of calcium
hydroxyapatite doped with silver were announced
almost 15 years ago [@]. The cytotoxicity and an-
timicrobial effects were observed by authors in
the Ag-doped bulk CAHp prepared using different
techniques. Later, Buckley et al. [@] used Ag-doped
mesoporous CHAp with a high surface area as bio-
compatible supports for antibacterial applications.
In the first investigation of Ag-doped CHAp coat-
ings [Q], the prepared Ag-CHAp sol was coated on

Fig. 7. A schematic diagram of the preparation of CHAp coatings [82]
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passivated Ti surfaces by spin coating at 5000 rpm
for 50 s. The coated-Ti surfaces were immediately
dried at 70°C and then heat-treated at 650°C for
3 h. The Ag-CHAp sol was prepared by reacting
calcium nitrate tetrahydrate with methyl alcohol to
produce calcium precursors. Phosphorus precursors
were also prepared by reacting triethyl phosphite in
0.03 mL acetic acid (CH,COOH). The two precur-
sors were then mixed with silver nitrate (AgNO,)
powders and 0.1 mol of the so-called drying control
chemical additive (DCCA). The determined values
of contact angles for the Ag-CHAp coatings con-
firmed a high hydrophilic character of the obtained
thin films. Besides, the in vitro bacterial adhesion
study indicated a significantly reduced number of
S. epidermidis and S. aureus on the Ag-CHAp sur-
tace. The Ag-CHAp coating for implants fabricated
by immersing the bioglass coatings to the simulated
body fluid under hydrothermal conditions showed
antibacterial activity against Staphylococcus aureus
and Escherichia coli [P(].

It is well known that co-doped CHAp scaffolds
exhibited synergetic effects with enhanced antibacte-
rial properties as well []. Therefore, the CHAp
coating by a simultaneous incorporation of Ag* and
Zn** ions to study a cumulative effect of dopants was
also synthesized using the sol-gel technique [@].
The CHAp coatings were synthesized using calcium
nitrate tetrahydrate and phosphor pentoxide as Ca
and P precursors, respectively. Zinc nitrate hexahy-
drate and silver nitrate were used to substitute for
Ca in the CHAp structure. The obtained sols were
aged for 48 h. Glass substrates were immersed into
clear and stable sols, withdrawn at a speed of 4 cm/
min. Each coating was dried at 75°C and coating

steps were repeated for 5 times. The coated speci-
mens were heat-treated at 600°C for 2 h in air. It was
demonstrated that the CHAp structure was formed
successfully without the formation of undesirable
phases such as CaCO,, Ca0O, Ca,P,0, and CaHPO,.
Also, other calcium phosphate compositions with
the exception of P-tricalcium phosphate (B-TCP)
were not observed. The possible cationic substitu-
tion mechanism in CHAp could be expressed by
the following equation:

Ca, (PO,)(OH), + 2xAg" - 2)
2 Calo.xAgZX(PO4)6(OH)2 + xCa?",

Ca, (PO,).(OH), + xZn*" > (3)
2Ca,, Zn (PO, (OH), +xCa*.

It was concluded that the CHAp coatings con-
taining 1.0 wt.% Zn - 0.9 wt.% Ag in the composi-
tion had better surface characteristics. The colony
count showed that bacterial colonies on the Zn-Ag
substituted CHAp surface decreased significantly.

Magnesium is one of the most important divalent
ions associated with biological apatite. In [@, @] se-
ries of magnesium-substituted calcium hydroxyapa-
tite Ca,, Mg (PO,) (OH), coatings were synthesized
onto the Ti6Al4V substrate by the sol-gel dip-coat-
ing method to determine how magnesium influ-
ences the synthesis and the resulting structural and
biological properties. Calcium nitrate tetrahydrate,
phosphorus pentoxide and magnesium nitrate hex-
ahydrate were selected to prepare Ca-, P- and Mg-
precursors, respectively, in this study. Fig. E shows
the typical SEM micrographs of MG63 cells after

Fig. 8. Typical morphology of cells attached on the apatite coatings: (a) CHAp and (b) Mg-CHAp [85]
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1 day of culture on the surface of the CHAp and Mg-
CHAp coatings. It could be observed that all the cells
are attached to the coating surfaces and spread well.
Cell proliferation was also directly monitored by
counting cell numbers at culture periods.

Taken together, all these findings suggested that
the CHAp coatings with incorporated different cat-
ions into the apatite structure showed slightly dif-
ferent morphologies and can yield safe and highly
effective surfaces for metallic implants.

COATINGS OF OTHER CALCIUM
PHOSPHATES

Different calcium phosphate ceramics have been
also applied in dentistry, orthopedics and surgery
for about three decades because of their chemical
similarity to the mineral component of calcified tis-
sues []. Biphasic calcium phosphate (BCP)
ceramic comprises a mixture of CHAp and B-TCP.
This material was regarded as suitable for syn-
thetic bone applications and has been extensively
used as substitution materials for artificial bone

grafts [[105-10§]. During calcination of the amor-

phous gels the crystalline phase of BCP is forming:
10 Ca(NO,), + 6 (NH,) HPO, +
+8 NH,OH - Ca (PO,) (OH), +

+20 NH,NO, + 6 H,0, (4)

21,88K

38um

20KV

3 Ca(NO,), + 2 (NH,),HPO, +

+2 NH,0H > Ca,(PO,), +

+ 6 NH,NO, + 2 H,0, (5)
9 Ca(NO,), + 6 (NH,),HPO, +

+ 6 NH,0H - Ca,(HPO,)(PO,).OH +

+ 18 NH,NO, + 5 H,0, (6)
Ca,(HPO,)(PO,).OH > 3 Ca,(PO,), + H,0. (7)

Gan and Pilliar [@] have prepared CP thin
films on sintered porous-surfaced Ti6Al4V al-
loy implants by the sol-gel method using either
an inorganic precursor solution (with calcium
nitrate tetrahydrate and ammonium dihydrogen
phosphate) or an organic precursor solution (with
calcium nitrate tetrahydrate and triethyl phos-
phite). It was determined that both approaches
resulted in the formation of nanocrystalline car-
bonated hydroxyapatite (Ca, .(PO,), (CO,)
(OH),, CHA) [[11q] films but with different Ca/P
ratios and structures. For instance, the inorganic
route-formed film had a lower Ca/P ratio (1.46 cf
2.10 for the organic route-formed film). Moreo-
ver, small cracks of CP thin films were noted in
the sintered neck regions of Ti6Al4V alloy im-

plants (Fig. H).

Fig. 9. SEM micrographs of the Ca—P coated implant formed using the inorganic (left) and organic
(right) routes. Arrowheads indicated the cracks in the sintered neck regions [109]
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An aqueous sol-gel method for the prepara-
tion of biphasic calcium phosphate/calcium hy-
droxyapatite thin films on titanium substrate
using the dip-coating technique has been devel-
oped by Stankeviciute et al. []. The schematic
diagram used for the preparation of Ca-P-O sol
is presented in Fig. [10. The standard immers-
ing (85 mm/min) and withdrawal rates (40 mm/
min) for the dip-coating process (20 s) were ap-
plied for all the samples. The dipping procedure
was repeatedly performed 5, 15 and 30 times. Af-
ter evaporation of the solvent, the substrates were
dried in an oven at 110°C and heated at 1000°C
for 5 h with a heating rate of 1°C/min. The forma-
tion of small and very homogeneously distributed
spherical particles with an average grain size of
200 nm was observed for the coatings with 15 lay-
ers (see Fig. ). As also seen, the coatings of 30
layers had similar structural characteristics. How-
ever, the size of spherical particles increased sig-
nificantly up to 0.6-0.8 pm. It was concluded that
the SEM micrographs of Ca-P-O gels calcined at
1000°C showed the formation of highly uniform
and crystalline particles with smooth surfaces.
There were no macro cracks or pores too.

The BCP coatings have been successfully pre-
pared on the Nitinol foil (with the wt.% content
of 55.82 Ni, <0.20 other metal impurities, and
balance Ti) via the organic-based sol-gel meth-
od []. In the sol-gel synthesis calcium 2-eth-
ylhexanoate was dissolved in ethylhexanoic acid.
The above solution was mixed with 2-ethylhexyl-

phosphate, and the obtained sol was stirred at
room temperature for 4 h before being used for
coating. The coating was performed by dipping
the substrates into the CaP sol, pulling them out
at a speed of approximately 6 cm min!, drying in
air at 130°C, and calcining in a preheated furnace
at 600°C for 10 min. The multilayered coatings on
Nitinol were prepared by cycling the above pro-
cedure. The authors concluded that the sol-gel
method offered the opportunity to form biphasic
CaP coatings on metallic implants and to create
a grafting material with high bioactivity and bi-
oresorbility for medical applications.

Dikici et al. [] suggested a rather com-
plicated procedure to synthesize precursor gels
for the preparation of the BCP coatings on
the Ti-29Nb-13Ta-4.6Zr (TNTZ) alloy sub-
strates, despite this very simple starting materials
Ca(NO,),-4H,0 and (NH,),HPO,) were used. An
ultrasonic homogenizer was used to prepare suit-
ably stabilized gels. The viscosities of the gels af-
ter optimization of the homogenization time and
power duty were measured as 37 and 41 (+2) cen-
tipoise (mPa s). The substrates were immersed in
the solution for 5 min, dried at 200°C in air, and
followed by sintering at 750°C. The effective coat-
ing thickness was measured as ~10 um (+3) in all
coatings.

In conclusion, the properties of metallic im-
plants could be upgraded upon surface modifica-
tion with CaP using suitable surface modification
techniques [] .However, some features of sol-gel

Ca(CH,C0O0), - H,0 and 1,2-ethanediol dissolved in 50 ml
of distilled water under continuous stirring at 50°C for 1 h

Ethylenediaminetetraacetic acid

| -

Mixing at 50°C for 40 h

deprotonated with trietanolamine

| <

Mixing at 50°C for 5 h

Aqueous solution of H,PO,

Aqueous solution of

| <

Ca-P-0sol

polyvinyl alcohol

Fig. 10. The schematic diagram used for the preparation of Ca—P—0 sol [111]
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Fig. 11. SEM micrographs of BCP fabricated on the Ti substrate by an aqueous sol—gel method [111]

synthesis of CP coatings, such as simplicity of
preparation, cost effectiveness and possibility
to prepare a highly adherent microporous layer,
which is of prime importance for clinical purpos-
es, should be established in the next few years.

COATINGS OF CALCIUM PHOSPHATE
GLASSES

It is well known that the sol-gel method enables
one to fabricate powdered bioglasses as well [
]. Wang et al. [[119] have synthesized the first
crack-free CaO-P,0,-SrO-Na,O glass-ceramic
coatings on the Mg alloy substrate using the poly-
ethyleneglycol (PEG) assisted sol-gel method fol-
lowed by heat-treatment at 400°C. For dip-coating
the solution of Ca(NO,),-4H,0, Sr(NO,),, NaNO,
and PO, in PEG was used. It was mentioned that
the glass transition temperature of the calcium
phosphate system has shifted to lower tempera-
ture (226°C) due to the addition of PEG, which
promoted the crystal nuclei formation. The endo-

thermal peaks visible in the DSC curves (Fig. )
support this conclusion.

The sol-gel chemistry approach was suggest-
ed for the preparation of bioglass coatings also
on the stainless steel substrate []. The coated
systems were analysed in vitro by immersion in

Fig. 12. DSCand TG curves of CP and PEG—CP xerogel powders [119]
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a solution that simulates the inorganic concen-
tration of ions in the human plasma. After im-
mersing the samples in the SBF solution for 30
days, the coatings provided an enhanced corro-
sion resistance when compared with bare stainless
steel in SBE, being potential films able to provide
both corrosion resistance and bioactivity. It was
confirmed by SEM and HRTEM that the newly
grown bone tissue was identified around the im-
plant growing in contact with the bone marrow.
The SiO,-CaO-P,0, glass coatings on glass cov-
erslips substrates were synthesized by the sol-gel
technique using a semi-alkoxide route []. In
the sol-gel processing TEOS, Ca(NO,),-4H,0 and
triethyl phosphate (TEP) were used as precursors
of §i0,, CaO and P,O,, respectively (see Fig. B).
The phosphate-based glass coatings were also
soaked in SBF for the in vitro bioactivity test.
The formation of typical globules with the mor-
phology characteristic of the bonelike apatite,

H,0 + HNO, + EtOH + TEOS

30 min UNDER STIRRING
AT 20°C

HOMOGENEOUS
SOLUTIONS

30 min UNDER STIRRING
AT 20°C

[Ca(Nos), .4H,0

HOMOGENEOUS
SOLUTIONS

30 min UNDER STIRRING
AT 20°C

[ DIP COATING J

Fig. 13. Flow chart of the sol—gel synthesis and dip coating proce-
dure[121]

which precipitates on bioactive materials when
they are soaked in the SBF solution, was observed.
Such observations were widely reported in the lit-
erature as well []. It was determined that
the BET surface area increases with the silica
content of the glass, and it is also enhanced by
the presence of magnesium. When the dense glass
ceramic samples were soaked into the SBF solu-
tion, the formation of apatite-like layers was de-
tected. The random-sized particles with a spheroi-
dal morphology were nucleated and formed onto
the surface of bulk glass. The highest rate of apatite
formation was observed on the glasses that do not
contain magnesium. Partial replacement of cal-
cium by magnesium, however, provoked a strong
reduction in the initial crystal growth rate, but
nevertheless a continuous increase of the apatite
layer with time was observed in both cases. Silver
doped-bioactive glass (SiO,-CaO-P,0.-Ag O)
coatings on the Ti substrate were recently fabri-
cated by the sol-gel method using the dip-coating
technique []. The same starting materials as
in [] along with AgNO, were selected. It was
observed from the SEM micrographs that the pre-
cipitation of apatite crystals occurred on the coat-
ed samples after 14 days soaking in SBE.

The results summarized in this part are prom-
ising with respect to the application of sol-gel
derived calcium phosphate silicate glasses as bi-
oresorbable materials. The coatings of calcium
phosphate glasses offer the possibility of bioacti-
vation, corrosion protection and infection preven-
tion of metallic implants. It is evident that such
implanted materials could be successfully applied
for new bone formation and have utility for cell-
tracking applications in regenerative medicine.

CALCIUM AND PHOSPHORUS
CONTAINING COMPOSITE COATINGS

Different composite materials have been used re-
cently as promising bioactive materials with appli-
cations ranging from structural implants to tissue
engineering scaffolds []. Sol-gel process-
ing methodology for the production of fluorapa-
tite-titania-carbon nanotubes (FCHAp-TiO, -
CNTs) nanocomposite coatings on the Ti-6A1-4V
substrate has been developed by Sasani et al. [].
The aims of this study were to investigate the role
of decorated CNTs in the microstructural and
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nanomechanical evolution of FCHAp-based com-
posite coatings. The method consisted in the sol-
gel synthesis of composite starting from the pre-
cursors tetraethylorthotitanate, calcium nitrate
tetrahydrate and TEP dissolved in ethanol and
mixing with CNTs. The obtained composite sol
was allowed to age for 24 h. After the aging pro-
cess, composite sols were directly spin-coated on
Ti-6Al1-4V. Nanomechanical evaluation of coat-
ings showed that CNTs have a key role in improve-
ment of mechanical properties. A similar synthe-
sis approach was used later for the preparation of
the silver/FCHAp composite on the Ti-6Al-4V

substrate []. In order to prepare silver and
fluoride doped hydroxyapatite sols, silver nitrate
was added to the Ca-containing solution and am-
monium fluoride was added to the P-containing
solution, respectively. The final amount of silver
in the Ag-CHAp samples was 0.3 wt.% and the ra-
tio of [P]/[F] varied from 3 to 6. All the coatings
were prepared by dipping titanium substrates at
a withdrawal speed of 3 cm/min in the sols. Fig-
ure [14 shows the SEM micrographs of synthe-
sized composite coatings. It was determined that
the average thickness of coatings was 1.3 pm. As
shown in Fig. c, d, the Ag-1FCHAp coating

Fig. 14. SEM images of the coatings (a) CHAp, (b) Ag-CHAp, (c) Ag-1FCHAp and (d) Ag-2FCHAp [135]
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(ratio of [P]/[F] was 3) showed a compact structure
with small cracks. However, in the Ag-2FCHAp
sample (ratio of [P]/[F] was 6), as the amount of
fluoride increased, the agglomeration was omitted.
It was concluded that antibacterial activity of coat-
ings against the Gram-negative bacterium, E. coli,
increased with increasing the amount of fluoride.

The composite coatings of titania—calcium
phosphate (TiO,-CP) have been fabricated also
using sol-gel methods [, , ]. In vitro
tests demonstrated that microporous TiO,-CP
coatings doped with Sr, Co and F possessed mul-
tiple functions of antimicrobial, angiogenic and
osteogenic capabilities []. The composite coat-
ings of biphasic calcium phosphate BCP/TiO, syn-
thesized on the Ti alloy showed higher scratch re-
sistance than BCP-only coating [@]. The authors
concluded that the improved scratch resistance
of the coating was certainly related to contain-
ing the compound of rutile-TiO,. The presence
of TiO, in the coating layer might have had an
indirect effect on the corrosion morphology of
the coatings. It was summarized that the resulting
CP/TiO, composite coatings with a two-level sur-
face relief could be promising for bone implanta-
tion [].

The results presented in [[138] confirmed that
the silica barrier coatings enhanced the corrosion
resistance of the base Mg alloy, reducing the cor-
rosion current density in about two orders of
magnitude. Additionally, the presence of Ca ions

in these composite coatings promoted the forma-
tion of a discontinuous film of hydroxyapatite on
the magnesium surface, indicating that those coat-
ings could exhibit bioactive properties. The possi-
ble mechanism of formation of such composites is
presented in Fig. .

Graphene oxide (GO) was used to build a new
composite material with CHAp [] .Itwas shown
that CHAp nanoparticles could be intercalated
with the GO sheets using in situ the sol-gel syn-
thesis approach. For the synthesis of CHAp-GO
composite at room temperature Ca(NO,) -4H,0
and (NH,),HPO, as Ca and P precursors, respec-
tively, were used. A homogeneous GO-Ca’*" sys-
tem was obtained by ultrasonic dispersion, after
which a diammonium hydrogen phosphate solu-
tion was added dropwise to the system. It is inter-
esting to note that gelation took place after 2 h of
magnetic stirring at room temperature; after that,
an ageing step of 2 days at 60°C was performed.
It was mentioned that the interaction between
CHAp nanoparticles and GO improved the bioac-
tivity of the composite material.

Partially by the same authors it has been recent-
ly demonstrated that the sol-gel synthesis method
could be successfully used for the development
of minimal invasive CaP-based bionanocompos-
ites by the incorporation of antimicrobial imida-
zolium IL []. Nanostructured IL-loaded cal-
cium phosphate gel materials were obtained at
room temperature by using the sol-gel approach.

Fig. 15. Schematic illustration of the formation of silica/CHAp composite [139]
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Fig. 16. Qualitative images obtained by immunofluorescence (A) and SEM (B) are representative of hMSC differentiating in osteoblast
phenotype on the CaP-IL composite after day 21 of cell culture [141]

Calcium nitrate tetrahydrate and ammonium
phosphate dibasic were chosen as precursors of
Ca’* and PO, ions, respectively, in a molar ratio
of Ca/P in a range of 1.50-1.67. The gel transition
of the IL-free system occurred after 1 h of mag-
netic mixing at 25°C, but the IL induced shorter
gelification times. After gelification, an aging step
of 2 days at 60°C was performed. The gels were
deposited on coverslips and incubated with C. al-
bicans. The formation of biofilms was studied by
scanning electron microscopy. Biological assays
were assessed using human mesenchymal stem
cells (hMSCs). Qualitative images of hMSC difter-
entiating in osteoblast phenotypes on the CaP-IL
composite showed a flattened cell shape (Fig. ).
It was concluded that the optimization of IL N-
alkyl chain lengths allowed modulating simulta-
neously biological responses, inhibiting microbial
proliferation and biofilm formation, and reducing
inflammatory activity. According to the authors,
these CaP gels with imidazolium IL additives al-
lowed them to overcome some issues associated
with the use of antibiotic and antimicrobial nano-
particles, thus indicating that these biomaterials
have the potential to avoid microbial infections
and enhance bone growth in treated injuries.

CONCLUSIONS

It can be concluded from the summarized results
that the sol-gel synthesis method is a very con-

venient synthetic technique for the fabrication
of calcium hydroxyapatite and related calcium
phosphate coatings and films including bioglass-
es and different composite materials. In most of
the cases the sol-gel derived calcium phosphate-
based coatings formed on different substrates are
highly compact, uniform with the desired thick-
ness and morphological features. Based on the re-
sults of the works found in these articles, there
were some proposals for future research and clin-
ical uses of the calcium phosphate biomaterials
developed. The results observed during the in vit-
ro and in vivo studies of the synthesized coatings
have suggested that bone formation and tighter
bone bonding occurred. The developed biocer-
amic coatings showed a great potential for den-
tal and orthopedic applications. Finally, the sol-
gel method has been shown to be a good way to
obtain nanostructured calcium hydroxyapatite,
other phosphates, bioglasses and different com-
posite materials.
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Kunio Ishikawa, Aivaras Kareiva

KALCIO FOSFATINIY DANGU SINTEZES
ZOLIU-GELIU METODU APZVALGA

Santrauka
Kalcio fosfato pagrindu sukurtos biomedziagos, ypac
nanostruktarizuotos, pasizymi dideliu biologiniu su-
derinamumu ir reikiamomis biologinémis savybémis.
Stechiometrinio kalcio hidroksiapatito dangos yra placiai
naudojamos siekiant pagerinti metaliniy implanty kauli-
niame audinyje integracija. Ta¢iau $ios dangos turi keleta
trakumy, kurie riboja jy sékmingg taikyma medicinoje.
Daugelyje moksliniy straipsniy buvo padaryta iSvada,
kad sintetinant tokias dangas zoliy-geliy metodu galima
iSvengti tritkiy dangose ir jy sluoksniavimosi. Démesys
buvo skiriamas kalcio hidroksiapatito, kity kalcio fosfaty,
biostikly ir kompozity dangy ant skirtingy padékly sinte-
zés ypatumams ir jdomesnéms savybéms nagrinéti.
Siame apzvalginiame straipsnyje apibendrinama
naujausi jvairiy kalcio fosfatiniy dangy ir plony pléveliy
zoliy-geliy sintezés pasiekimai; i$rySkinama implanty
su kalcio fosfatinémis dangomis dabartiné situacija,
atskleidZziami naudojimo apribojimai ir galimybés, at-
viri i$$ukiai ir basimi $ios biokeramikos pazangiausio
taikymo scenarijai.



	_Hlk25798876
	_Hlk25798636
	_Hlk25798709
	_Hlk25798836
	_Hlk25799005
	_Hlk25799125
	_GoBack
	_Hlk25799228
	_Hlk25799324
	_GoBack

