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Abstract

Due to the delayed and weak bone-implant integration in dental and orthopedic devices, there have been several attempts to enhance implant–bone
interactions for rapid osseointegration. In this paper, the interactions of human bone marrow-derived stromal (mesenchymal) stem cells (hMSCs) with
uncoated and coated titanium alloy implants with poorly crystalline apatite are studied. First the configuration and chemical composition of the apatite
coatings and their deposition progress in different experimental conditions are investigated and discussed. Then, hMSCs are cultured on different substrates
and cell attachment and proliferation are monitored and evaluated for different time intervals. Although the uncoated and coated substrates indicate good
cell attachment, the differences in proliferation and morphology of the cells spread over the coated samples are significant. It is concluded that the coated
samples improve the capability for accepting the cells in three-dimensional and slender shapes. The migration of hMSCs on both substrates are discussed.
As such cell migration is directly associated to the osteoconduction, the findings confirm the hypothesis of enhancement in bone formation on the surface of
biomimetically poorly crystalline apatite coated titanium implants. This in vitro study demonstrates that the coated samples are nontoxic and biocompatible
enough for ongoing osteogenic studies in bone or dental defects in animal models in vivo.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Implantation of orthopedic and dental implants is affected by
delayed or weak implant–bone integration and inadequate bone
formation. Innovative approaches have been sought to improve the
interaction between implant and bone to achieve rapid osseointe-
gration. Among different alloys used for implantation, titanium
alloys have become the most popular biomedical materials due to
their biocompatibility, excellent corrosion resistance, good mechan-
ical properties and lightness [1]. Titanium without any surface
treatments is bioinert, not bioactive, and cannot bond directly to the
surrounding bone tissues when implanted in the human body.

The surfaces of these implants are the sites where osseointegration
occurs. Optimizing the surface characteristics of implants could
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promote the formation of newly formed bone and osseointegration.
During the last years, many techniques have been employed to
enhance the in vivo osseointegration of titanium-based implants such
as physical machining and controlled oxidation [2,3]. Recently,
biomimetic approach has been extensively used for improvement of
titaniumimplants.Anexample is calciumphosphate coatings, suchas
hydroxyapatite, which is employed for surface modification of
orthopedic and dental implants [4–6]. The addition of this highly
bioactive material to the surface of oxidized metallic implants shows
dramatic enhancement in bone bonding [7]. This hard tissue
integration would lead to quicker patient recovery and extended life
for orthopedic implants [8]. The bone-like calcium phosphate apatite
coating is achieved by placing the substrates into SBF medium in
body temperature and at the blood pH.
Generally, biomimetic approach has become a modern method to

create bioactive surfaces in different conditions such as sodium
hydroxide and/or heat-treatment [1,9], as well as hydrogen peroxide
of titanium substrates treatment [10] besides various pretreatments
ghts reserved.

www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.03.039
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ceramint.2013.03.039&domain=pdf
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.03.039
dx.doi.org/10.1016/j.ceramint.2013.03.039
dx.doi.org/10.1016/j.ceramint.2013.03.039
mailto:sfaghihi@nigeb.ac.ir
mailto:shahabeddin.faghihi@mail.mcgill.ca
mailto:shahabeddin.faghihi@mail.mcgill.ca


Table 1
Ion concentrations of simulated body fluid (SBF) and human blood plasma.

Ion Plasma (mmol/l) SBF (mmol/l)
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[11,12].Also, changing theSBFconditions [13,14] havebeenwidely
investigated in vitro and in vivo to optimize long-term stable
interfaces between bone tissues and implants. As an important factor,
crystallinity may affect the cell response. According to Shi et al. [15]
crystallinity can modulate adsorption of adhesion ligands to the
surface. In addition, Kim et al. [16,17] reported the production of
poorly crystalline apatite thin film formed at low temperatures with
similar crystallographic properties to that of natural bone. It seems
that biomimetic approach might be a good way to prepare poorly
crystalline coatings on the surface of metalic implants.

Hydroxyapatite is a naturally occurring mineral and the predomi-
nant mineral component of vertebrate bone and tooth enamel.
Naturally-occurring bone mineral is made of nanometer sized and
poorly-crystalline calcium phosphate with apatite structure [18]. The
ideal stoichiometric crystalline hydroxyapatite, Ca10(PO4)6(OH)2,
has the atomic Ca/P ratio 1.67 [19,20] but the composition of bone
mineral is significantly different and can be represented by the
following formula :

Ca8.3(PO4)4.3(HPO4, CO3)1.7(OH, CO3)0.3 (1)

Bone mineral is poorly-crystalline and non-stoichiometry due to
the presence of divalent ions, such as CO3

2− and HPO4
2− which

are substituted for the trivalent PO4
3− ions. Substitution by CO3

2−

and HPO4
2− ions produces a change of Ca/P ratios, resulting in the

Ca/P ratios which may vary depending on the age and bone site
[21]. It is worth to note that biomimetic approach has the ability to
form such bone-like apatite. By this time, major factors which have
been thought to have influence on cell behavior in case of calcium
phosphate coatings were roughness, morphology, micro- and nano-
structure, crystallinity, and chemical composition of the substrate
[22–24]. However, the exact mechanism to explain the favorable
effect of calcium phosphate coatings on bone response is still not
clear. One of the features that were ignored in these studies was
monitoring the cell and coating behavior during their interaction
time which might help us to gain more knowledge about cell/
calcium phosphate interface.

In this study, the surfaces of titanium implants were coated
with thin films of poorly crystalline apatite through biomimetic
approach. We monitored and analyzed the cell behavior
consisting adhesion, proliferation and morphology during 15
days in comparison with uncoated implant samples. It is well-
known that bone-related cells such as osteoblasts and bone
marrow mesenchymal stem cells (BMSCs) play the most
essential role in these biological mineralization processes
[25,26]. Therefore, human mesenchymal stem cells (hMSCs)
were chosen in this study. With our best knowledge hMSCs
have never been examined in similar studies on poorly
crystalline apatite coated titanium implants.
Naþ 142.0 142.0
Kþ 5.0 5.0
Mg2þ 1.5 1.5
Ca2þ 2.5 2.5
Cl− 103.0 147.8
HCO3

− 27 4.2
HPO4

2− 1.0 1.0

SO4
2− 0.5 0.5
2. Materials and methods

2.1. Sample preparation

Commercially available Ti6Al4V titanium alloy (EZM Chiruline,
Germany) (ASTM F136 and ISO 5832-3) samples were cut to
appropriate sizes of 20 mm in diameter and 1 mm in thickness.
The size of samples was checked with an electric digital caliper. Ti
samples were initially polished with nos. 200–5000 grit silicon
carbide (SiC) papers, and rinsed with acetone, ethanol and distilled
water each for 10 min, respectively, and dried at 37 1C for 24 h.
2.2. Alkaline-treatment

The cleaned titanium samples were soaked into NaOH bath
at the concentration of 5 M, and temperature of 60 1C in which
they were treated for 1 day. Following the treatment, the
samples were slowly washed with distilled water and dried at
40 1C in an electric oven overnight.
2.3. Heat-treatment

The Ti6Al4V alloy samples were alkaline treated with 5 M
NaOH at 60 1C for 1 day, after which they were washed with
distilled water and dried at 40 1C in an electric oven overnight.
The samples were then heat-treated at 600 1C for 1 h in a
Ni–Cr electrical furnace in air and then they were cooled down
to ambient temperature in the furnace to avoid thermal shocks.
2.4. Preparation of SBF solution

The SBF solution was prepared by dissolving reagent-grade
NaCl, KCl, NaHCO3, MgCl2 � 6H2O, CaCl2 and KH2PO4 into
distilled water and buffered at a pH 7.25 with trishydroxy-
methyl aminomethane (TRIS) and 1 N HCl solution at 37 1C.
Its composition is given in Table 1 and compared with the
human blood plasma. Note that SBF is a solution highly
supersaturated with respect to apatite [27–30].
2.5. Biomimetic apatite deposition

We carried out in vitro studies by soaking the samples in
SBF solution at 37 1C for 14 days to investigate the formation
of biomimetic apatite on the surface of samples. To keep the
ionic concentrations constant, SBF solution was refreshed
every 2 days. At regular intervals, the samples were taken
out and rinsed with double distilled water and dried in an oven.
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2.6. Sample characterization

2.6.1. X-ray diffraction (XRD) analysis
The phase composition of the samples' surfaces was

analyzed by XRD with Siemens-Brucker D5000 diffract-
ometer. This instrument works with voltage and current
settings of 40 kV and 40 mA respectively and uses Cu-Kα
radiation (1.540 Å). For qualitative analysis, XRD diagrams
were recorded in the range of 101≤2θ≤701 at the scan speed of
2 deg/min.
2.6.2. Selected area electron diffraction (SAD) analysis
The ultrastructure of apatite formed on the substrates was

analyzed by selected area electron diffraction (SAD) connected
to a transmission electron microscopy (TEM: Philips CM200
model) operated at 200 kV. The samples for SAD analysis
were prepared by careful removal of the reaction layer from the
coating surface using razor blade.
2.6.3. Scanning electron microscopy (SEM) analysis
The surface morphology and microstructure of the samples

were evaluated using SEM. The samples were coated with a
thin layer of gold (Au) by sputtering (EMITECH K450X,
England) and then the surface morphology of them were
observed on a scanning electron microscope (SEM Philips
XL30) that operated at the acceleration voltage of 15 kV.
2.6.4. Energy dispersive X-ray (EDX) analysis
Energy dispersive X-ray analyzer (EDX, Rontec, Germany)

connected to SEM was used to investigate semi-quantitative
chemical compositions.
2.7. Cell culture

In order to study and monitor the attachment, proliferation and
morphology of hMSCs, the cell line was selected from the Cell
Therapy Center of Royan Institute. Alfa Minimum Essential Media
(α-MEM, Sigma, USA) supplemented with 10% Fetal Bovine
Serum (FBS, Gibco, Taastrup, Denmark) and 1% antibiotic solution
(Sigma, USA) was used as cell incubation medium. The cells were
grown to confluency in controlled atmosphere condition (37 1C, 5%
CO2, 95%humidity).Detachment of confluent lowpassage cellswas
performed using 1.25% Trypsin/EDTA solution (Sigma, USA).
Subsequently, hMSCs cells were cultured over several substrates in
concentration of 5� 104 cell/cm2 and incubated for 1, 2 and 4 h in to
study the cell attachment. In addition, cellswere culturedover another
series of substrates in concentration of 5� 103 cell/cm2 and incu-
bated for 5, 10 and 15 days to study cell proliferation. Tissue culture
grade polystyrene was used as the control, and replicates were
prepared. After each incubation period, the samples were washed
with Phosphate Buffer Saline (PBS, Sigma, USA) solution, and cell
counting was performed in each period. Same samples were fixed in
gluteraldehyde 2.5% for observation with SEM. After fixation, the
samples were dehydrated in crescent ethanol concentrations (30%,
50%, 70%, 90%, 95%, and 100%).
2.8. Statistical analysis

All experiments were run in four replicates and repeated at
least five separate times. All data are presented as the mean
value7standard deviation (SD) of each group. Statistical
analysis was performed by using Student's t-test. For all tests
of significance, a p value of 0.05 or less was considered
statistically significant.

3. Result and discussion

3.1. XRD analysis

The XRD measurements were performed on the polished
samples, before and after 7 and 14 days immersion in SBF.
As it can be seen in Fig. 1(a), there are some small peaks of
α-Ti and β-Ti which are in accordance with JCPDS files no.
44-1294 and 44-1288, respectively. Some studies showed that
titanium is easily oxidized, and if Ti6Al4V is subjected to air at
low temperatures, an oxide layer with a thickness of up to
10 nm may spontaneously form [1]. In spite of this, no
additional phases could be detected in our recorded XRD
patterns.
After 7 days of deposition, another set of weak peaks around

2θ¼241, 281and 531 was observed, which was attributed to
the presence of newly formed apatite. The small and weak
peaks of apatite in XRD patterns indicated that the peaks were
not clearly detectable. However, SEM observations showed
clearly detectable apatite particles after the first days of
immersion in SBF. According to Sepahvandi et al. [27],
XRD is not a powerful technique for measurement of the
newly formed apatite. In our previously published article, we
studied the ability of biomimetic apatite deposition on the
surface of titanium substrates in SBF by the inherent lumines-
cence properties of apatite [27]. We reported that biomimetic
apatite was formed within the first hours; however, the XRD
patterns could not clearly detect it. There are two reasons for
the formation of poorly crystallized amorphous apatite: first,
the immersion time in SBF solution was not long enough to
form well-structured apatite [31]; second, the SBF solution
contains CO3

2− and HPO4
2− ions which might be substituted in

the structure of apatite.
As it can be seen in Fig. 1, the substance formed on the

surface of the treated samples became nearly detectable after
14 days immersion in SBF, and according to the standard
JCPDS file no. 09-0432, the new weak peaks were assigned to
be (0 0 2), (2 1 0), (2 1 1), (1 1 2), (3 0 0) and (3 1 2) reflec-
tions of biomimetic apatite phase. As expected, the XRD
patterns from the coatings corresponded to apatite with
coincident peak positions and low intensities, indicating a
low signal-to-noise ratio (corresponding to a poorly crystalline
apatite). Therefore, the small and broad peaks suggested the
formation of apatite phase with small crystallites and/or
defective structures which is nearly similar to the structure of
bone-like apatite. The selected area electron diffraction (SAD)
pattern of the apatite coating treated for 14 days in SBF
solution is shown in Fig. 1(b). According to the powder



Fig. 1. (a) XRD pattern of the surface of titanium implants after alkaline-treatment before immersion, after 7 days and after 14 days immersion in SBF. (b) Selected
area electron diffraction (SAD) pattern of the apatite layer treated for 14 days in SBF.
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diffraction file no. 09-0432, the electron diffraction rings from
the inner to the outer ring were matched to those of apatite but
the diffuse and broad diffraction rings indicated that the apatite
particles were formed with low crystallinity.
3.2. SEM observations

Fig. 2 shows the SEM micrographs of different untreated,
treated, coated and uncoated samples. As it can be seen in
Fig. 2(a) and (b), the treated Ti6Al4V substrates showed
porous-like structure with tiny holes which is different from
those of native and just polished Ti6Al4V substrates. After 7
days soaking in SBF, the surface of samples was partially
covered by a layer of cauliflower particles as shown in Fig. 2
(c) and (d), which was characterized as a poorly crystalline
calcium phosphate phase by XRD measurements. As seen in
Fig. 2(e) the underlying surface was not observable after
14 days soaking in SBF, and the small cauliflower apatite
crystals were densely packed. In addition, the SEM micro-
graph of the cross-section of coated sample showed that the
thickness of the coating was approximately 4–5 mm. Note that
the obtained spheroid morphology of particles are more
beneficial than bar- or needle-like crystals when they are in
contact with osteoblastic cells [32]. A possible explanation for
this observed phenomenon is that the spherical particles can
form a more tightly packed apatite layer than large bars or
needles, and hence can present a continuous and smoother
apatite surface to the proteins and cells [32].

3.3. EDS analysis

The formation of apatite layer on the surface of titanium
implants was also confirmed by EDS analysis, as shown in
Fig. 2(f). The EDX spectrum indicates the peaks of Ti, Al and
V elements related to the titanium implant, and the peaks of P,
Ca, and C corresponded to the newly formed apatite layer.
These results confirmed the right composition of the newly
formed apatite. Also, according to the Ca and P peaks of the
EDX graph, the Ca–P molar ratio calculated in the range of 2.6
which we suspect is related to the nonstoichiometric hydroxy-
carbonate apatite [33].

3.4. Cell adhesion

In in vitro cultures, cells do not feel the naked surfaces, but a
layer of adsorbed ions, proteins and other molecules native
from the culture medium covers the surfaces. Cell attachment



Fig. 2. SEM micrographs of the titanium implant surfaces: (a) untreated sample, (b) after alkaline-treatment, (c) after 7 days in SBF, (d) high magnification of the
sample after 7 days in SBF, (e) cross-section of newly formed apatite layer after 14 days immersion in SBF, and (f) EDX pattern of the newly formed layer.
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occurs via protein adhesion molecules in this layer. Especially,
fibronectin and vitronectin present in the supplemented FBS,
are known to promote cell adhesion and spreading on different
materials such as apatite [34,35]. Here, cell adhesion test was
used to evaluate the cytocompatibility of the prepared samples.
As it can be seen in Fig. 3, the amount of cells attached to the
surface of biomimetic apatite increases with increasing the
incubation time (from 1 to 4 h) but there was no significant
difference between the apatite coated samples and uncoated
smooth titanium ones even after 4 h. Some studies reported
higher cell attachment on hydroxyapatite than titanium
substrates [36,37]. On the other hand, in the study of Puleo
et al. [38] they showed an acceptable cell attachment can be
formed on the surface of uncoated titanium samples. As mentioned
earlier, cell attachment is mediated through proteins adsorbed into
the substrate surface. Surprisingly, some studies argued differences
in protein adsorption between apatite and titanium surfaces,
whereas other ones did not report these differences [39,40]. The
reason of these differences is not clearly understood.
In our study, there was statistically significant difference

between the plain culture dish, coated and uncoated samples
from the beginning. The hMSCs are attached to the plain



Fig. 3. Attachment of the hMSCs on the culture plate (control), coated and
uncoated samples after culturing for 1, 2 and 4 h.

Fig. 4. Proliferation of the hMSCs on culture plate (control), coated and
uncoated samples after culturing for 5, 10 and 15 days.
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culture dish more quickly than the coated and uncoated
samples. The obtained result is different from the data reported
by Hong et al. [41] demonstrating higher cell adhesion to
apatite than culture plate. They argued that it is due to the
highest surface roughness, high concentration of labile ions in
the biomimetic crystalline apatite crystals and high specific
area due to the nanodimensional network in the highly
crystalline apatite film, which may increase the reactivity of
this thin film to the cells. Hong et al. [41] also claimed that
more rapid adhesion of osteoblast cells might provide a better
chance to take over the surface in a competition with the other
cells because there must be a mixed cell environment when the
biomaterial is inserted into the body. Note that this kind of
initially high cell attachment might not be favorable in some
cases. In fact, in real situation cell proliferation has a direct
relationship with the initial cell attachment. As a result, cell
proliferation should be considered as a key factor for cyto-
compatibility, which is needed to be evaluated in detail. Zhu
and Assoian [42] reported that cells are required to spread on
the surface in order to survive and proliferate, and adhesion
was not the only factor for survival.

In another point for view, Bigerelle et al. [43] showed that
when the topography is considered below the cell scale (micro-
roughness), cells appreciate their isotropic smooth aspect.
However, when the topography is above the cell scale
(macro-roughness) they take advantage of their rough isotro-
pic. In our study, qualitative observations suggested that the
topography was below the cell scale. As a result, it seems that
the cells appreciate their smooth surface which might justify
this difference.

3.5. Cell proliferation

The growth of hMSCs with culturing time was observed on
culture plate (control), coated and uncoated samples as shown
in Fig. 4. The cell numbers multiplied significantly, reflecting
the proliferation processes of the cells. Cell proliferation was
nearly similar on all surfaces after 5 days of culture. However,
the mean cell number that proliferated for 5 days on the coated
and uncoated samples was slightly lower than that of the
culture plate. In addition, a greater proliferation rate occurred
between 10 and 15 days. The number of cells on the culture
plate was significantly higher than those apatite coated and
uncoated samples after 10 and 15 days. Moreover, the mean
unit cell number for coated samples was statistically higher
than those uncoated samples in 10 and 15 days of culturing.
SBF treatment which led to the formation of poorly crystalline
apatite on the surface of implants showed an incensement in
cell adhesion and proliferation. Furthermore, various aspects
have been reported repeatedly about physico-chemical proper-
ties of material surface which effected cell adhesion and
proliferation [44]. As the crystallinity of apatite coating has a
significant effect on the cell behavior, Frayssinet et al. [45]
reported that highly crystalline surfaces might have an
inhibitory effect on cell growth behavior.
On the other hand, DiMillia et al. [46] suggested that prolifera-

tion capacity and migration speed of various cell types, e.g.
mesenchymal stem cells is in highest range at intermediate
adhesion, while high adhesion capacity is associated with quies-
cence and maturation of cells [47,48]. Here, comparing with the
initial cell density, a significant increase was observed in the
amount of cells after 15 days of culture on all surfaces (at least
three times as many as the seeding density).
3.6. Cell morphology

As it can be seen in Fig. 5, typical SEMmicrographs showed the
morphological features of hMSCs cultured on uncoated and coated
samples for 1, 2 and 4 h. As shown in Fig. 5(a) and (b), after 1 h of
cell culturing, spherical cells with early sign of filopodial extensions
were observed on the surface of both uncoated and coated samples.
Subsequently, 2 h after cell culturing, the cells in contact with
uncoated samples were more intimate to the substrate than coated
samples as shown in Fig. 5(c) and (d) for uncoated and coated



Fig. 5. SEM micrographs of hMSCs cultured on samples: (a) Uncoated and (b) coated samples for 1 h after cell culturing, (c) uncoated and (d) coated samples for
2 h after cell culturing, (e) uncoated and (f) coated samples for 4 h after cell culturing.
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samples, respectively. After 4 h of culturing, the hMSCs appeared to
be more flattened and spread as shown in Fig. 5(e) and (f) for
uncoated and coated samples, respectively.

Obtained results indicated that the cultured cells on the
surface of uncoated samples were spread with polygonal
morphology, and the cellular filopodia anchored more tightly
to the substrate. Whereas, coated samples showed less
filopodia and the cell bodies appeared to stand off the surface.

Surprisingly, the difference on cell morphology was obvious
from the first time of interaction. In our study, changes in cell
morphology have been tracked after 5, 10 and 15 days of
culturing as shown in Fig. 6. As it can be seen in Fig. 6(a) and
(b), after 5 days non-spreading spherical cells were not
observed on both uncoated and coated, respectively. Cells on
the surface of uncoated samples were flat, elongated with well
spread shape. After 10 days, the cells on the surface of coated
samples were trying to elongate in one direction whereas cells
on uncoated samples were spread in all directions as shown in
Fig. 6(c) and (d). Subsequently, after 15 days, hMSCs were
spread very well on the surface of uncoated samples. As a
result, it was difficult to distinguish cells on the substrates (see
Fig. 6(e) and (f)) whereas the cells were almost slender in
shape and more three-dimensional on the surface of coated
samples [49].
The appearance of more slender cells on the surface of

coated samples may increase the possibility of cells migration.
It can be concluded that the less spread cells could migrate
more rapidly than widely spread cells. Too much adhesion
hinders the movement of cells over the surface [50]. The
migration of osteoblast cells are directly related to the
osteoconduction which indicates the advancement of bone
formation via the solid surface of biomaterials [51]. Therefore,
it is believed that more the slender cells on the coated samples
may exhibit signs of higher osteoconduction. Accordingly,
Folkman and Moscona [52] mentioned that one of the main
regulators of proliferation rate in anchorage-dependent cells is



Fig. 6. SEM micrographs of hMSCs cultured on samples: (a) Uncoated and (b) coated samples for 5 days after cell culturing, (c) uncoated and (d) coated samples
for 10 days after cell culturing, (e) uncoated and (f) coated samples for 15 days after cell culturing.
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the shape of cells. Their results indicate that cells in round
configuration divide at a lower rate than the flattened and well-
spread cells.

It may be also possible that the surface topology of coated
apatite would be responsible for cell behavior. However, Rice
et al. [53] studied the response of human osteoblast cells on Ti
oxide substrate, and concluded that the surface chemistry is a
more dominant factor than topography. It seems that the
surfaces of coated and uncoated samples differed by more
than just surface chemistry. Specifically, it is likely that the
surface topography and roughness values may be differed. We
did not include a roughness control group because we
predicted that the apatite coating would be changed during
14 days in contact with cells and culture medium.

It is worth mentioning that dissolution and formation of
apatite layer can happen simultaneously on the surface of
samples in culture medium. Here, after putting the coated
samples in α-MEM some interaction might happen in the
surrounding area which can be described as follows: (a) release
of calcium and phosphate ions from the coating, (b) ion
exchange with surrounding medium and (c) precipitation of
newly apatite crystals. It can be seen from the SEM micro-
graphs that spherical particles which were recognized as
biomimetic apatite were stable from 1 h to 14 days in culture
medium. Faure et al. [54] also used an acellular DMEM
solution as a biomimicking medium instead of SBF solution,
and observed the formation of this newly formed apatite.
On the other hand, the pH of the culture medium was

measured every 3 days which was in the range of 7.0–8.0. This
suggested that, the pH of culture medium was not affected by
the presence of the coating and remained almost equal to the
pH of the culture medium (7.6770.06). Barrere et al. [55]
reported that even a slightly acidic condition can induce the
dissolution of apatite layer and the release of Ca2þ and PO4

3−

ions into the extracellular environment. Large amount of ion
release from the apatite coating may create a microenviron-
ment surrounding the cell in which the levels of Ca2þ and
PO4

3− are toxic. Our results confirmed that the culture
conditions did not cause a noticeable release of ions from
the coating into the solution. The presence of an adsorbed
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protein layer might be sufficient for preventing Ca2þ and PO4
3

− uptake by cells. On the other hand, the apatite dissolution
could be significantly affected by protein adsorption, confor-
mation and modulation [56,57].

4. Conclusion

In this research, the hMSCs–implant interactions of uncoated
and biomimetically coated titanium implants have been investi-
gated. After the first day of immersion in SBF, the partially
amorphous apatite particles exhibited the typical cauliflower like
morphology. It could be concluded that both of the coated and
uncoated substrates had good cell attachment. However, prolifera-
tion and morphology of the hMSCs spread over the coated
substrates differed significantly from that of the uncoated one.
Also, the coated substrates were more prone to cell formation in
three-dimensional and slender shape than the uncoated ones. This
work has shown that the applied apatite coating on the titanium
implants can improve the biological response of hMSCs, while the
desirable bulk characteristics of the substrates are retained.
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