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Abstract

The biocompatibility and the load-bearing ability of lightweight titanium made it possible to be used as a biomaterial, especially in hip revision
and fixation surgery. It was initially shown that sand-blasted or surface-roughened titanium implants had an improved bone-bonding ability over
the bioinert metallic surfaces. Plasma-spraying of a phase mixture of loosely-attached calcium phosphates on titanium implants further improved
their in vivo bone-bonding ability. However, stoichiometric calcium hydroxyapatite ceramic of high crystallinity is known to have poor in vivo
resorbability, and is shy of taking part in bone remodeling and of being resorbed by the osteoclasts. Supersaturated calcium phosphate (CaP)
solutions, such as synthetic body fluids (SBF), on the other hand, are able to form “carbonated, hydrophilic and apatite-like” CaP nanoaggregates
on titanium surfaces. A Tris-buffered SBF solution with an HCO3

− concentration of 27mM was used in this study. Neat, NaOH-etched, and SBF-
coated (biomimetic coating) titanium foams were compared with in vitro cell culture experiments by using rat osteoblasts. SBF-coated foams were
found to yield the highest protein concentration at the end of the in vitro culture tests. Such biomimetic coatings were easily formed on flat strips,
springs, or 3D foams of titanium, without any geometric constraints. The coated titanium springs and foams were characterized by using XRD,
SEM, and FTIR.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Biomimetic; Synthetic body fluid; Coating; Titanium
1. Introduction

Human blood plasma has a Ca/P molar ratio of 2.50. On the
other hand, the same molar ratio becomes 1.556, 1.316×10−3,
and 5.20 for the human extracellular, intracellular, and
cerebrospinal fluids, respectively [1]. Acellular SBF (synthetic
body fluid) solutions try to mimic the ionic concentrations of
human blood plasma, therefore, SBF is supersaturated with
respect to the precipitation of carbonated, non-stoichiometric,
poorly-crystallized or nanocrystalline apatite-like calcium
phosphate [2,3]. The historical development of synthetic
solutions which claim to imitate the human plasma or the
extracellular fluid is given in Table 1. Among these solutions,
Ringer's [4], Earle's (EBSS, Earle's Balanced Salt Solution
[5]) and Hank's (HBSS [6]) solutions have been the most
popular. In contrast to the earlier solutions, such as Ringer's,
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Earle's and Hanks solutions, the pH values of SBF solutions
were fixed at the physiological value of 7.4 by using organic
buffers, such as TRIS (tris-hydroxymethyl-aminomethane)
[2,3] or HEPES (2-(4-(2-hydroxyethyl)-1-piperazinyl)ethane
sulphonic acid) [7–9].

c-SBF [2] was essentially a TRIS–HCl-buffered variant of
HBSS [6]. c-SBF formulation raised the Ca/P molar ratio to
2.50, in comparison to 1.62 in HBSS. Moreover, HBSS and c-
SBF solutions have exactly the same low carbonate ion
concentrations (i.e., 4.2mM), which is far from imitating that
of the human plasma (i.e., 27mM). Tas et al. [3,10] have been
the first to raise the HCO3

− concentration in a TRIS–HCl-
buffered SBF solution (i.e., Tas-SBF) to 27 mM, while Bigi et
al. [7] were the first to do the same in a HEPES–NaOH-buffered
SBF solution (i.e., Bigi-SBF) of 27mM HCO3

−. SBF solutions
were found to be able to induce apatite-like calcium phosphate
formation on numerous metallic, ceramic or polymeric surfaces
(only after proper surface pretreatments) immersed in them [11].
Oyane et al. [9], who developed the HEPES-buffered r-SBF
recipe with ion concentrations exactly equal to those of human
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Table 1
Ion concentrations of human plasma and synthetic solutions, mM

Blood plasma Ringer [4] EBSS [5] HBSS [6] c-SBF [2] Tas-SBF [3,10] Bigi-SBF [7] r-SBF [8,9]

Na+ 142.0 130 143.5 142.1 142.0 142.0 141.5 142.0
K+ 5.0 4.0 5.37 5.33 5.0 5.0 5.0 5.0
Ca2+ 2.5 1.4 1.8 1.26 2.5 2.5 2.5 2.5
Mg2+ 1.5 0.8 0.9 1.5 1.5 1.5 1.5
Cl− 103.0 109.0 123.5 146.8 147.8 125.0 124.5 103.0
HCO3

− 27.0 26.2 4.2 4.2 27.0 27.0 27.0
HPO4

2− 1.0 1.0 0.78 1.0 1.0 1.0 1.0
SO4

2− 0.5 0.8 0.41 0.5 0.5 0.5 0.5
Ca/P 2.5 1.8 1.62 2.5 2.5 2.5 2.5
Buffer Tris Tris Hepes Hepes
pH 7.4 6.5 7.2–7.6 6.7–6.9 7.4 7.4 7.4 7.4

Fig. 1. SEM micrographs of Ti foams prior to SBF-soaking; (a) neat surface, (b)
NaOH-treated surface.
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plasma, reported that r-SBF would release CO2 gas from the
fluid, causing a decrease in HCO3

− concentration, and an
increase in pH value, when the storage period was long.
Furthermore, these authors stated that r-SBF would not be
suitable for long-term use in the biomimetic coating processes
owing to its instability [9]. The buffering agent TRIS present in
conventional SBF (c- and Tas-SBF) formulations, for instance,
was reported [12] to form soluble complexes with several
cations, including Ca2+, which further reduces the concentration
of free Ca2+ ions available for the real time calcium phosphate
coating. To our knowledge, this behavior has not yet been
reported for HEPES.

The term biomimetic coating stands for the formation of
several micron-thick layer of hydrated calcium phosphate
nanoaggregates on any suitable substrate (either metallic,
ceramic or polymeric) at the human body temperature (36.5–
37°C) from a supersaturated or metastable solution, whose
ionic composition and pH value mimic those of human plasma.
As implied by this definition, the coating process shall not
necessarily be instantaneous and may progress within the long
physiological timeframes as well. Calcium phosphate deposits
observed on explanted intraocular lenses [13], silicon mammary
prostheses [14], and heart valves and arteries [15] do all form in
vivo working examples of natural biomimetic coating or
calcification processes. In stark contrast to what numerous
researchers keep naming in the open literature, the calcium
phosphate aggregates deposited by the biomimetic coating
processes are not simply calcium hydroxyapatite (HA: Ca10
(PO4)6(OH)2=3Ca3(PO4)2·Ca(OH)2). Biomimetic coating pro-
cesses do not have the high enough pH to form a hydroxide
material. Biomimetic coating deposits contain Ca2+, HPO4

2−,
and PO4

3− ions, but the Ca/P molar ratio of those were found to
be greater than 1.7, typically between 1.7 and 2.7 [16].
Moreover, biomimetic CaP deposits were found to lack OH−

ions like the human bones [17], and contain CO3
2− ions

(between 19 and 40 wt.%) [16]. Characteristic micro-globules
or spherulites deposited by the biomimetic coating consist of
intermingling nanoplatelets of CaP resembling a porcupine
architecture with high surface area. The thickness of the formed
biomimetic coating nanoplatelets is very much comparable with
that of the apatite-like nanocrystals (20–30nm) observed in
bone mineral [18]. Biomimetic coating surfaces represent a
microtopographical complexity, which create a greater surface
area to which bone cell-mediated proteins could adsorb [19].
Therefore, the deposits obtained by the biomimetic coating are
best described by using the following; “carbonated, hydrated,
apatite-like calcium phosphate nanoplatelet aggregates.” Char-
acteristic nanotexture of such biomimetic CaP deposits on
Ti6Al4V has been documented in the open literature [20,21].
Regardless of the concentration of the SBF solution used,
whether it is 1×SBF [2,3] or 10×SBF [21], the unique
nanomorphology observed in the deposited layers did not
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change. Habibovic et al. [22] coated Ti6Al4V foams (produced
by polyurethane sponge-burn out method) in 3days by using a
TRIS- or HEPES-free 5×SBF (i.e., a solution five times more
concentrated than c-SBF recipe) solution, and reported that
when the CaP-coated foams were implanted into the back
muscles of goats, they caused ectopic bone formation in 6 to
12weeks. Tas-SBF solutions with an HCO3

− concentration of
27mM are able to coat titanium strips more quickly than c-SBF
solutions [23]. The goal of this study was to test the rat
osteoblast attachment and proliferation on surfaces of approx-
imately 85% porous (with interconnected pore sizes in the range
of 400 to 500μm) titanium foams. Neat, NaOH-treated (60°C,
24h) and SBF-soaked (37°C, 7days) titanium foam samples
were prepared and the cell culture tests were performed on those
in a comparative manner. Synthetic body fluid used in this study
was a TRIS-buffered Tas-SBF solution of 27mM HCO3

−

concentration.

2. Experimental procedure

2.1. Substrate preparation

Titanium foam pieces (Selee Corp., Hendersonville, NC),
with dimensions of 10×10×1.25mm, were used as substrates
Fig. 2. (a–d) SEM micrographs of 27mM HCO3-Tris-SBF-coated (7days) titaniu
nanoporous texture (d) were readily visible.
in biomimetic coating. The foam pieces were washed,
respectively, with acetone, ethanol and deionized water in
an ultrasonic bath, followed by immersion in 50mL of a 5M
NaOH solution at 60°C for 24h in sealed glass bottles. After
alkali treatment, each foam piece was washed with an ample
supply of water. In-house Ti6Al4V springs were prepared as
follows; an approximately 1-mm-thick and 7-cm-long strip
was first cut from a Ti6Al4V sheet, and then coiled around a
steel rod (diameter 6mm) to form the spiral/spring shape.
Such spring-like samples were used to evaluate the efficiency
of the 3D surface coverage of the biomimetic coating
process.

2.2. SBF solution preparation

SBF solutions were prepared according to the detailed
protocol given elsewhere [3,10]. The basic SBF recipe was
hereby concentrated by 1.5 times, therefore, the solutions used
in this study were named as 1.5×Tas-SBF. Reagent-grade
chemicals (all from Fisher Scientific, NJ) were used in
preparing the solutions; NaCl (>99.0%), NaHCO3 (>99.7%),
KCl (>99.5%), Na2HPO4 (>99.0%), MgCl2·6H2O (>99.5%),
Na2SO4 (>99.0%), (CH2OH)3CNH2 (>99.8%), CaCl2·2H2O
(>99.5%) and HCl (37vol.%). 20mg/L Na-azide was also
m foams at various magnifications; characteristic CaP globules (c) and their
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added to the solutions to prevent bacteria growth. When not in
use, SBF solutions were stored in glass jars in a domestic
refrigerator at 4°C.

2.3. Coating process

The springs or foams were soaked in 100mL of 1.5×Tas-
SBF solutions kept at 37°C in sealed Pyrex® bottles of 100-mL
capacity for a period of 7days. SBF solutions were completely
replenished with fresh solutions every 48h. Prior to replenish-
ment, fresh SBF solutions of pH 7.4 were heated to 37°C. At the
end of 7days of soaking, samples were removed from the SBF
solutions, followed by washing first with 100mL of deionized
water and then with 10mL of 98% pure ethanol.

2.4. Sample characterization

For phase analysis, the surfaces of the uncoated and coated
foams were investigated by an X-ray diffractometer (XRD;
Model XDS 2000, Scintag Corp., Sunnyvale, CA), operated at
40kV and 30mA with monochromated Cu Kα radiation. The
foams were also analyzed by using Fourier-transformed infrared
spectroscopy (FTIR; Nicolet 550, Thermo-Nicolet, Woburn,
MA). FTIR was equipped with an Endurance Foundation Series
single-bounce diamond ATR (50° incidence angle) and 32 scans
Fig. 3. SEM micrographs of 27mM HCO3-Tris-S
were collected at a resolution of 4cm−1. Scanning electron
microscopy (FESEM; S4700, Hitachi Corp., Tokyo, Japan) was
used to monitor the changes in the surface morphology of the
foams before and after SBF-soaking.

2.5. Cell culture

7F2 rat osteoblast cells (CRL-12557, American Type Culture
Collection, Rockville, MD) were grown in 75cm2 culture flasks
at 37°C and 5% CO2 in an alpha-minimum essential medium
(α-MEM, Sigma Inc.) with 2mM 1-glutamine and 1mM
sodium pyruvate, without ribonucleosides and deoxyribonu-
cleosides, augmented with 10% FBS. The culture medium was
changed every other day until the cells reached a confluence of
90–95%, as determined visually with an inverted microscope.
The cells then were passaged using trypsin (2.5g/L)/EDTA
(25mM) solution (Sigma). Obtained cells were then seeded at a
concentration of 5000cells/well on 1cm2 samples for the
various assays. Two control samples were used, one was the
pristine foam and the second was the alkali-treated foam. Cell
viability was assessed after 72h, and total protein amount was
measured after 7days in a 24-well cell culture plate. Further
details of the cell culture procedures were given elsewhere [23].
Cell attachment studies were also performed on the foams by
visual observation via FESEM. Prior to FESEM investigations,
BF-coated (7days) titanium springs/spirals.
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cells were fixed by using 3.5% glutaraldehyde. Osteoblasts
were dehydrated through sequential washings in 50%, 75%,
95% ethanol solutions and 2 times with 100% ethanol. Samples
were then critical point-dried. Samples were sputter-coated with
a thin layer of Pt prior to the FESEM observations performed at
5kV. For statistics, all experiments were performed in triplicate,
where n=3.

3. Results and discussion

The pore sizes (400 to 500μm) and strut morphology of the
as-received titanium foams were depicted in Fig. 1a. These
foams have been produced using the polymeric sponge
impregnation method with titanium powders. The high-
magnification inset in Fig. 1a showed the characteristic kinks
and steps of recrystallization phenomenon which took place
during the sintering of the foam precursors. However, the
NaOH-treatment of those foams completely removed those
kinks and replaced the surface with nanoporous hydrated Na-
titanate phase(s) as shown in Fig. 1b. Hydrated Na-titanate
layers on Ti with a slightly basic surface were believed to
further enhance the biomimetic coating process [20]. SEM
photomicrographs of Fig. 2 showed that the foams were fully
covered with apatite-like calcium phosphates; consisting of
micron-size CaP globules with nanoporous surfaces. FTIR data
Fig. 4. Osteoblast proliferation and attach
(not shown) of the TRIS-buffered, 27mM HCO3
− SBF-soaked

(7days) foam samples showed that all the coatings consisted of
carbonated (CO3

2− ion absorption bands seen at 1470–1420 and
875cm−1) calcium phosphates. The absence of the stretching
and the vibrational modes of the O–H group at 3571 and
639cm−1 confirmed that these coatings might not simply be
named as hydroxyapatite. We prefer to call them as carbonated,
apatite-like CaP. Micrographs of the SBF-coated titanium
springs are given in Fig. 3.

SEMmicrographs given in Figs. 4 5 6 depicted the osteoblast
proliferation and attachment on neat titanium foams, NaOH-
treated foams and the SBF-coated foams, respectively. In vitro
cell culture results given in Fig. 7 revealed that all three groups
of samples were statistically and strikingly different from one
another, and the cytotoxicity of the NaOH-treated samples was
found to be the highest (Fig. 7a). In the specific comparison of
pristine titanium foams with those treated in NaOH, it was
evident that the former performed much better, which meant
that the surface roughness or nanotopography (or nanotexture)
was not a sole factor in determining the advance of osteoblast
attachment, spreading and proliferation. Here the surface
chemistry strongly prevailed in the sense that the neat, non-
porous, low surface area titanium foams turned out to be less
cytotoxic than high surface area, nanoporous, NaOH-treated
foams with a surface layer of hydrated, basic Na-titanates [20].
ment on neat titanium foam surfaces.



Fig. 5. Osteoblast proliferation and attachment on NaOH-treated titanium foams.
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SBF-coated titanium foams, on the other hand, were found to
have the highest protein concentration and cell viability levels
(Fig. 7). While in the case of neat titanium foams the osteoblasts
were only able to attach and then extend their filopodia over the
available surface (Fig. 4c and d), the osteoblast cells on SBF-
coated foams were able to proliferate to the extent that even the
vinculin adhesion plaques and the actin cytoskeleton and stress
fibers became visible (Fig. 6d). Throughout its cell culture tests,
this study concurrently investigated the same titanium foam
material with three different surfaces, i.e., neat, NaOH-treated,
and apatite-like CaP deposited from an SBF solution. The
response of osteoblasts to a given surface can be regarded as the
sum of their ability to attach, proliferate, and differentiate. In the
attachment stage, osteoblast filopodia explored the substrate
topography (Fig. 4) for areas to which a greater surface area of
the cell can adhere. These filopodia were used in sensing the
substrate, and they extended over significant distances to find
areas appropriate for attachment. As was the case with NaOH-
treated titanium foams, cells were seen to produce fewer
adhesion plaques while still in the process of migration than
ones permanently settled in place (Fig. 5). SEM micrographs
given in Figs. 4b, 5b, and 6b alone can also be used as a concise
visual comparison tool for the osteoblast proliferation behavior
on three different titanium surfaces of this study.

How does biomimetic coating proceed via SBF solutions? If
a simple aqueous solution, which only contains 2.5mM
CaCl2·H2O dissolved in it, is exposed to a gaseous CO2

atmosphere, it will start precipitating submicron particles of
CaCO3 (calcite and/or vaterite) within the following few hours
of ageing at room temperature [24]. CO2 gas leads initially to
the formation of carbonic acid, H2CO3, and it will dissociate
into HCO3

− and CO3
2− aqueous species. The reversal of these

dissociation reactions will cause the release of CO2 gas out of
the solution, with an accompanied increase in the pH value. The
HCO3

−/CO3
2− pair exerts a buffering effect. However, if one adds

27mM NaHCO3 to this Ca-chloride solution, this will eliminate
the necessity of exposing it to a gaseous CO2 atmosphere, and
again, it would only form submicron CaCO3 precipitates [25]. If
one adds 1mMNa2HPO4 into the above carbonated Ca-chloride
solution (Ca/P=2.50) together with 112mM NaCl, this solution
of ionic strength of 149.5mM will precipitate carbonated
calcium phosphates instead of pure CaCO3. This solution is
saturated with respect to the formation of apatite-like calcium
phosphates, and it contains Ca2+, HPO4

2−, HCO3
−, Na+, and Cl−

ions. The main question here is whether the resultant
precipitates still contain CaCO3 at their cores or not. Does the
precipitation proceed by a topotactic reaction of heavily
carbonated CaP growing on CaCO3 (vaterite perhaps) particles?
These questions must be addressed prior to calling the SBF-
deposited CaP layers simply as “hydroxyapatite.”When the pH
of the above solution is brought down to the range of 5 to 6, for
instance, by adding tiny droplets of dilute HCl, it will only



Fig. 6. Osteoblast proliferation and attachment on 27mM HCO3-Tris-SBF-coated titanium foams.
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precipitate CaHPO4·2H2O (i.e., brushite, DCPD, dicalcium
phosphate dihydrate). If the pH value of that solution is kept at
the physiological value of 7.4 or higher, it would nucleate
carbonated, apatite-like calcium phosphates. Over the pH range
of 6.2 to 10, HCO3

− is the most stable carbonate species in
aqueous solutions. The precipitation of carbonated, apatite-like
calcium phosphates from such a solution may be described by
using the following reaction [26]:

ð10−x−yÞCa2þ þ ð6−x−yÞHPO2−
4 þ yHCO−

3 þ 2Hþ þ 2OH−

¼ Ca10−x−y½ðHPO4ÞxðCO3ÞyðPO4Þ6−x−y�ðOHÞ2−x
þ ð8−xÞHþ: ð1Þ

According to the above B-type substitution scheme (which is
typically observed for low-temperature apatites) of Eq. (1),
HPO4

2− and CO3
2− ions replace the PO4

3− tetrahedra. The charge
imbalance created by these substitutions will be compensated
by the Ca-vacancies. Monovalent Na+ ions will also substitute
over a certain fraction of the Ca-sites. Bone mineral, with
extremely small sizes of biological apatite-like crystals (i.e., 20
to 30nm), contains substantial amounts of CO3

2− (4 to 6 wt.%),
0.5% Mg2+, 0.7% Na+, is about 10% Ca-deficient with the
accompanying increase in reactivity related to this condition
[27], and moreover, the presence of HCO3

− in aqueous
environments is known to reduce the apatitic growth rate
[28]. As seen from Eq. (1), precipitation of apatite-like calcium
phosphates may also be accompanied by a slight pH decrease.
All the precipitated calcium phosphate powders, therefore, may
possess, to a certain extent, Ca-deficiency, HPO4

2− and CO3
2−

ions in their nanocrystalline moieties. Carbonate ion doping into
the phosphate tetrahedra of apatite-like calcium phosphates will
result in the creation of charge compensating Ca-vacancies, and
this is the reason for the observed Ca-deficiency of CaPs
synthesized in body fluids [10,29]. Astala and Stott [29], based
on their electron density function calculations, recently reported
that CO3

2− ions and the Ca-vacancies are strongly related with
one another and form a cluster complex in the crystallographic
unit cell of apatite-like calcium phosphates.

The addition of 5mM K+ and/or 0.5mM SO4
2− ions (since

these ions are present in the human blood plasma) into a solution
as described above do not change the nature of the precipitates
formed. Increasing the amount of Na+ and Cl− ions to the levels
present in human blood plasma (i.e., 142 and 103mM,
respectively) would just increase the ionic strength of the new
solution. For instance, the ionic strength of the Tas-SBF (27mM
HCO3-Tris-buffered) used in this study is 160.5mM. Theoret-
ically, if a solution has a low ionic strength, this means that the
ionic diffusion will be enhanced in such a solution. Therefore, in
a solution of low ionic strength and high ionic diffusion, there



Fig. 7. In vitro (a) cell viability and (b) protein concentration histograms for the
samples of Figs. 4–6.
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will be more nucleation sites for the precipitation reactions. CO2

would be released from an aqueous solution at a faster rate if the
solution has a low ionic strength [30]. The presence of NaCl in
human blood plasma is for the purpose of fixing the ionic
strength at the value of 149.5mM. If one increases the ionic
strength of an SBF solution to above 1100mM, its rate of CO2

release would be slowed down significantly [21]. If one adds
1.5mMMg2+ into the above solution, this would slow down the
growth rate of apatitic calcium phosphates, and also favor the
formation of poorly-crystallized (i.e., in terms of their XRD
spectra—not shown here), non-stoichiometric calcium phos-
phates [16]. Mg is, therefore, an important additive in SBF
solutions and chemically incorporated into the SBF-formed CaP
precipitates [16].

Yin and Stott [31] pointed out that an amorphous calcium
phosphate (ACP) precursor would always be present during the
precipitation of apatite-like calcium phosphates from highly
supersaturated solutions, such as the SBF solutions used here.
Posner and Betts [27] proposed that the process of ACP
formation in solution involved the formation first of Ca9(PO4)6
clusters which then aggregated randomly to produce the larger
spherical particles or globules (Figs. 2 and 6), while the
intercluster space is being filled with water. Such clusters (with
a diameter of about 0.95nm [31]) were the transient solution
precursors to the formation of carbonated apatite-like calcium
phosphate precipitates as described in Eq. (1) above. The
passage from the angstrom-size Posner's clusters in solution to
the solid nanoaggregates of carbonated-CDHA (i.e., Ca9(PO4)5-
CO3OH) or dahllite (Ca10(PO4)6CO3=3Ca3(PO4)2·CaCO3) or a
solid solution of those should be the key concept of biomimetic
coating by the use of SBF or supersaturated CaP calcification
solutions (SCS). One proton to be released by the aqueous
bicarbonate ion (i.e., HCO3

−→CO3
2−+H+) can readily be

consumed in forming the hydrogen phosphate groups of
CDHA. c-SBF solutions (which are similar to the HBBS
solution in terms of ionic concentrations) of low HCO3

−

concentration (4.2mM) are slow in forming CDHA in
comparison to Tas-SBF of 27mM HCO3

−. c-SBF solutions
require more than 2weeks (typically 3weeks) to completely
cover a given titanium surface [2,8,11,20]. If the formation of
dahllite or a precursor phase like that is indeed required, then the
sluggish response of c-SBF solutions becomes understandable.
The concentration of the carbonate ions in synthetic body fluid
formulations does significantly influence the advance of the
biomimetic coating process.

Onuma and Ito [32] have demonstrated, by using dynamic
light scattering, the presence of such calcium phosphate clusters
from 0.7 to 1.0nm in size in transparent-looking synthetic body
fluids. They reported that calcium phosphate clusters were
present in SBF even when there was no precipitation. This was
true after 5months of storage at RT. Since these nanoclusters are
always present even in supersaturated SBF solutions, the
insertion of, for instance, a suitable alkali solution-treated
titanium surface into the solutions triggers the hexagonal
packing [32] of those nanoclusters to form apatite-like CaP
aggregates.

ACP can also be present together with the nanocrystalline
apatite-like CaP, as confirmed by the previous TEM studies
performed on the SBF-coating layers [33]. The role of alkali-
treated Ti6Al4V surfaces in stimulating the SBF-coating
process has been explained in great detail by Kokubo et al.
[11,20]. Continuation of this phase separation process from the
SBF solutions will be conditional upon the smooth supply of
Ca2+, HPO4

2− and HCO3
− ions to the metal-solution interface.

These colloidal precipitates (as a result of the hexagonal
packing of the nanoclusters [32]) are formed by a homogeneous
nucleation and precipitation process. The presence of these
initial precipitates within the solution further accelerates the
coarsening of the micron-sized calcium phosphate globules (see
(Figs. 2c, 3c and 6c)). Precipitation observed in SBF solutions is
closely related to the HCO3

− (aq) concentration. A certain
fraction of dissolved carbonate ions will be lost as CO2 (g),
followed by an increase in solution pH to above 7.5, and then
this loss would decrease the level of supersaturation of the
solution [34]. This explains the lesser amount of coating formed
on titanium surfaces when the solutions were not replenished,
let us say, for 1week. TRIS-buffered SBF solutions (1.5SBF) of
27mM HCO3

− concentration were able to form those substrate-
bound precipitates by the end of 2nd day of soaking at 37°C.
However, when the HCO3

− concentration was lower (i.e.,
4.2mM; c-SBF) in the SBF, the rate of formation of these
precipitates is decreased. Since the Ca/P molar ratio of the SBF
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solutions were 2.50, they are not stable against carbonated,
apatite-like CaP, dahllite or OCP (octacalcium phosphate; Ca8
(HPO4)2(PO4)4·5H2O) precipitation when the solution pH is
higher than 6.3 [16,35]. On the other hand, OCP typically
forms, in comparison to CDHA, carbonated-CDHA or dahllite,
at slightly lower pH values and much lower Ca/P molar ratios
[36]. It should be noted that since the crystallinity of such
hydrated and hydrophilic biomimetic coatings is extremely
poor, it may be rather difficult to distinguish and quantify (e.g.,
by XRD) the amounts of mixed apatite-like CaP, dahllite and
OCP phases in the deposited layers [37]. Dorozhkina and
Dorozhkin [16] determined the water and carbonate contents of
SBF-formed precipitates to be 10 and 15 wt.%, respectively.
With the advance of precipitate formation the inherent level of
supersaturation in the solution decreases, eventually the CaP
nanoaggregate formation comes to a halt, and hence this is
where one would need replenishing the SBF solution. If one
does not replenish the SBF solution used in biomimetic coating
for more than several days or 1week, then due to the above-
mentioned loss in supersaturation and as exemplified by Iimori
et al. [38], one would start seeing the deposition of calcite
(CaCO3) crystals. However, CaCO3 (nacre, aragonite, vaterite
and calcite) is one of the mostly preferred and biocompatible
materials used by mother nature in aquatic life forms.

4. Conclusions

Titanium foams with interconnected pores were coated
biomimetically with apatite-like calcium phosphates in 7days
by using TRIS-buffered, 27mM HCO3

− containing 1.5×Tas-
SBF solution. Titanium springs/spirals were also coated with
the same solution. Biomimetic coating process was able to
cover all the surfaces and struts of the samples. In vitro cell
culture tests with rat osteoblasts were used to compare the neat,
NaOH-treated and SBF-coated surfaces of titanium foams. In
terms of osteoblast attachment, protein production and cell
proliferation, NaOH-treated surface has the least amount of cells
attached, whereas the SBF-coated surfaces had the most.
Untreated, neat titanium foam surfaces were found to be less
cytotoxic to the osteoblasts in comparison to NaOH-treated
titanium surfaces. Of the three surfaces compared, SBF-coated
surfaces exhibited the highest protein production and cell
attachment figures. Biomimetic coating is a practical and robust
way of increasing the biocompatibility of titanium foams or
spring-like shapes by coating them with bone-like, carbonated,
nanotextured apatite-like calcium phosphates.
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