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Abstract

Ti6Al4V titanium alloy was used as a metallic permanent implant for the internal fixation during surgery of orthopedic and
dental implants. But due to poor bioactivity like release of aluminum and vanadium, ions cause allergic problems and weak
osseointegration with host environment. Surface modifications of those implants are required to make it biocompatible. The
aim of the present research is to modify the surface of Ti6Al4V implant by electrodeposition of cathodic bioactive Calcium
Phosphate (CaP) coating. The morphology of the modified surface was characterized by Scanning Electron Microscopy and
Atomic Force Microscopy while electrochemical response was measured in simulated body fluid (SBF) at 37 °C by Open
Circuit Potential, Cyclic polarization, and Electrochemical Impedance Spectroscopy techniques. In vitro biocompatibility of
modified Ti6Al4V surfaces was further evaluated by coculturing them with a human liver carcinoma cell line, HEPG2. The
bond strength of the CaP coating is 65 MPa in anodized Ti6Al4V surface. The CaP coating was dominated by hydroxyapa-
tite with flake-like appearance which eventually decreases the Ti6Al4V dissolution rate to 0.206 mpy in SBF and the cell
viability analysis further highlighted highest level of biocompatibility of coated titanium alloy which boosted cell growth

by 78% competed to other surfaces.
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1 Introduction

Metallic implants whether prosthetic or dental, should firstly
depend on that it must be biocompatible i.e., it must not
react with the human tissue and its weight should be light
practically same to that of bone and it must have excellent
mechanical properties [1]. Ti6Al4V with these similar prop-
erties has ever been generally used in assembling of bio-
medical segments especially hip prostheses, teeth root, and
prosthodontics [2]. But beside that Ti6Al4V does show quite
poor tribological properties like wear [3].

To solve those issues, different surface modification
techniques are attempted to increase its biocompatibil-
ity and osseointegration. To improve the osseointegration
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mechanism, Bruno Ramos Chrcanovic et al. used dual acid
etching (DAE). During DAE, the acids react with the surface
and produce a barrier oxide film on the titanium surface
which improve the osseointegration [4]. Many researchers
applied electropolishing for the uniform and smooth modi-
fication of titanium and titanium alloy [5]. Moreover, tech-
niques like anodizing with titania nanotubes [6, 7], chemi-
cal vapor deposition [8], and physical vapor deposition [9]
formed a thin film on the surface of the titanium. Xuanyong
Liu et al. discuss the surface modification of titanium and
titanium alloy by thermal spraying and ion implantation for
biomedical application [10].

Song Park et al. assessed the growth of anodic TiO, films
in glycerol solution containing 1% NH,F and 20% deionized
water at a constant voltage of 20 V for 1 h [11]. This pro-
cess electrolytically increasing the thickness of oxide film
on metallic surface enhances the corrosion and wear resist-
ance [12]. Besides formation of oxide layer on the surface
of titanium, the surface becomes rough as well due to the
pitting action of fluoride. Additionally, that rough surface
builds the hydrophilicity action which provides region for
cell proliferation and bone formation [13].
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Solgel includes the change of a colloidal suspension into
a strong film on the surface of the titanium substrate com-
monly at low or room temperatures [14]. For improving the
adhesion, Ming-Fa Hseih et al. blasted the surface of the
titanium with alumina particles which causes the roughness
and then applied the precursor sol containing calcium nitrate
tetrahydrate and triethyl phosphate [15]. Biocompatible cal-
cium phosphate coating techniques to obtain bioactive coat-
ings on Ti6Al4V substrates have been used in the past by
the researchers like electrochemical deposition [16], plasma
spraying [17], and biomimetic deposition [18].

However, Szu Hao Wang et al. applied pressure of 80 torr
on the electrolytic bath of 0.04 M calcium hydro-phosphate
solution [16]. Achariya rakngarm et al. deposited the cal-
cium phosphate coating at room temperature in different cal-
cium phosphate solutions [19]. It has also been proved that
examination of apatite formation on a material in SBF is use-
ful for predicting the in vivo bone bioactivity of a material
[20]. The anodized titania tubes and calcium phosphate coat-
ing enhanced osteoblast adhesion and proliferation [21-23].
Xiaohua Yu et al. work on correlation made between solu-
ble-treated titanium surface and biomimetic calcium phos-
phate which increase cell attachment and growth [24].

In this study, the calcium phosphate coating was elec-
trodeposited on different modified surfaces of Ti6Al4V. The
developed coating was electrochemically analyzed in simu-
lated body fluid and cell proliferation with HEPG2 cells.

2 Experimental

Ti6Al4V Grade five samples of 20X 10 mm dimensions
were taken out from a sheet of 4 mm thickness. For the
smooth grinding of the titanium sample, the sample were
cold mounted in polyester resin. Then the mounted samples
were grounded with silicon carbide (SiC) papers of grit size
120, 240, 320, 400, 600, 800, 1000, and 1500. The samples
were then rinsed with deionized water and degreased with
acetone.

Electropolishing was performed on grinded in an electro-
lyte with bath composition of 80 ml acetic acid and 50 ml
perchloric acid solution for 5 min at 20 V DC voltage with
stainless steel cathode which was already reported by J. B.
Matheiu et al. [5]. The samples were rinsed in water, and
dried and dipped in methanol. The electropolished sample
was then anodized in a bath containing 98 ml ethylene gly-
col, 1.8 ml water and 0.8 g ammonium fluoride (NH,F).
Graphite rod was used as cathode and 20 V was maintained
by DC power supply for 2 h after which, the samples were
washed with deionized water and dipped in acetone con-
tainer for 20 min.

The calcium phosphate (CaP) electrodeposition bath solu-
tion was prepared in deionized water with 1.46 M calcium
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chloride (CaCl,) and 0.87 M sodium dihydrogen phosphate
(NaH,PO,). Each solution was stirred on the magnetic stirrer
for 1 h, then solutions were cooled to room temperature and
mixed together in a 1:1. The solution was further stirred for
another 5 min. This method was successfully reported by
Achariya Rakngarm et al. [19]. Electrodeposition of CaP
was done in a two-electrode setup with graphite rod as anode
while anodized titanium as cathode. The voltage of 7 V for
1 min DC power supply yielded the most uniform CaP coat-
ing, covering the whole anodized titanium surface.

The surface morphology and elemental analysis of the
grinded, polished, anodized as well as CaP-coated sample
was studied by Scanning Electron Microscope with Energy
Dispersive X-ray analysis. Atomic Force Microscopy tech-
nique was used to measure the surface roughness of modified
titanium surfaces. The bond strength of CaP coating to the
modified surfaces of Ti4Al6V substrate was measured by
hydraulic adhesion tester (/08 Elcometer, USA). Aluminum
dolly was used for bond strength measurement. Firstly, the
dolly was stuck to the coating with epoxy adhesive. After
curing, at room temperature, the aluminum dolly was pulled
by hydraulic adhesion tester and maximum pullout force was
recorded which was used to measure bond strength of the
CaP coating to the Ti4Al6V substrate.

A three-electrode electrochemical cell was used for elec-
trochemical evaluation with a graphite counter electrode,
Ag/AgCl as the reference electrode and surface modified
titanium as the working electrode. All the experiments were
performed in 0.9% saline solution with pH 7.4 at 37 °C.
The open circuit potential (OCP) was measured for 1 h. For
cyclic polarization (CP), the sample surface was first polar-
ized from — 0.3 to 1.5 V with forward scan rate of 2.5 mV s
and then polarized reversely to —0.3 V. For Electrochemi-
cal Impedance Spectroscopy (EIS), the frequency range was
100 kHz to 10 mHz with AC amplitude of 5 mV.

Human liver carcinoma cell line HEPG2 was used in
the current research work. Cells were cultured in Dulbec-
co’s Modified Eagle Medium with 100 units/ml penicillin,
100 pg/ml streptomycin, and 10% fetal bovine serum. Cells
were incubated in a humidified controlled atmosphere at
37 °C, under 5% CO,. Media was routinely changed every
third day. To determine the cell attachment and cytotoxicity,
HEPG?2 cells were cultured in a 6-well plate in the presence
of different types of Ti6Al4V surfaces placed in separate
wells compared to control without anything. After 24 h,
attachment of cells was analyzed under light microscope
and number of attached cells were counted randomly in each
well. Furthermore, after 72 h, cell cytotoxicity analysis was
performed using standard protocol of MTT (3-(4,5-dime-
thyl-2-thiazolyl)-2,5-dipheny). Briefly, 100 pl of MTT solu-
tion per well was added and allowed to crystallize at 37 °C
for 4 h followed by addition of 1 ml/well of acidified iso-
propanol as solubilization solution. Solution was thoroughly
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mixed to properly dissolve formazan crystals and shifted to
a reader plate. Absorbance was measured at 570 nm using
ELIZA reader. The experiment was repeated thrice for each
sample.

3 Results and Discussion
3.1 Surface Analysis

Figure 1 shows the surface morphology of all the sam-
ples. The surface of the polished sample is very smooth,
uniform, and homogenized as compared to the grinded
one because of the usage of perchloric and acetic acid.
During electropolishing, gel-like byproduct of yellowish
color was observed on the sample which decreases the
effect of electrolyte by mass transport reaction on limit-
ing current value due to the reduction of perchlorate ions
on the anode. The reaction byproducts remove easily dur-
ing the electropolishing and some after rinsing with water

from the surface easily [25, 26]. After electropolishing, the
sample was anodized in electrolyte based on fluoride ions,
which formed porous nano-tube oxide film on the surface
of the sample. The titania nanotubes were formed on the
basis of migration of titanium ions from the pores and to
the oxide solution interface while the pitting action of the
fluoride ions from the electrolyte gives rise to selective
dissolution of the substrate. The nanotubes on the titanium
sample served as the adhesion points for the coating due to
the increased surface area of nanotubes [27]. Moreover, in
the SEM image of CaP coating flake like morphology of
the coating is observed. The thickness of the CaP coating
was approximately 10 mm with flake like morphology the
CaP coating was synthesized in the electrolyte of calcium
chloride and sodium dihydrogen phosphate with a pH of 4.
The weakly acidic environment favored the fast formation
of flakes of calcium phosphate [28]. It was found from the
previous research work that morphology of the CaP coat-
ings depended mainly on current densities and agitation of
the bath [29]. At 20 mA cm™2, the structure is acicular and

Fig. 1 Scanning Electron Microscopy images of Ti-6Al-4V surface modified a Grinded b Polished ¢ Anodized d CaP coated
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with increasing densities, the needles lose their acicularity
and become globular [30].

Moreover, the presence of calcium and phosphorous
in the coated sample was confirmed by EDX as shown in
Fig. 2. The EDX of CaP-coated sample shows a calcium-to-
phosphorus ratio of 1.65, which was quite close to the 1.67
ratio of stoichiometric hydroxyapatite coating.

3.2 Atomic Force Microscopy (AFM) and Bond
Strength Results

The surface roughness of all surface modified samples was
measured by AFM as shown in Fig. 3. The grinded sample
shows average roughness of 26.46 nm due to non-uniform
surface with an unbalanced ratio of peaks and valleys which
can serve as points for localized corrosion [30]. However,
the electropolished sample shows low value of roughness
12.11 nm due to uniform dissolution during the electropo-
lishing process. The anodized sample shows maximum
roughness of 33.42 nm due to the presence of nanoporous
titania layer which is covering the entire surface. The pres-
ence of the nanotubular layer which increases the surface
area and helps in the adherence of the coating which then in
fact further helps in osseointegration [31].

The bond strength or adhesion strength results of CaP
coating with the modified surfaces of the Ti6Al4V subtract
shows a good adherence of the coating. The bond strength
of the CaP depends on the roughness profile of the sub-
tract. The result of the bond strength was in support with the
roughness profile results. The bond strength of CaP coating
on grinded Ti6Al4V sample is 45 MPa which decreases in
the case of polished sample to 22 MPa but in case of ano-
dized sample the value increased to 65 MPa due to high
roughness value of 33.42 nm. Thus, the anodized sample
shows good adhesion to the CaP coating as compared to
other modified samples.

Fig.2 EDX analysis of CaP
coating on Ti-6Al-4V sample

@ Springer

Roughness / nm

b - N [ ]
(= n O 7]
PR T Tl Tl

Grinded

Polished Anodized

Fig.3 Surface roughness comparison of different surface-treated tita-
nium samples

3.3 Electrochemical Testing Results
3.3.1 Open Circuit Potential (OCP)

Figure 4 shows the Open Circuit potential (OCP) of all sam-
ples with respect to Ag/AgCl reference electrode. Grinded
sample shows a potential of — 104 mV  5,/a,c; While elec-
tropolished sample shows more active potential of —331
mV  og/agcr than all the other samples due to the removal of
native oxide barrier layer of titanium during polishing. The
result shows that during anodizing the barrier and porous
TiO, formation on the surface of titanium sample, which
shift its potential to 208 mV  s,/aecy» shifted towards noble
direction which increased its corrosion resistance [28]. How-
ever, with electrodeposition of calcium phosphate (CaP)
coating it gives ceramic porous surface which resulted in
less negative potential of — 183 mV  po/a.c1-

Element wt. %
Titanium 52.55
Oxygen 34.69
Aluminum 254
Vanadium 1.04
Calcium 1.88
Phosphorus 1.14
Fluorine 6.16
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Fig.5 Cyclic polarization curve of different surface-treated titanium
samples

3.3.2 Cyclic Polarization

In Fig. 5, Cyclic Polarization Scans of different surface-
modified titanium samples are shown having negative hys-
teresis loop which indicates that no pitting of the samples
in the simulated body fluids (SBF) at 37 °C temperature.

Polarization parameters were calculated using tafel fitting
in the linear region of activation in cyclic polarization
curves. Table 1 shows that corrosion rate of grinded sam-
ple is 0.7449 mpy and after polishing, the sample corro-
sion rate increased to 2.153 mpy which could be due to the
removal of oxide film giving active surface to aggressive
ions present in the SBF. This behavior is in support to the
OCP results which shows that electropolished potential
shifted towards more active side. Similarly, anodized and
CaP-coated samples show less corrosion rate of 0.2505
and 0.2054 mpy, respectively, as compared to grinded and
electropolished.

3.3.3 Electrochemical Impedance Spectroscopy (EIS)

Figure 6 shows Nyquist plot of all samples. It showed that
by Anodizing and CaP Coating, the impedance of sample
increased which defines that corrosion process becomes
slower. By fitting the Equivalent Circuit Models in Nyquist
plot, Kinetic parameters like solution resistance (R,), pore
resistance (Rpo), film capacitance (Y, po), double-layer
resistance (Ry;), double-layer capacitance (Y, 4), Diffu-
sion resistance (R ), and Diffusion capacitance (Y, y)
are calculated and reported in Table 2. Figure 7 shows
the Equivalent Electrical Circuit Models (EEC) fitted in
Nyquist plot. Figure 7a EEC model which was fitted in
anodized sample shows three-time constants in Nyquist
plot while Fig. 7b EEC model was fitted on grinded, pol-
ished, and CaP-coated sample’s Nyquist plot showing two-
time constants.Fig. 7 Equivalent electrical circuit (EEC)
Model for a anodized b grinded, polished, and coated

Pore resistance of grinded sample showed highest value,
which may be due to the formation of corrosion products
on sample. From the Nyquist plot of grinded sample, it can
be interpreted that a double was formed on metal—electro-
lyte interface. Pore resistance of polished sample showed
a normal value as compared to grinded sample. Similarly,
there was a decrease in pore resistance of anodized and
CaP-coated samples which may not be attributed as they
corrode earlier. This may be due to chloride ions action on
substrate during EIS. Overall, the area of time constants
of anodized and CaP-coated samples increased in Nyquist
plot resulting in higher impedance values.

Table 1 Kinetic parameters

) -
Qf different surface-treated Sample ID ggc(;;zl) gg c(;?iz]’l) Peone (nA cm0™) Peons (mV) i(t);r(o;l;);)
titanium samples
Grinded 95.50 224.6 2.090 —104 0.7449
Electropolished 900.2 260.7 6.050 —331 2.153
Anodized 311.8 168.6 0.703 208 0.2505
CaP coated 702.2 149.4 0.577 —183 0.2054

@ Springer



94 Page6of8

Journal of Bio- and Tribo-Corrosion (2019) 5:94

L] d L] o ] o L)
50 ] *  Grinded )
‘E * Polished
@ ] +  Anodized v -
g 40 i +  CaP coated
£ 3] : ]
5 30 )
) 4 v
=) - A
E - A
> 204 A 7
— A
= 1 Via
= ] gt
5 ] ¥,
£ 104 s 4
| - Y‘
0 —
] ¥ L) L] 1 ¥ I ) L) ¥ T ¥
0 10 20 30 40 50 60

Real Impedance / kQ. cm?

Fig.6 Nyquist plot of different Ti6Al4V surfaces

3.4 Cell Culturing

Ran

presence of different Ti—-6Al-4V surfaces showed that
varying number of cells were attached in the presence of
different surfaces. Grinded sample showed highest num-

Table 2 Quantitative data of EIS measurement after equivalent circuit models

R, (ohmcm?®) Y, (mSs¥em®) Ry, (chmem?) Y, g (uSs/em?) Ry (ohm em?®) Y, g (uSs¥cm?) R i (kohm cm?)
Grinded 14.05 1.935 2.481x10'® 41.71 2.844x10° - -
Electropolished  16.30 0.254 273.4x10° 37.52 1.548x10° - -
Anodized 17.13 0.026 5.430x 10° 6.061 52 27.50 112.6
CaP coated 3.820 0.064 608.0x107° 1115 609.5 - -

Attachment and proliferation of cells in the presence of
different Ti—-6Al-4V surface modifications are important
parameters to understand their significant difference and
further clinical use. After 24 h, attachment of cells in the

()

80
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60 -
50
40+
30

20 4

Number of Cells Attached

10 4

Grinded Polished Anodized

CaPCoated

ber of attached cells compared to polished, anodized, and
CaP-coated specimens Fig. 8a. However, in contrast to cell
attachment, cell viability analysis after 72 h showed highest
viability in the presence of CaP-coated sample followed by

o -
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Fig. 8 a Number of cells attached after 24-h incubation with different Ti6Al4V surfaces, b cell viability analysis after 72-h incubation with dif-

ferent Ti6AI4V surfaces
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Fig.9 Cell attachment light microscope images of a control, b grinded, ¢ polished, d anodized, e coated samples

polished and anodized samples, while least number of viable
cells were observed in the presence of grinded specimen
Fig. 8b. These results indicate that time of 24 h is not enough
to study the biocompatibility of titanium surfaces. Cristiane
X. Resende et al. [32] have also observed similar results
and proposed a time more than 24 h for the biocompatibility
analysis of different titanium surfaces. However, differences
might be explained by the fact that roughness brought about
by the hydrophilicity of bioactive coating in coated surface
promoted cell growth and proliferation as shown in Fig. 9.

Whereas, polished specimen due to its active surface is pro-
moting the cell growth [33]. The grinded sample had the
least viability because although the surface is rough, the
pattern of peaks and valleys is not uniform and is highly
susceptible to corrosion.

4 Conclusions

Following conclusions are carried out from the research:
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The electropolishing of Ti6Al4V makes the surface
more active forming specific high energy sites for the
growth of nano tubes of titania which serve as base for
calcium phosphate coating of the coating.
Electrochemical results of the coated sample were active
due to the hydrophilic CaP coating which promoted
interaction with biological environment and stopped
dissolution of metal.

In vitro biocompatibility tests executed on human
hepato-carcinoma cells exhibited that all four differ-
ent types of Ti—-6Al-4V surfaces displayed significant
level of biocompatibility. Specially coated and polished
specimens with negligible effects on cell viability render
them an excellent material for further biomedical appli-
cation.
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