
J Mater Sci: Mater Med  (2016) 27:150 
DOI 10.1007/s10856-016-5758-6

ENGINEERING AND NANO-ENGINEERING APPROACHES FOR MEDICAL DEVICES Original Research

Fabrication mechanism of nanostructured HA/TNTs
biomedical coatings: an improvement in nanomechanical
and in vitro biological responses

Shahab Ahmadi1 ● Zohreh Riahi1 ● Aylar Eslami1 ● S.K. Sadrnezhaad1

Received: 23 May 2016 / Accepted: 20 July 2016
© Springer Science+Business Media New York 2016

Abstract In this paper, a mechanism for fabrication of
nanostructured hydroxyapatite coating on TiO2 nanotubes is
presented. Also, the physical, biological, and nanomecha-
nical properties of the anodized Ti6Al4V alloy consisting
TiO2 nanotubes, electrodeposited hydroxyapatite, and the
hydroxyapatite/TiO2 nanotubes double layer coating on
Ti6Al4V alloy implants are compared. Mean cell viability
of the samples being 84.63 % for uncoated plate, 91.53 %
for electrodeposited hydroxyapatite, and 94.98 % for
hydroxyapatite/TiO2 nanotubes coated sample were in the
acceptable range. Merely anodized prototype had the
highest biocompatibility of 110 % with respect to the con-
trol sample. Bonding strength of hydroxyapatite deposit to
the substrate increased from 12± 2MPa to 25.4± 2MPa
using intermediate TiO2 nanotubes layer. Hardness and
elastic modulus of the anodized surface were 956MPa and
64.7 GPa, respectively. The corresponding values for
hydroxyapatite deposit were approximately measured 44.3
MPa and 0.66 GPa, respectively, while the average obtained
values for hardness (159.3 MPa) and elastic modulus (2.25
GPa) of the hydroxyapatite/TiO2 nanotubes double coating
improved more than 30 % of the pure hydroxyapatite
deposit. Friction coefficient (ξ) of the anodized surface was
0.32± 0.02. The calculated friction coefficient enhanced
from 0.65± 0.04 for sole hydroxyapatite layer to the 0.46±
0.02 for hydroxyapatite/TiO2 nanotubes due to presence of
nanotubular TiO2 intermediate layer.

1 Introduction

Much attentions are nowadays focused on titanium alloys for
hard tissue utilization. Suitable mechanical properties like
tensile strength and Young’s modulus as well as corrosion
resistance and super biocompatibility have been given con-
siderable attention [1–3]. These are not sole requirements of
orthopedic and dental implants which interact with the live
bone at least at initial stages of the implantation [4, 5]. An
example is the encapsulation of the implanted material by
fibrous tissue which results in isolation of the implant from
surrounding bone and patient suffering of precocious loos-
ening. Surface modification of Ti-based implants needs,
therefore, critical consideration [6, 7].

Oh et al. [8] have indicated significant improvements in
formation of interlocked cell structure due to TiO2 nano-
tubes (TNTs) formation. Das et al. [9] have showed that
anodized TNTs are more osteoconductive than untreated
alloy. Popat et al. [10] have conducted successful in vivo
biocompatibility tests of TNTs. They have observed no
adverse immune response through in vivo environment.
Hydroxyapatite (HA) can also be used in line with biome-
dical purposes. The HA coatings have similar composition
to bone tissues and thereby, act as a bridge at the interval of
bone and implant [11, 12]. The HA coatings can be
obtained through different methods including plasma
spraying, sol-gel, biomimetic deposition, and electro-
chemical deposition [13]. Among these methods, electro-
deposition is a useful process for getting coatings with
controllable thicknesses and complex shapes [14]. Previous
studies have indicated that nanostructured surfaces exhibit
good biocompatibility and enhanced osteoblast adhesion.

One of the most important characteristics of a hard tissue
replacement is the nanomechanical responses at the inter-
face of implant|bone. This property should be more
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considered when the biomaterial is implanted at the loca-
tions such as knee, shoulder, elbow, and dental implants
during implantation which are under more mechanical for-
ces. The introduced torsion, bending, tensile, and shear
tensions to the implant could damage the surface layer of
implant as result in separation of coating or toxic ion release
and finally failure the implanted biomaterial. Short-term
stabilization, implant infection, and other adverse con-
sequences could be attributed to the weak surface nano-
mechanical properties of the coated biomaterials.
Accordingly, improving the nanomechanical properties of
surface coatings needs critical consideration. Ahmadi et al.
[15] have coated different HA/TiO2 configurations (con-
sisting of pure HA, TNTs layer, HA/TiO2 nanocomposite,
and HA/TNTs double layer coatings) on Ti6Al4V substrate
and then adherence of these coatings have been measured.
They realized that oriented nanotube layer as an intermediate
layer increases the adhesion of the HA deposit to the implant
to a maximum value in comparison with other samples.

Although many investigations have done in order to
surface modification of metallic implants, no comprehensive
study have done on improvement of the mechanical prop-
erties of HA-based coatings deposited on Ti6Al4V alloy
implants considering with proper biological properties.
Accordingly, the aim of this research is to offer a low cost
coating method with the best biocompatibility, cell adhesion,
proliferation, mineralization, and bone regeneration accom-
panying with nanomechanical responses of bioactive coating
at the interface of implant|bone. To achieve this purpose,
TNTs are firstly synthesized. Subsequently, HA is deposited
onto the TNTs by means of pulse electrodeposition method.
Then, in order to characterize the surfaces and determine the
bioactivity and osteogenic cell responses of the coatings,
surface analysis techniques, MTT, and alizarin red staining
tests are carried out in this research. Finally, adhesion
strength, nanoindentation, and nanoscratch tests are applied
to study the nanomechanical properties.

2 Experimental procedure

All specimens were mechanically polished by SiC grinding
paper and suspensions of 0.3 and 0.05 % Al2O3 nano-
particles. The mirror-like samples were cleaned by sonica-
tion in acetone at 60 °C for 10 min and then rinsed in
deionized water. They were dried with stream of air and
then the electrochemical deposition was performed.

2.1 Formation of nanotubes oxide layer

The electrolyte for anodic oxidation contained 1M
(NH4)2SO4 solution having 0.5 wt% NH4F. The electro-
chemical setup consisted of a conventional two-electrode

configuration having graphite cathode and Ti6Al4V sheet
anode. The electrochemical treatment consisted of a
potential ramp from the open circuit potential (OCP) to 25
V with sweep rate of 25 mV/s followed by holding of the
applied potential at end-potential for 3600 s. The applied
potential in anodizing tests has been illustrated in Fig. 1.
All anodizing experiments were carried out at room tem-
perature. Finally the anodized implants were dried in a
stream of air.

2.2 Pulse electrodeposition of calcium phosphate coating

For electrochemical coating, both anodized and untreated
Ti6Al4V alloy samples were used as cathode and a graphite
plate as working electrode. The electrodes were immersed in
the electrolyte which contained 0.042M Ca(NO3)2, 0.025M
(NH4)2HPO4, 0.1M NaNO3 and 2000 ppm H2O2. Addition
of NaNO3 was for improvement of the ionic strength of the
electrolyte and H2O2 for suppression of the evolution of H2

and promotion of the deposition of the layer. The pH of the
electrolyte was adjusted at 5.5 by sodium hydroxide (NaOH)
and nitric acid (HNO3) at 60 °C. Total procedure time was
60 min, and deposition process was done using a potentio-
stat/galvanostat pulsing current produced by a pulse rectifier
as illustrated in Fig. 2. In order to obtain uniform and
adherent coatings, electrodeposition was done under the
following conditions: Time deposition ton= 2 s with a current
density of Jon= 1mA/cm² followed by a breakdown time of
toff= 5 s (Joff= 0mA/cm²). All produced samples were
dried slowly at 120 °C for 2 h and heated up to 480 °C at the
rate of 3 °C/min and held at 480 °C for 2 h. Heat treatment
was accomplished to increase the crystallization degree of
the calcium phosphate and for phase transformation of TiO2

layer from amorphous to anatase phase [16–18].

2.3 Morphology and phase structure characterizations

Morphologies of the surface coatings were inspected by high
vacuum FE-SEM model ΣIGMA/VP ZEISS. Before FE-
SEM observation, Au was sputtered on the surface of the
specimens. Crystal structures of the samples were analyzed
by x-ray diffraction (XRD) (X’Pert Pro MPD, PANalytical)
using Cu Kα radiation of λ= 1.5418 Å, 2θ angle of 20–90°,
scanning rate of 0.02° s−1, time steps of 20 s and X’Pert
Highscore plus software data analysis system.

2.4 Biocompatibility in vitro tests

2.4.1 Cell culture

MG-63 osteoblast, human osteosarcoma cell line, were
cultured in Dulbecco’s Modified Eagles Medium (DMEM,
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PAA, Germany) supplemented with 10 % (v/v) fetal bovine
serum (FBS, Gibco BRL) and 1 % (v/v) penicillin-strepto-
mycin solution (Gibco), and incubated at 37 °C in a humi-
dified atmosphere containing 5% CO2. Medium was
replaced every 2 days. When the cells reached 80 % con-
fluence, they were passaged by treatment with 0.05 %

trypsin-EDTA (Gibco), and subsequently counted using
trypan blue dye prior to further use.

2.4.2 Cytotoxicity test

The in vitro cytotoxicity of the scaffolds was evaluated by
an indirect extract method. Scaffolds were cut into cylind-
rical samples of 5.5 mm height and 5 mm diameter. The
surface area of the samples was ~1.25 cm2. Samples were
sterilized by exposure to gamma radiation (25 kGy) prior to
further incubation at 37 °C in DMEM for 3, 7, and 14 days.
The extraction ratio was 1.25 cm2 ml−1. Ten samples were
extracted for each group of scaffolds. DMEM without
scaffolds was also incubated at 37 °C for 3, 7, and 14 days
as control. MG-63 cells were seeded in 96-well plate at a
density of 104 cells per well 24 h before the end of each
extraction period and incubated at 37 °C. After incubation
for 24 h, the culture medium was removed and replaced
with the extraction media. The plate containing the cells
exposed to the extraction media was incubated at 37 °C for
24 h. Subsequently, the extraction media were removed and
cell viability was determined by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

Fig. 1 Applied potential steps
(•) and measured current ( ) vs.
anodizing time. Sweep rate of
applied potential was 25 mV/s at
first (from 0 to 25 V). Constant
potential of 25 V was then
applied. Measured current had
three stages: a a plunge in the
current due to the formation of
TiO2 compact layer, b increase
in the current because of start of
pore formation in the oxide layer
and rearrangement of nanotubes
in the layer, and c constant
current towards equalization of
the Redox reactions. Panels ( )
and ( ) represents fluoride ions
and [TiF6]

2− complex,
respectively

Fig. 2 Schematic representation of pulse current during electro-
deposition of HA. Time deposition: ton= 2 s, current density: Jon= 1
mA/cm2 and breakdown time: toff= 5 s (Joff= 0 mA/cm2). Total time
of the process: 60 min
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2.4.3 MTT assay

The MTT assay is based on reduction of yellow tetrazolium
salt to purple formazan ((E,Z)-5-(4,5-dimethylthiazol-2-yl)-
1,3-diphenylformazan) crystals by dehydrogenase enzymes
secreted from the mitochondria of metabolically active
cells. According to the standard of ISO 10993-12, after
removing the extraction media, 100 μl of MTT solution in
DMEM (0.5 mg ml−1) was added into each well and the
plate was incubated at 37 °C for 4 h. Subsequently, MTT
solution was discarded and the precipitated formazan
crystals were dissolved in 150 μl of dimethylsulfoxide.
Finally, the optical density (OD) was determined at 545 nm
using an Elisa Plate Reader (Molecular Devices, Model
Maxline, USA). The intensity of the absorbance is propor-
tional to the number of living cells. This assay was repeated
three times and the final ODs normalized to the control OD.
The following equations were used to calculate cell viability
of the samples:

Cytotoxicity% ¼ 1�meanODof sample
meanOD of control

� �
´ 100 ð1Þ

Cell viability% ¼ 100� Toxicity% ð2Þ
2.4.4 Cell morphology

The implants were cut into 10 mm × 10 mm × 1mm sheets.
The obtained sheets were sterilized and placed in wells of
48-well plates. Subsequently, 200 μl DMEM supplemented
with 10 % FBS was added to each well and the plates were
incubated at 37 °C for 12 h (pre-wetting). The medium was
then discarded and 2 × 104 of MG-63 cells was seeded into
each well and allowed to attach to the samples. The plates
were incubated at 37 °C for 24 and 72 h. Subsequently,
cellular samples were washed with PBS and then fixed with
2.5 % glutaraldehyde for 12 h. After being rinsed with PBS,
samples were dehydrated through a series of graded ethyl
alcohols (50, 60, 70, 80, 90, and 96 %) and subsequently
air-dried. Finally, samples were sputter-coated with gold
and examined under FE-SEM.

2.4.5 Alizarin red staining

The presence of calcium precipitation by MG-63 cells was
determined using alizarin red staining. In this experiment,
5 × 103 stem cells were seeded on each sample in a 4-well
plate. The cells were kept in osteogenic differentiation
culture media (DMEM + F12 + FBS (10 %) + Dex-
amethasone (10-7 M) + Beta Glycerol phosphate(10 mM) +
Ascorbic Acid(50 µg/ml)) for 21 days and incubated at 37 °
C in an atmosphere containing 90 % H2O(g) + 5 % CO2.
During incubation, fresh culture media was added to the

cells every 3–4 days. After that, the culture media was
removed and the cellular samples were washed with PBS
and fixed with 4 % CH2O solution for 20–30 min. Subse-
quently, the cells were washed with PBS solution three
times and stained with alizarin red solution (2 %, pH= 5)
for 30–45 min at room temperature and dark place. After
that, the colored solution was removed and the cells were
washed with PBS solution two times and finally, in order to

Fig. 3 XRD patterns of a anodized layer, b HA deposit, and c HA/
TNTs coating on Ti6Al4V alloy implant. Notice respective intensity
shifting of 2000 and 4000 units for clarity of curves (b) and (c)

Fig. 4 FE-SEM micrograph of titanium oxide nanotubes synthesized
by anodizing process. Layer cross section is shown by the insert
picture. Note that mechanical bending was used to separate the
nanotubes layer from the substrate
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evaluate and compare calcium mineralization compared to
the control, the samples were observed by stereo micro-
scope (Nikon, CSD).

2.5 Surface topography and roughness measurement

Topography and roughness (Ra) of the coated surfaces were
studied by atomic force microscopy (AFM, Nanoscope E,
Digital Instruments, USA). The indenter tip of the system
scanned the surface of the samples. At least five AFM scans
were performed on each arbitrary surface. Each value was
the average of five measurements.

2.6 Nanomechanical studies

2.6.1 Bonding strength

Bonding strength of deposit with substrate was measured
according to ASTM F1044-05 standard. The uniaxial tensile
load was applied to the deposit which was bonded to the
substrate surface with the epoxy resin using (Model 5565,
Instron Co.) at crosshead speed of 10 mm/min. The size of

the samples that used for the bonding strength tests was
30 × 30 × 1 mm. Five measurements were done for each
deposit and the mean value was reported to determine the
bonding strength.

2.6.2 Nanoindentation and nanoscratch tests

Nanoindentation tests carried out by a TriboScope system
(Hysitron Inc. USA), equipped with a Berkovich indenter
tip. A triangular Loading-unloading function with a max-
imum peak load of 70 and 700 μN was applied. In order to
the applied load of 70 μN, the peak load was achieved
within 5 s and was removed in 5 s without any holding time.
For the peak load of 700 μN, the loading-holding-unloading
function was 30–10–30 s. Four indentations on each sample
applied to achieve reliable results. The nanoscratch tests
were carried out by moving the indenter tip while it was in
contact with the sample surface at a constant scratching
speed of 0.13 μm.s−1. The normal load was 700 μN and the
length of the scratch was 5 μm. Each sample was scratched
three times to achieve reliable results.

Fig. 5 FE-SEM images of a,
b pure HA coating and c, d
electrodeposited HA on the
anodized Ti6Al4V implant
(HA/TNTs)
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2.7 Statistical analysis

The statistical calculations were done by the Student’s
sample t-test and values considered significant with less
than 5 % of confidence (p< 0.05).

3 Results

3.1 Phase analysis, morphology, and microstructure of
the coatings

Figure 3 illustrates XRD patterns of the anodized, HA
deposit and HA/TNTs double layer coating on the Ti6Al4V
alloy implants. As been observed, the oxide layer has been
formed of anatase TiO2 crystal structure. It is interesting to
point out that the sharp peaks of TNTs layer releases a
dense and concrete nanostructured film. However, appear-
ance of substrate peaks (Fig. 3a) indicated formation of a
thin anodized layer. Figure 3b suggests deposition of pure
HA on the substrate. No deposition of other calcium
phosphates (Octa-calcium phosphates and Tri-calcium
phosphates; OCP and TCP) is observed. It should be noted
that these compounds (i.e. OCP and TCP) suffer from lower
stability, higher dissolving rate, and weaker biological
response than pure HA. As is clear from Fig. 3c, diffraction
pattern of the HA/TNTs coated samples consists of both HA
and anatase phases. It means, the presence of intermediate
TNTs layer has no unfavorable effect on synthesis of
electrodeposited pure HA coating. However, intensities of
some peaks related to the crystal faces of HA layer have
been changed with respect to the Fig. 3b. Intensities of the
HA peaks related to the HA/TNTs coating, for example,
show a decrease compared to the pattern (b) of Fig. 3.

FE-SEM image of titanium oxide layer of anodic nano-
tubes is illustrated in Fig. 4. The micrograph illustrates a
~760 nm thick porous layer with well-arranged nanotubes.
The mean values for nanotubes wall thickness was 23 nm,
outside diameter measured 179 nm, and inside diameter was
94 nm. Surface morphologies of pure HA layer and elec-
trodeposited HA coating on the anodized Ti6Al4V alloy
implants (HA/TNTs) are shown in Fig. 5. As is observable

in this figure, the nanostructured HA coating consists of
both planar and rod-like shapes (Figs. 5a, b). The pure HA
layer including considerable porosity with rod-like texture
cell walls. It is noteworthy to mention that the deposited HA
layer on anodic TNTs presents a uniform and dense mor-
phology, while the same conditions were applied for all
electrodeposition procedures. According to Figs. 5c, d, the
HA film of the HA/TNTs double layer coating consists of
thin small plates which firmly deposited on each other.

3.2 In vitro results

3.2.1 Cytotoxicity study

The in vitro cytotoxicity of samples was measured by MTT
assay on osteoblast MG-63 cells. This test determines the
mitochondrial activities of vital cells and yields a parameter
for their metabolic activities [19]. MG-63 cells were cul-
tured in DMEM in presence of the samples for 1 week. The
viable cell percentages of the different samples are given in
Fig. 7. Cell viability of the control sample is considered
100 %. Cell viabilities of the extracts of the anodized, HA
deposited and HA/TNTs coated implants are 109.27± 4.13%,
91.53± 4.65 %, and 94.98± 5.53 %, respectively. All these
values are higher than that of the uncoated Ti6Al4V sample
which indicates 84.63± 3.74 %. The increase in cell via-
bility of the scaffolds compared to the bare Ti6Al4V alloy
sample was significant (p< 0.05) for the coated implants.

3.2.2 Cell attachment and morphology

Figure 8 illustrates the FE-SEM images of the osteoblast
cells after 3 h of incubation. As is observable in the Fig. 8,
the osteoblast cells have spread over the surface of all spe-
cimens. Noticeably, shapes of the cells grown on different
specimens are not the same. Spherical cells possessing fewer
and shorter filopodia are observed on the polished Ti6Al4V
surface as present good biocompatibility but not enough
bioactivity of the implant. Conversely, most of the heap
osteoblast cells grown on the anodized, HA deposited and
HA/TNT coated implants exhibit fine surface anchoring with

Table 1 Nanomechanical properties obtained from bonding strength, nanoindentation and nanoscratch tests

Sample Elastic modulus
(GPa)

Hardness
(MPa)

Roughness(nm) Friction
coefficient

Maximum penetration
(nm)

Bonding strength
(MPa)

Human bone [48, 49] 1.3–25.4 234–760 Nanometric 0.372–0.582 – –

Polished Ti6Al4V 112± 10 4400± 400 318 0.42± 0.02 – –

Anodized Ti6Al4V 64.74± 4 955.99± 10 574 0.32± 0.02 286 –

Hydroxyapatite 0.66± 0.2 44.35± 5 1430 0.65± 0.04 >450 12± 2

HA/anodized 2.25± 0.5 159.27± 5 1782 0.46± 0.02 352 25.4± 2
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long filopodia and spindle-like, polygonal, or widespread
shapes which confirms the MTT assay results.

3.2.3 Calcium mineralization and alizarin red staining

Bioactivity of a biomaterial is discussed by means of its
ability to regeneration of host living tissue. This property for
hard tissue replacements is measured using alizarin red
staining test which introduces amount of mineralized cal-
cium on the surface of implant. The calcium mineralization
capability is considered as the same grade of bone regen-
eration value at the implant|bone interface. Alizarin red
staining results of polished Ti6Al4V alloy, anodized surface,
HA deposited, and HA/TNTs double layer coated prototype
implants with control sample have been indicated in Fig. 10.
As is clear from Fig. 10a, no calcium has been mineralized
on the surface of polished Ti6Al4V alloy implant. It means
that the untreated Ti6Al4V surface is not enough bioactive,
although showed well biocompatibility due to considerable
cell viability and proper cell attachment (Fig. 8a). In other
words, uncoated Ti alloy implants consisting of low bioac-
tivity could not promote bone regeneration as results in
short-term stabilization of these metallic implants.

3.3 Nanomechanical responses

3.3.1 Topography and surface roughness

Figure 11 compares AFM images of the implant surfaces
produced in this research. Mean roughness of our samples

were 0.318± 0.02 μm, 0.574± 0.06 μm, 1.429± 0.7 μm,
and 1.782± 0.4 μm for polished, anodized, HA deposited,
and HA/TNTs coated samples, respectively. The results
have been presented in Table 1.

3.3.2 Bonding strength

The bonding strength of the precipitated HA with the
Ti6Al4V alloy substrate measured 12.5± 2MPa. The cor-
responding value for the HA/TNTs double coating obtained
25.4± 2MPa. The results of bonding strength tests have
been presented in Table 1. This indicated that the presence of
TNTs as a middle layer can drastically improve the adhesion
strength of HA deposit to the titanium alloy substrate.

3.3.3 Hardness and elastic modulus of surfaces

Nanoindentation tests carried out to study nanomechanical
properties of the coated surfaces. Load-displacement curves
analyzed to calculate nano-hardness (H) and elastic mod-
ulus (Er) using a power-law fit following the method of
Oliver and Pharr [20]. The hardness and elastic modulus of
the anodized surface of Ti6Al4V alloy including TNTs
were 956MPa and 65 GPa, respectively, while those of HA
coating were approximately measured to be 45MPa and
0.66 GPa, respectively. The hardness and elastic modulus of
HA/TNTs double coating were enhanced to 160MPa and
2.25 GPa, respectively, when the TNTs were placed as
intermediate layer between the HA layer and titanium alloy

Fig. 6 Schematic of the
electrochemical setup consisted
of a conventional two-electrode
configuration for HA deposition
on a smooth surface of Ti6Al4V
cathode and b nanotubular TiO2

coated Ti6Al4V cathode using a
constant current density process
(1 mA/cm2). c Illustrates
schematic of a TiO2 nanotube
with high specific surface area.
The nanotube platform provides
favorable locations for essential
reactions and HA formation
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substrate. The results of nanoindentation measurements on
the surfaces have been presented in Table 1.

3.3.4 Nanoscratch results

The representation of scratch test results have been indi-
cated in Figs. 12a–d. Friction coefficient (ξ) is often used to
study the nano-scratching properties of materials. This
parameter is the ratio of the measured lateral force (FL) to
the exerted normal force (FN) as:

ξ ¼ FL=FN ð3Þ

According to the Fig. 12a, the ξ of the anodized surface
was 0.32± 0.02, while the corresponding value of sole HA
deposit calculated 0.65± 0.04 (Fig. 12b). It is interesting to
point out that the ξ of HA layer was enhanced to the 0.46±
0.02 in HA/TNTs double coating (Fig. 12c), due to presence
of nanotubular TiO2 intermediate layer.

4 Discussion

The XRD analysis revealed that the anodic oxide layer
fabricated on Ti alloy implant has been formed of anatase
crystal structure (Fig. 3a). Presence of anatase phase in the
oxide layer can be due to applied heat treatment at 480 °C
which leads to phase transformation of the titanium oxide
from amorphous to anatase crystals. According to the Eliaz
et al. [21], only if pH value of CaP electrolyte is close to
11.6, will the pure HA be precipitated from the electrolyte.

They demonstrated that in presence of enough hydroxyl and
phosphate ions in electrolyte, HA phase will be produced
through reaction 4. However, according to reactions 5 and
6, production of phosphate ions is also dependent on pre-
sence of hydroxyl ions.

5 Ca2þ
� �þ 3 PO3�

4

� �þ OH�ð Þ ! HA ð4Þ

H2PO
�
4 þ OH� ! HPO2�

4 þ H2O ð5Þ

HPO2�
4 þ OH� ! PO3�

4 þ H2O ð6Þ
This is despite the fact that in all the samples which were

coated via the CaP electrodeposition at pH= 5.5, the coat-
ing consisted only of the HA phase (Figs. 3b, c). It is
noteworthy that the presence of H2O2 in the electrolyte and
its effect on production of hydroxyl (OH−) ions should be
considered according to the following reaction [22, 23]:

H2O2 þ 2e� ! 2OH� ð7Þ
Reaction 7 provides the hydroxyl ions required for

reactions 5 and 6. Pure HA is thus synthesized by reaction 4
while enough hydroxyl and phosphate ions are provided by
reactions 6 and 7. This decrease could be due to undergo a
change of the voltage of precipitation, different ion mobi-
lity, high specific surface of cathode which consequently
result in difference of speed the probable reactions occurred
in the vicinity of the cathode.

According to Fig. 5, the HA deposit formed on anodized
sample, present a dense and uniform morphology. How-
ever, the pure HA coating precipitated through the same
current density, shows a nearly porous structure (Figs. 5a,
b). This indicated that the presence of nanotubular titanium
oxide as a middle layer can drastically affect evolution of
HA formation and subsequently its properties. Based on the
similarity of HA electrodeposition processes, the different
morphology of HA deposit in HA/TNTs coating can be
attributed to the presence of fully porous aligned oxide
array which regulates the charge transfer. It means that the
TNTs with high specific surface area provide more available
places for the essential reactions of HA deposition. The
mechanism of HA electrodeposition on the bare Ti6Al4V
substrate (with an inherent thin compact oxide layer that
proved using EIS measurements by Ahmadi et al. [15])
compared with the anodized Ti6Al4V alloy consisting of
TNTs (porous oxide surface) has been presented in Fig. 6.

According to the Fig. 6, during the constant current
electrodeposition process, (a) since a smooth surface
(polished Ti6Al4V alloy) is placed in the cathode position,
the electric current flows uniformly through from all the
cathode surface. The mentioned current is which indicated
by ammeter. While, (b) when a porous specimen (anodized
Ti6Al4V surface including TNTs) is placed as a cathode in

Fig. 7 Cell viability after 1 week of the extracts for: a polished, b
anodized, c HA deposit, d HA/TNTs coating on Ti6Al4V alloy
implant, and e control sample. All prototypes exhibit proper viability.
The highest biocompatibility belongs to the anodized sample which
shows 109.27 % cell viability (indicates significance at p< 0.05 in
comparison with control)
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Fig. 8 FE-SEM images of Cell
attachment on the a uncoated
Ti6Al4V alloy, b anodized, c
HA deposit, and d HA/TNTs
coatings on Ti6Al4V implant

Fig. 9 Mechanism of osteoblast cells attachment onto the nanotubular titanium oxide coating. Proteins with positively charged tips (or positively
charged proteins) serve as a bridge (bridging force theory) between negatively charged TiO2 nanotube walls and negatively charged osteoblast
cells.
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the electrolyte solution, the charges and ions could have
more opportunities to contribute in the reactions occurring
on the surface of nanotubes. Based on the Fig. 6c, the
electrons needed for reduction of the H2O2 and production
of hydroxyl ions (reaction 7), benefit from a high surface
area to react. This increasing in value of possible reactions
leads to increasing the OH− ions concentration in the vici-
nity of the cathode as encourages the HA deposition in
association with decrease of the voltage at the interface of
cathode|electrolyte in the applied constant current process.

It should be noted that, since the recorded current density by
ammeter should be kept constant in the circuit, the charges
existing in the electrolyte solution are permitted to move by
a lower mobility through the pores of nanotubes in order to
compensate the increase of current induced due to many
oxidation-reduction reactions on the high specific surface
area of oxide layer (anodic TNTs) of the cathode surface.
This phenomena is proved according to the following
equation:

ε ¼ IcR ð8Þ
where ε is the electric potential, Ic and R are the constant
current density and resistance, respectively. Based on fun-
damental electrical relations, the resistance (R) of anodized
porous surface of cathode decreases due to increase the
surface area (A-cross sectional area) according to the Eq. 9.

R ¼ ρL=A ð9Þ
As ρ is resistivity of the material (Ω.m) and L is length of

the element which charges flow along it. As is clear, when
the surface area increase, the electrical resistance is reduced
as subsequently associated with a voltage decrement in the
constant current density process. Therefore, the ions
mobility is kept slow and the charges possess enough time
to find suitable places for precipitation. Accordingly, a pure,
dense, and uniform layer of HA could be deposited on the
TNTs platform as confirmed by the FE-SEM micrographs
of Figs. 5c, d.

As is clear from Fig. 7, obtained cell viability for the
coated prototype implants are in the acceptable biomedical
range. Although the high biocompatibility of the HA-based
coatings was predicted, the highest cell viability was
obtained for the anodized surface consisting of nanotubular
titanium oxide. This proper behavior could be attributed to
(a) nanostructured surface of anodized layer which is
similar to nanosized human tissues, (b) fully porous struc-
ture that provides high specific surface, and (c) probable
presence of the fluoride ions of electrolyte solution doped
into the oxide structure during anodic oxidation process.

Recent studies [24–26] have revealed more desirable
properties like good attachment and high proliferation of the
fluoride ion-implanted Ti6Al4V alloys than the non-
implanted ones. This research proves that TNTs layer is
excellent template for cell adhesion and proliferation and
can present faster spreading and growth of cells on the
anodized implants than the as-polished Ti6Al4V plates.
According to Kim et al. [25], the initial cell attachment to
titanium oxide layer is much stimulated by F− ion content.
This is in agreement with observations of previous
researchers about fluoridated HA coatings [26]. However,
they have observed cell proliferation restriction due to Ca2+

release reduction in culture medium, when F content of the
biomaterial is high.

Fig. 10 Images of the alizarin red staining results for: control, a
polished Ti6Al4V alloy, b anodized, c HA deposit, and d HA/TNTs
coated implants. The red regions present calcium mineralized on the
coated surfaces
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The adhesion of osteoblast cells to biomaterials is
essential for successful bone|biomaterial interactions. CaP
and especially HA-based biological coatings present valu-
able bioactivity due to provide bone-like template compo-
sitionally, as encourage cell attachment and rapid bone
regeneration. As is founded from Fig. 8c, d, the appreciate
cell anchoring and living tissue interlocking into HA
structure promise a long stabilization for these coated
implants. While the cell attachment on the anodized surface
consisting of TNTs is promoted by different mechanism.
The excellent osteoblast cell attachment on the TNTs
(Fig. 8b) has been justified by opposite charges attraction
theory. Recently, it has been suggested that the surface
contact between titanium implant and the membrane of the
osteoblast cells consists of two steps: (a) the osteoblast cells
membrane makes nonspecific contact due to electrostatic
forces [27, 28] and (b) specific binding involving integrin
assembly in the focal contact occurs [29–31]. A disputable
mechanism for osteoblast cell adhesion to the implant sur-
face has been suggested by previous authors [32, 33]. Based
on the hypothesis, the positively charged proteins or pro-
teins with positively charged tips, i.e., a quadrupolar inter-
nal charge distribution attached to the negatively charged
implant surfaces, serve as a template for the subsequent
attachment of the negatively charged osteoblast cells. It has
also been shown that a high enough surface charge density
on the titanium alloy implant surface and a distinctive
internal quadrupolar charge distribution of the protein can
change the repulsive force between a negatively charged
surface of titanium implant and the osteoblast cells surfaces
to an attractive force which is also called the bridging force
[27, 28]. The mechanism of cells attachment on the nano-
tubular TiO2 layer is presented in Fig. 9.

The origin of the increased binding energy of fibronectin
at sharp edges of TNTs oriented vertically may be due to the
bridging and direct interaction forces [34, 35]. Accordingly,
it has been shown recently that an increase in the negative
charges of the titanium surface promotes the fibronectin-
mediated binding of osteogenic cell receptors [36]. It should
be stressed at this point that the semiconductor anodic tita-
nium oxide nanotube layer is much thicker than the very thin
oxide layers formed on flat titanium surface where the bulk
titanium properties remain metallic. The surface of the TNTs
consist a certain number of titanium and oxygen dangling
bonds. Therefore, H+ and OH− ions and other ionic species
present in the electrolyte can be chemisorbed/adsorbed to the
titanium oxide nanotube surface in a curvature-dependent
way. Finally, since the nanotubes TiO2 layer is attached to
the underlying metallic titanium substrate, conduction elec-
trons transfer from the titanium alloy substrate to the formed
TNTs. In addition, the high porosity and surface area-to-
volume ratio of the nanotubular TiO2 arrays could effec-
tively enhance cellular activity by increasing the efficiency

Fig. 11 AFM images of the surface of a polished Ti6Al4V alloy, b
anodized consisting of TNTs, c HA deposited, and d HA/TNTs
coatings on Ti6Al4V implants
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of gas exchange, waste excretion, nutrient delivery, and the
transmission of cell signaling molecules [37]. Furthermore, a
high surface area provided by the nanostructured coatings
suggests useful conditions for interlocking with bone cells
and the penetration of body fluid which could properly
improve the bone fixation with implant.

The red regions due to the calcium transpiration and the
mineralization which are effective factors to bone regen-
eration, have been encouraged in coated samples
(Figs. 10b–d). From a fundamental perspective aimed at
understanding the in vivo biomineralization process, the
growth pathways of improvement the calcium mineraliza-
tion and apatite formation period at the interface of implant|
bone have been the subject of increasing interest over the
past decade. It is noteworthy that due to presence of mineral
phases and nanosized organics in the human bones, the

bone cells are more interested in nanoscale than microscale
environments. In other words, the osteoblast cells can create
more calcium on nano surfaces than on micro ones [38]. On
the other hand, the existence of Ca and P is also considered
as an important factor in mediating osteoblastic cells
responses and bone regeneration. It has recently been
reported that Ca2+ serves as a critical homing signal to
recruiting cells for bone regeneration [39]. Meanwhile,
inorganic P is known to possess profound effects on
bone mineralization, which are mediated by the enzyme
ALP [40]. Furthermore, small HA nanoparticles can
even penetrate into the cells directly via endocytosis and
clathrin coated vesicles to stimulate cell growth [41].
Therefore, the size effects and high surface-to-volume ratio
of nanoscale TiO2 and nanostructured HA-based coatings
means that they possess enhanced biological properties over

Fig. 12 Nanoscratch results representation of a anodized Ti6Al4V
surface consisting TiO2 nanotubes, b pure HA deposit and c HA/TNTs
double layer coatings on Ti6Al4V implant. Highlight regions indicate
friction coefficient mean value. Depth profile present normal

displacement of indenter into the surface coating. The comparison
show of d illustrates a considerable enhancement of ξ obtained for HA
layer of HA/TNTs double layer coating compared to the HA deposit
due to TNTs intermediate layer
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their microstructure and respective bulk-phase counterparts
[42].

Responses of the osteoblast cells to the implants are
related to topography, roughness, and composition of the
biomaterial surfaces. Morphology of the adherent osteoblasts
possesses an important role in regulating the cell behavior
[43]. Different topographies resulted in various cell-material
interactions. In some cases, high surface roughness leads to
improved cell adhesion, proliferation, and ALP activity.
Cooper [44] has suggested that increased roughness created
by surface modification can affect the formation of bone at
the bone|biomaterial interface. In contrary with his observa-
tions, although the roughness of anodized surface was lower
than the other coated surfaces (Fig. 11 and Table 1), it
indicated the best biocompatibility (Fig. 7). This can be
attributed to order of magnitude microscale to nanoscale
roughness change in HA based and TNTs coated samples.

Presence of large surface area in the anodic nanotubes
titanium oxide produced in this research led to biocompat-
ibilities higher than the other samples. Investigations by
Webster et al. [45, 46] have suggested greater osteoblast
cells adhesion to surfaces with increased nano-roughness. In
spite of the difference between microscale and nanoscale
rough surfaces, the cell adhesion and proliferation for all of
our coated samples were excellent with negligible differ-
ence in affinity of the cells. Our results exhibited that the
cells cultured onto the rough nanotubes layers spread and
extended more filopodias than on smooth layers (Fig. 8).
This is because of the presence of the nanotubes which not
only exhibit larger surface area, but also provide interlocked
cell configuration.

The high measured bonding strength of 25.4± 2MPa for
HA/TNTs double layer can thus be attributed to (a) HA-
Nanotubes anchoring [15], (b) reinforcement of the cohesive
strength of HA with TNTs due to rough surface topography at
the HA/TNTs interface, and (c) mechanical interlocking
which provides compatible scaffolding [47]. Presence of
TNTs as a middle oxide layer in the HA|TNTs double layer
coating enhances the interfacial cohesion by superior chemi-
cal bonding of titanium oxide with the Ti6Al4V alloy
substrate.

Firm adhesion of the coatings to the underlying substrate
is of utmost importance for the coatings on implant sur-
faces. With the purpose to verify the effect of middle TNTs
layer on the adhesion strength and scratch behavior of the
HA deposit, nanoscratch test was employed.

According to the same deposition procedure and phase of
the formed HA precipitation, the improvement of the ξ is
corresponded to the porous anodic TiO2 intermediate layer.
Also, according to the depth profiles (Figs. 12a–d), the
maximum penetration of indenter into the anodized
Ti6Al4V, deposited HA, and HA/TNTs coated surfaces was
approximately measured 286 nm, more than 450 nm and

352 nm, respectively, which presents the better mechanical
strength of surface coating of HA/TNTs. These nanoscratch
behaviors admirably confirmed the obtained results of the
adhesion strength and nanoindentation tests.

5 Conclusions

In the present work, the in vitro biological behaviors of
polished Ti6Al4V, HA deposited, anodized, and HA/TNTs
double layer coated Ti6Al4V alloy were investigated. The
measured cell viabilities were 109.27 ± 4.13 %, 91.53±
4.65 %, and 94.98± 5.53 % for TNTs layer, HA deposit,
and HA/TNTs coated samples, respectively. All these fig-
ures were higher than 84.63± 3.74 % viability of the
uncoated Ti6Al4V polished plate. The osteoblast cells were
spread over the surface of all the specimens after 3 h of
incubation. Different shapes were noticeable on different
samples with spherical cells possessing fewer and shorter
filopodia on the polished Ti6Al4V plate. Conversely, most
of the osteoblast cells were grown on the anodized, HA
deposited, and HA/TNTs coated implants. MG-63 cells on
the fluoride ion-implanted TNTs coated Ti6Al4V implant
showed more efficient behavior, better attachment, and
greater proliferation than on non-implanted Ti6Al4V alloy.

The main reason for more efficient biological response of
the anodized sample was due to the order of magnitude
difference between the nano-sized with the micro-sized HA
and HA/TNTs coated surface roughness. The polished,
anodized, HA deposited, and HA/TNTs surfaces showed a
mean roughness of 0.318± 0.02, 0.574± 0.06, 1.429± 0.7,
and 1.782± 0.4 μm, respectively.

Nanomechanical responses of the implants were mea-
sured using adhesion strength, nanoindentation, and nano-
scratch tests. The bonding strength of HA deposit was
increased from 12± 2MPa to 25.4± 2MPa using inter-
mediate TNTs layer due to (i) HA-Nanotubes anchoring, (ii)
reinforcement of the cohesive strength of HA with TNTs
due to rough surface topography at the HA/TNTs interface,
and (iii) mechanical interlocking which provides compatible
scaffolding. Hardness and elastic modulus of the anodized
surface were 956MPa and 64.7 GPa, respectively. The
corresponding values for HA deposit improved from 44.3
MPa and 0.66 GPa to 159.3 MPa and 2.25 GPa for HA/
TNTs double layer coating, respectively. Friction coeffi-
cient (ξ) of the anodized surface was 0.32± 0.02. The cal-
culated ξ enhanced from 0.65± 0.04 for sole HA layer to
the 0.46± 0.02 for HA/TNTs due to presence of nano-
tubular TiO2 intermediate layer.
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