I APPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Nanocomposite Coatings on Biomedical Grade Stainless Steel for
Improved Corrosion Resistance and Biocompatibility

Srinivasan Nagara]an,HE Marimuthu Mohana,r§ Pltchalmuthu Sudhagar,

Vedaraj an Raman,”

Toshiyasu Nishimura,® Sanghyo Kim," Yong Soo Kang, and Nallaiyan Ra]endran*’

*Structural Metals Center, National Institute for Material Science (NIMS), 1-2-1 Sengen, 305-0047 Tsukuba, Ibaraki, Japan
§Department of Bionanotechnology, Gachon University, Seongnam Si, Gyeonggi do 461 701, South Korea

“Energy Materials Laboratory, WCU Program Department of Energy Engineering, Hanyang University, Seoul 133-791, South Korea

*Japan Advanced Institute of Science and Technology, Japan 923-1292
IIDepalrtment of Chemistry, Anna University, Chennai 600025, India

© Supporting Information

ABSTRACT: The 316 L stainless steel is one of the most

commonly available commercial implant materials with a few corrosion resistance

limitations in its ease of biocompatibility and long-standing
performance. Hence, porous TiO,/ZrO, nanocomposite
coated over 316 L stainless steels was studied for their
enhanced performance in terms of its biocompatibility and
corrosion resistance, following a sol—gel process via dip-
coating technique. The surface composition and porosity
texture was studied to be uniform on the substrate.
Biocompatibility studies on the TiO,/ZrO, nanocomposite
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coatings were investigated by placing the coated substrate in a simulated body fluid (SBF). The immersion procedure resulted in
the complete coverage of the TiO,/ZrO, nanocomposite (coated on the surface of 316 L stainless steel) with the growth of a
one-dimensional (1D) rod-like carbonate-containing apatite. The TiO,/ZrO, nanocomposite coated specimens showed a higher
corrosion resistance in the SBF solution with an enhanced biocompatibility, surpassing the performance of the pure oxide
coatings. The cell viability of TiO,/ZrO, nanocomposite coated implant surface was examined under human dermal fibroblasts
culture, and it was observed that the composite coating enhances the proliferation through effective cellular attachment compared

to pristine 316 L SS surface.
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1. INTRODUCTION

The type 316 L stainless steel is of great importance for the
development of prosthetic materials in biomedical field, because
of its lower cost, excellent fabrication properties, high corrosion
resistance, and broader availability." Stainless steel implants are
often degraded because of pitting, crevice, and galvanic
corrosion, which lead to the lowering of corrosion resistance
and thereby affecting the mechamcal stability of implant
material and biocompatibility as well.> An ideal biomaterial is
required to preserve its surface for an indefinite time sustaining
vital properties such as biocompatibility and corrosion
resistance. To retain surface of a biomaterial with its inherent
properties for a long period of time, researchers have employed
a variety of techniques to modlfy the surface of the 1mplants
For instance, plasma spraymg, electrochemical depos1t10n,

electrophoretic deposition,® pulsed laser deposition,® and
biomimetic deposition” are a few of the techniques that have
a wide acceptance commercially. However, the demerits with
respect to each of the techniques still persists, like in the case of
plasma spray deposition and pulsed laser deposition technique,
which require a large amount of initial feed stock or target
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materials. In particular, the major limitation associated with
pulsed laser deposition is the splashing or the particulates
deposition on the film which lead to breakaway of surface
defects under thermal shock.® Though coating methods such as
electrochemical deposition (ECD) and electrophoretic deposi-
tion (EPD) are convenient for metal oxide coatings on metal
implants during coating process, postsintering process at high
temperature (450 °C) have shown to result in a detrimental
effect on coating surface. In brief, in both ECD and EPD
techniques either coarsening of grains or initiation of cracks
have been reported to be observed oncoating surface due to the
mismatch of thermal expansion coefficient between metal oxide
coating and metal implants under high-temperature sintering
process. These factors can affect the cell growth on metal
implants.9 Further, these cracks allow a direct contact between
prosthesis and body fluid, which initiates localized corrosion at
metal implant.'® The entry of sol—gel technique has been
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considered as a boon in the field of coatings as it proved
successful in terms of circumventing the above-mentioned
demerits of other techniques. Inclusion of small amounts of
organic additives while employing sol—gel method of coating
often, supports the formation of crack-free film. Therefore, it
has been anticipated that the issue of localized corrosion can be
overcome by applying a sol—gel derived crack-free bioinert
ceramic coating on the implant material. Consequently the
passage of unwanted release of metal ions from the metal
implant to body fluid is blocked."" Therefore, the sol—gel
method has been proposed as a suitable procedure to produce
protective'” (relatively less crack) and bioactive'® coatings at
low cost. In addition, technological significance of these sol—gel
coatings over to other methods have been widely docu-
mented."*

Recent approaches on TiO, thin film coated stainless steel
implant have shown high biocompatibility in simulated body
fluid (SBF). This property of TiO, can be attributed to the Ti—
OH active groups present in the film inducing the ability of
apatite formation on implant surface."*™" In addition,
zirconium dioxide (ZrO,) coatings have also shown higher
potential for corrosion resistance because of their high wear
resistance capacity without any chemical or biological
bonding***' The past few years have seen a sharp increase
in the interest for binary or mixed metal oxide systems and have
been reported extensively for various catalytic applications
because of their high surface area and acid base properties.”>**
In particular, ZrO,/TiO, (ZT) composite films have been of
higher scientific and technological importance, due to its
enhanced mechanical and thermal properties than their two
individual participating components.”* The ZT nanocomposite
coatings have also been used in optical coatings owing to their
good optical transparency and high refractive index.*® The high
photoactive nature of ZT composites have been reported to be
highly advantageous in photocatalytic applications.”® The
benefits of ZT composite in in vitro cytotoxicity for biological
application have also been reported.”” However, there still is a
scope for exploring mixed metal oxide coating on orthopedic
implant. Development of a novel ceramic coating on implant
material is attractive as it offers an enhanced osteointegration
process along with faster bone regeneration. However, an
implant material that is biocompatible with high corrosion
resistance is scarce. In our earlier reports, were we had
investigated the influence of porous morphology on apatite
growth and corrosion resistance under SBF solution using
TiO,*® and Zr0,*° The results corroborated that apatite
growth was highly supported by TiO, porous layer coating;
unexpectedly it does not show remarkable corrosive resistance
compared to porous ZrO, coatings. As similar, ZrO, coatings
yielded high corrosion resistance with low apatite growth
compared to that of TiO, coatings it is anticipated that
composites of ZrO, and TiO, could synergistically offer both
the biocompatibility and high corrosion resistance. In the
present work, we attempt to improve the biocompatibility and
corrosion resistance of 316 L SS implant by applying ZrO,/
TiO, (ZT) nanocomposite coatings. Further the apatite growth
and cell viability test were demonstrated on ZT nanocomposite
covered 316 L SS metal implants to elucidate the
biocompatibility property. In addition, the ZT nanocomposite
coating was investigated for its corrosion protective behavior
over 316 L SS implant material.
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2. EXPERIMENTAL TECHNIQUES

2.1. Synthesis of ZT Composite Coatings. Titanium(IV)
isopropoxide (TIP) (Sigma-Aldrich) and zirconium propoxide (ZrP)
(Sigma- Aldrich), were used as precursors of TiO, and ZrO,
respectively. Triethanolamine (TEA) (Alfaacer), ethanol (EtOH)
(Merck) and polyethylene glycol (PEG) (M,,: 600, Merck) were used
as-received without any further purification. Typical one pot synthesis
of sol—gel derived (1:1) ZT nanocomposite sol was as follows; the
relative volume ratio of each of the precursors were 1.5: 1.5: 1: 20: 0.5
(TIP: ZrP: TEA: EtOH: PEG) and these were taken in beakers and
were stirred for 30 min until the formation of a homogeneous sol.
Following which, the mechanically polished 316 L SS electrodes
(composition given in Table 1) of size 10 X 20 X 2 mm® were dipped

Table 1. Elemental Composition of 316L SS Metal Implant

main alloying elements (wt %)
N
0.02

alloy
316 L SS

Cr
17.20

Ni
12.60

Mo
2.40

C
0.03

Mn
1.95

in the homogeneous sol and was pulled out with a indigenously made
microprocessor controlled dip coater at a withdrawal speed of 1 cm/
min. The composite film coating procedure was repeated three times
to ensure a homogeneous film formation on implant surface. The sol—
gel ZT composite coating obtained on surgical grade 316 L SS was
subsequently dried and sintered at 500 °C for an hour in air
atmosphere. The adhesion of ZT films on metal implant was tested by
ASTM D 3359 cross-cut tape-test (B).

2.2. Physical Characterization. X-ray diffraction patterns were
recorded with a PanAnalytical X-pert pro diffractometer using Cu Ko
radiation, with 40 KV and 30 mA, at a scan rate of (26) 0.02°. The
XRD pattern of ZT composite film was indexed based on the standard
JCPDS (Joint Committee on Powder Diffraction Standards) files
corresponding to TiO, and ZrO,. The chemical compositions of the
ZT coatings were studied by X-ray photoelectron spectroscopy (XPS)
(VG Microtech —UK, Model VG Multilab ESCA 2000). The binding
energies obtained in the XPS analysis were corrected taking into
account the specimen charging and by referring to C 1s at 284.60 eV.
The structure and morphology of the obtained nanocomposite were
characterized using scanning transmission electron microscopy
(STEM; JEOL JEM-2100F, 200 kV) and by scanning electron
microscopy (SEM) on a Hitachi Model-S 3400. The surface
topography measurement was performed using atomic force
microscopy (AFM) (Nanosurf AG, Grammetstrasse 14, CH-4410
Liestal, Switzerland) instrument. All the images were recorded under
air atmosphere at room temperature. The FTIR spectra were recorded
in the range of 400—4000 cm™" using Thermo Electron Corporation,
USA.

2.3. Electrochemical Analysis. A conventional three electrode
cell was used for all the electrochemical measurements. A saturated
calomel electrode (SCE), platinum foil and the test material was used
as a reference electrode, counter electrode and working electrode,
respectively. The simulated body fluid (SBF) solution was used as the
electrolyte during the electrochemical immersion test.*® The simulated
body fluid (SBF) was prepared by the according to a procedure
reported elsewhere.”” The potentiostat (model PGSTAT 12,
AUTOLAB, The Netherlands B.V.) was controlled by a personal
computer and the software (GPES Version 6.0) for conducting the
potentiodynamic polarization measurements. The potential was
applied to the working electrode at a scan rate of 1 mVs™' from
cathodic to anodic direction. The corrosion rate was estimated using
Tafel plot method.>'The electrochemical impedance measurements
were carried out using a frequency response analyzer (FRA)
(Potentiostat model PGSTAT 12). Impedance spectra were acquired
in the frequency range of 40 kHz—0.01 Hz with a 10 mV amplitude
sine wave generated by the FRA. The bare and ZT coated 316 L SS
metal implants were immersed at SBF solution for 7 days. For
elucidating the time dependent properties, the electrochemical studies
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(potentiodynamic polarization and impedance) were measured
immediately after immersion and after 7 days.

2.4. Live/Dead Staining and In Vitro Cell Viability Assay.
Human dermal fibroblasts (HDFn) were cultured in supplemented
medium 106 (Invitrogen) with 1% penicillin-streptomycin. Cells were
detached from culture flask using trypsin/EDTA, washed and counted
using hemocytometer (Marienfeld Laboratory Glassware,Germany)
prior to the biocompatibility analysis. Bare and ZT nanocomposite
coated 316 L SS were kept in 6 well plates and UV sterilized for 30
min. HDFn cells with a density of 2 X 10° cells/ml were seeded in
each well containing sterile samples and incubated at 37 °C with
humidified 5% CO, environment. From live/dead staining dye kit
(Biovision), 1 uL each of dye mixtures A (Live-Dye, a cell-permeable
green fluorescent dye (Ex/Em = 488/518 nm) and B (propidium
iodide (PI), a cell nonpermeable red fluorescent dye (Ex/Em = 488/
615) were diluted in 1000 uL of dilution buffer (followed the
manufacturer’s protocol). On fifth day of culture, culture medium was
removed and the previously prepared staining solution was added to
the samples and incubated for 15 min at 37 °C. The stained samples
were examined under fluorescence microscope using a filter which
detects FITC and rhodamine. Biocompatibility of ZT nanocomposite
coated 316 L SS was elucidated using cell proliferation reagent WST-1
test kit (Roche). On the third and fifth days of the culture period, the
medium was removed and the specimens were transferred to another 6
well plates. WST-1 reagent and medium were diluted in 1:10 ratio and
added to 6 well plates containing samples and incubated for 4 h at 37
°C. Supernatants were analyzed using a microtiter plate reader at 450
nm with a reference wavelength of 625 nm (PerkinElmer VICTOR 3
microplate reader (Waltham, MA, USA). Experiments were conducted
in triplicate and statistical significance of p < 0.05 was analyzed using
one way analysis of variance ANOVA.

3. RESULTS AND DISCUSSION

3.1. Surface Composition, Morphology and Adhesion.
The X-ray diffraction pattern of ZT composite coating on 316 L
SS film is shown in Figure 1. The X-ray diffractogram indicated

200

(220) %

(200) #%

g

101) (1)

Intensity (cps)

20 (degrees)

Figure 1. X-ray diffraction pattern of ZT nanocomposite coated on
316 L SS.

a pure composite coating over the stainless steel substrate. A
mixture of characteristic peaks at the 20 values of 25.4° and
37.8° corresponds to planes (101) and (004), respectively of
anatase titanium dioxide (JCPDS No. 21-1272). The
monoclinic zirconia phases (JCPDS No. 37—1784) were
identified at 28.1° and 35.2°, corresponding to the planes of
(200) and (001), respectively. The observed peak at 26 = 30.1°,
revealed the presence of zirconium titanate (ZrTiO,) phase
(JCPDS No. 80—1783). These characteristic peaks of each
oxide apparently deciphered the presence of TiO,, ZrO, and
TiZrO, along with stainless steel substrate. The strong signals
observed at 20 = 43.5, 50.7, and 74.6° corresponds to the cubic
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centric Cry 9 Fey,Nig;, from the stainless steel substrate were
with a crystallite orientation along (220), (200), and (111),
respectively.*”

Further, the chemical composition of ZT nanocompositie
coatings were confirmed by using X-ray photoelectron
spectroscopy and the resultant Ti2p, Zr3d and Ols core
spectra are given in Figure 2. the Ti2p core XPS spectrum
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Figure 2. X-ray photoelectron spectra of ZT nanocomposite coated

316 L SS implant; XPS scan profile of (a) Ti 2p, (b) Zr 3d, and (c) O
1s core spectra.

shown in Figure 2b exhibits the characteristics peaks of Ti2p;,
— Ti2p,;, with typical doublets at 457.7 and 463.5 eV,
respectively. The peak observed at ~458 eV corresponds to the
reported value for Ti—O bonding. As shown in Figure 2b, the
two peaks at 181.5 and 184.1 eV, corresponds to Zr3d;,, and
Zr3d3,, respectively.”® In both cases, the shape of the spectra
and the position of the peaks (binding energies) clearly indicate
the formation of TiO, and ZrO, by the dip-coating method
used in the present investigation. The Ols core spectra (Figure
2c) were fitted with two asymmetric Gaussian curves and found
to be fitting well with the experimental data. The Gaussian
curve at 529.7 eV represents lattice oxygen in mixed metal
oxide M—O (M = Zr and Ti), and the shoulder at 531.8 eV
corresponds to surface hydroxyl oxygen in O—OH. TEM
analyses were carried out in order to understand the
microstructure of the ZT nanocomposite and the elemental
distribution in the coating. Figure 3 shows the energy dispersive
spectroscopy (EDS) results of the ZT nanocomposite film. As
seen from the figure, the EDS mapping clearly evinces the
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Figure 3. (a) STEM image of ZT nanocomposite and (b—d) STEM
mapping images of ZrO,—TiO, nanocomposite.

dimensions of the crystallite growth and the troughs indicate
the availability of pores in the coatings. The profile also evinces
a continuous ZT composite coating with a peak-to-peak height
of 25—50 nm in z axis, which indicates a highly porous surface.
The dimension of shallow pores were estimated from AFM line
(distance between two adjusting peak in the line profile) and
found to be in the range between several tens of nm to 100 nm
in diameter. The particle size from the line profile was found to
be around 35 to 75 nm. It is generally thought that the
crystallites growth can be attributed to the increase in strain
resulting from the substitution of Ti*" ions with Zr*', lowering
the driving force for the crystallite growth.** However, the
porous surface initiate the bonelike apatite layer uniformly
along its surface. Kim et al.**> demonstrated that the porous
surface encouraged bone ingrowth over the porous structure,
thereby providing a strong morphological fixation of the
implants to bone.

Panels a and b in Figure S show the infrared spectra of ZT
coated 316 L SS and apatite grown over ZT coated 316 L SS,

uniform distribution of titanium and zirconium in ZT
composite coating.

The ability of adhesion offered by the ZT composite coating
over the 316 L SS implant was tested by ASTM D 3359 cross-
cut tape-test (B). The strength of adhesion was conferred to be
good. Absence of any visual peel-off in the coating on the
coated surface of the implant material and the fact that no ZT
nanocomposite was found on the adhesive surface of the tape
after the test confirmed the good ability of adhesion by the
coating.. The adhesion was classified into category ASTM class
4B for ZT composite coated 316 L SS. Figure 4a shows the
topographic AFM image of ZT composite coated on 316 L SS.
The image clearly demonstrates the uniform and porous nature
of the coating. Figure 4b illustrates the line profile images of the
ZT composite coating. The crests in the profile represent the

(a) 0.00 ym 0.50 -
0.00 [N 81 nm

0.50 i
=34 nm

ZAxis, nm

T T T T
0 200 400 600 800 1000
X Axis, nm

Figure 4. AFM image of ZT coated on 316 L SS: (a) topographic
image, (b) line profile from section analysis.

(a)

Ti-0-C
Zr.OH
Zr-0
TiOZx
Zx-0-Zr
Ti-0
T-0-Ti

Hv
(Y :
=1 B
"3
S

Intensity (a.u)

T  — T | PR CHE R L L
4000 3600 3200 2800 2400 2000 1600 1200 300 400

Wavenumber / cm'1

Figure S. FTIR spectra of ZT coated 316 L SS (a) before immersion
in SBF solution and (b) after immersion in SBF solution (for 7 days).

respectively. From Figure Sa, ZT coated 316 L SS showed
refelectance peaks at 466, 511, and 2880 cm™ which can be
attributed to the presence of Ti—O—Ti, Ti—O, and Ti—C,
respectively.”® In addition, the peaks observed at 710, 1385, and
1453 cm™" evinced the presence of Zr—O—Zr, Zr—0O, and Zr—
OH modes of vibration.”® A unique and distinct peak at 1000
cm™" clearly demonstrated the formation of metal oxide
composite (Ti—O—Zr bonding). The result was in accordance
with the XRD and XPS results. The peaks in the range of
3000—3800 cm™" can be attributed to the presence of OH
groups in the ZT composite film.

The hydroxyapatite (HAp) grown over 316 L SS coated with
ZT composite (Figure Sb) exhibited refelectance peaks at 571,
602, and 1036 cm ™' suggesting the formation of PO,*” species
groups on implant surface. Further, stretching vibration for
PO,*” group from HAp was obtained at 1318 cm™" for P—O
stretch and 571 cm™ for P—O stretch coupled with P—O
bend.*® The sharper peak for HAp bands pertaining to CO;*~
group from carbonate substituted OH and PO,’” groups in
HAp were obtained at about 1420 and 1460 cm™'. The
presence of carbonate peak in the FT-IR spectrum claimed the
formation of carbonated hydroxyapatite. The identified finger-
print feature of HAP was in line with our earlier report on
individual metal oxide coated implant materials (TiO, and
7r0,)*** as well as other reports on HAP.*” The above results
unambiguously proved that ZT nanocomposite surface show
comparatively high bioactivity than that of individual metal

dx.doi.org/10.1021/am301559r | ACS Appl. Mater. Interfaces 2012, 4, 5134—5141
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oxide coatings. The possible reason for this trend will be
discussed in the following section.

Typical surface morphology of ZT composite coated 316 L
SS is presented in Figure 6a. Figure 6a apparently exhibits the

10 pm

Figure 6. (2) SEM images of bare ZT coated 316 L SS surface and (b)
1D hydroxy apatite growth.

porous morphology on the coated surface of 316 L SS. These
observed pore architecture affords advantage over the conven-
tional compact surfaces. The porous surface enhances the
mediation between simulated body fluid and inner pores of ZT
composite coating due to high capillary force maintained along
the pore walls. This argument is testified with surface
wettability test. The contact angle measurements were
performed on pristine and ZT composite coated 316 L SS
metal implants (see the Supporting Information, Figure S3)
and found to be ZT coated metal implant surface have high
wettability (0 = 34.4°) than the pristine surface(f = 75.4°).
This implies that ZT surface coating on SS implant improve the
hydrophilicity of bare 316 L SS implant, and the enhanced
hydrophilicity is consistent with HAp formation on metal
implant surface. In addition, the presence of abundant hydroxyl
group exisisting in the pores also highly supporting the HAp
growth.**?’

The morphology of hydroxyapatite growth on ZT composite
coated surface is presented in Figure 6 (b). It reveals the
formation of rod shaped hydroxyapatite with the average length
in the dimensions of 1 to 3 ym (aspect ratio ~10). The possible
reason of an nonproportional, single-axis elongated, 1D (one-
dimensional) rodlike apatite crystals formation can be
attributed to the high concentration of Ca** along a one
direction. In principle, apatite growth is initiated by consuming
the calcium and phosphate ion in the SBF solution. In this case,
the development of a high concentration of Ca®* along one
direction leads to oriented aggregation and fusion of primary
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crystalline domains. A similar observation has been made by
Mcquire et al.*> According to their report, the growth of HAP
specifically along the c-axis direction has been attributed to the
inhibition of the random direction growth by the highly
positively charged polarities. The results in primary crystallites
(seeds) with relatively small domain size and low surface charge
that rapidly aggregated unidimensionally to produce highly
elongated 1D nanorods.

In the case of uncoated 316 L SS there is no appriciable HAp
growth (Supporting Information Figure S1) may be atrributed
to the weak bioactivity of uncoated 316 L SS metal surface.
This results endorsed that ZT nanocomposite coated metal
surface showed high bioactive characteristics. The energy
dispersive analysis spectra of the ZT composite coated 316 L
SS metal implant exhibits (see the Supporting Information,
Figure S2a) the Ka value of 4.5 and 2.1 is corresponding to Ti
and Zr elements and the observed Ca and P element (see the
Supporting Information, Figure S2b) confirms the apatite
formation.

3.2. Electrochemical Analysis. The potentiodynamic
cyclic polarization curves of uncoated and ZT composite
coated 316 L SS is presented in Figure 7. From Figure 7, the

—e—316L SS

12004 | _,_7T

900 4

Potential, mV / SCE

~600 4
1x10° 1x10°% 1x107 1x10°° 1x10° 1x10™* 1x10°% 1x10°

2

Current density, i / A ecm™

Figure 7. Potentiodynamic cyclic polarization curves of pristine and
ZT coated 316 L SS in SBF solution. [Note that of polarization
measurement scanning is start from cathodic to anodic direction].

ZT coated 316 L SS implant material showed a decrease in the
passive current density (0.25 uA/cm™2), i.e., the current density
at which the metal remains passive. A distinct positive break
down potential shift (663 mV) was observed in ZT coated
metal implants compare to uncoated sample. This potential
shift indicates that the ZT coating act as a geometric blocking
layer against exposure to corrosive medium.* In general, the
area of hysteresis loop in potentiodynamic cyclic polarization
curve directly provides the information about degree of
localized corrosion. For instance, a large area of hysteresis
loop indicates a higher susceptibility of the material toward
corrosion. In the present work, the area of hysteresis loop in
uncoated metal implants was observed to be higher compared
to ZT coated sample. This comparison revealed that the ZT
coating act as barrier to preclude the physical contact between
the electrolyte and metal implant surface, consequently
corrosion resistance of the metal implants has improved.

dx.doi.org/10.1021/am301559r | ACS Appl. Mater. Interfaces 2012, 4, 5134—5141
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Furthermore, the corrosion rate has been evaluated using Tafel
plot method. From Tafel analysis uncoated implants showed
high corrosion rate of 1.2 X 107> mmpy, and found to be
markedly lowered about 1.6 X 107 mmpy under ZT
composite. Therefore, it is expected that the release of metal
ions or particles from the 316 L SS implant surface may
effectively blocked by ZT composite coating which prevent the
inflammation reaction with the surrounding tissues.

The electrochemical impedance results (Bode phase angle
and resistance plots) of bare and ZT composite coated 316 L
SS immersed in SBF solution are presented in Figure 8. In
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Figure 8. (2, b) Bode phase angle plots of uncoated and ZT coated
316 L SS implants; (c, d) Bode resistance plots of uncoated and ZT
coated 316 L SS implants (Note that a and c samples were
instantaneously measured under SBF solution; b and d samples were
measured after 7 days immersed in SBF solution).

Figure 8a, the Bode phase angle plot of ZT coated samples
exhibit an additional time constant at —35° compared to the
uncoated 316 L SS in SBF solution, immediately after
immersion (0 day). We presumed this additional shoulder
might correspond to the presence of a blocking layer in the
form of ZT coating on 316 L SS metal surface. Figure 8b
represents the Bode plots measured after 7 days of immersion
in SBF solution. It can be observed that ZT coated samples
have a distinct time constant at 55°, which can be ascribed to
the HAp formation and an inexplicit time constant in the
uncoated metal implant reveals the poor or absence of any HAp
growth. Though Bode phase angle plots primarily confirm the
material interfaces (ZT and HAp) it needs further under-
standing to define the interrelationship between the interfaces
and corrosion resistance.

To gain further insight into the corrosion resistance changes
on uncoated and ZT coated metal implant under SBF solution
the impedance results were analyzed with equivalent circuit
model® (see the Supporting Information, Figure S4). The
fitting results were embedded with experimental data in Figure
8, and is found that fitting results were excellent agreement with
experimental data. The corresponding equivalent circuits are
presented in Figure S3 (see the Supporting Information) and
fitted values are enlisted in Table 2. From the Table 2, electric
double layer capacitance value of ZT coated implant can be
found to be one order (Q, ~14.8 uF cm™>) lower than
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Table 2. Impedance Parameters of Bare and ZT Coated
316L SS in SBF Solution (immersed 0 days)

Ry (ZQ Q. (uF R. (kQ Q, (uF R, (kQ
cm?) cm™?) ne cm? cm™?) ) cm?)
216" 26.83 0.77 76
1607 0.02 0.63 362 14.80 0.85 235

“Bare 316 L SS. bTiO2/ZrOZ coated 316 L SS (Q, charge
accumulation)

uncoated implants (Q,~ 26.8 uF cm™). The lower resistance
explains the obstruction of charge accumulation at metal
implant/SBF solution by ZT coating. As a result, the metal
implant exhibits higher corrosion resistance about 362 kQ cm?
under ZT coating, which implies an efficient blocking of the
passage of ions from the SBF solution to implant surface. In
Table 3, n value directly correlates the homogeneity of surface
(n £ 1). Comparing n values of pristine 316 L SS (n, = 0.77)
and ZT composite coated 316 L SS (n_ = 0.63), the low value of
n at ZT composite indicates that the surface contains pores and
are in good accordance with AFM and SEM results.

From Table 3, the HAp growth can be examined in view of
double layer capacitance values. For instance, highly dense HAp
growth at metal implant results in high charge accumulation.
Here, ZT coated implant reveal high charge accumalation
posing a value of about Qc ~0.41 uFem™ compared to the
uncoated implant Q. ~0.04 uF cm ™2 This explicitly implies the
charge transfer/ion exchange at the interface on the ZT coated
implant implicating an effective HAP growth. This results are in
good agreement with our earlier disscussions. Furthermore, the
corrosion resistance R, of ZT coated implant showed high
values (56.80 kQ cm?) than that of uncoated implant (5.5 kQ
cm?). This strongly endorse that ZT coated implant affords
effective hydroxyapatite growth, which obviously supply
resistance to the implant material. On the other hand the
resistance of implant material R, remains unchanged (~182 kQ
cm?) even after an immersion period of 7 days in SBF solution.

3.3. Live/dead staining and in vitro cell viability assay.
Live/dead staining test helps in optically visualizing the viability
of HDFn cells on bioimplant material 316 L SS with and
without ZT nanocomposite coating. The test was carried out
for S days continuously. Representative images corresponding
to day 3 and day S are produced in this article. Green and red
fluorescence corresponding to live and dead cells respectively,
where obtained from the dye components calcein-AM for green
and ethidium homodimer-1 for red. Figure 9 shows the
differently magnified fluorescent images of cells grown on 316
L SS (Figure 9a, b) and ZT nanocomposite coated 316 L SS
(Figure 9¢, d) at fifth day culture. The cellular attachment,
spreading and proliferation with highly elongated morphology
was obtained for ZT coated sample (Figure 9c and d). Whereas,
the reference 316 L SS material shows less cellular confluency
even after 5 days of culture. Qualitatively determined results
coincided well with quantitative WST-1 cell proliferation assay
results (Figure 9e). The absorbance shown can be directly
related to the viability of cells. A statistically significant (p <
0.05) difference in HDFn cells’ proliferation between uncoated
316 L SS and ZT coated 316 L SS samples was observed both
on day 3 and day S. The graph demonstrates the near-stoppage
of HDFn cells’ proliferation on 316 L SS material as early as on
day 3. No significant increase in cell density was observed after
day 3. Evenmore, the cell viability for 316 L SS material was
significantly lesser than that of cells grown on ZT coated
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Table 3. Impedance Parameters for Bare and ZT Coated 316L SS in SBF Solution (immersed for 7 days)“

R, (Q cm?) Q, (UF em™) n, R, (kQ cm?) Q. (uF em™)
206" 0.09 0.87 5.5
95¢ 0.41 0.80 56.8 0.06

. R (kKQam®)  Q (uF em™) m, R, (kQ cm?)
114 0.65 182
0.68 417 7.0 0.44 188

“R,, impedance at hydroxyapatite/SBF solution interface; R, impedance at ZT coating/SBF solution interface; Ry, impedance at implant metal/SBF
solution interface; Q, charge accumulation. “Bare 316 L SS. “ZT coated 316 L SS.
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.
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m316LSS = 316L SS-ZT

Figure 9. Fluorescence micrographs of live/dead staining of HDFn
cells grown for S days on (a, b) bare 316 L SS and (c, d) ZT coated
316 L SS. (e) WST-1 proliferation assay demonstrating mitochondrial
activity of HDFn cells after 3rd and Sth day of culture on implant
materials.

samples. However, cell density obtained on day 3 over ZT
coated 316 L SS samples shows significant (p < 0.05) increase
in cell proliferation on day 5. WST-1 assay results showing high
cell density over ZT coated 316 L SS samples on day 3 and day
S finely coincides with live/dead staining images of Figure 9 ¢
and d. These results elucidates that coating of ZT composites
with porous morphology on 316 L SS facilitates the cellular
attachment and therefore enhances the proliferation. Therefore,
the biocompatibility of 316 L SS with ZT composite coating is
comparatively higher than that of 316 L SS implant material.

4. CONCLUSIONS

The ZT nanocomposite was prepared by sol—gel method. The
surface characterization studies revealed that the coated ZT
nanocomposite exhibit polyphase and the coated film surface
were uniform and porous. The in vitro characterization results
indicated that the apatite growth exhibiting one-dimensional
rod-like crystal on the coated surface after immersion in SBF
solution for 7 days. Electrochemical characterization confirmed
the lower passive current density and nobler corrosion potential
for ZT nanocomposite compared to uncoated 316 L SS in SBF
solution. The in vitro cell viability studies were performed on
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metal implants using human dermal fibroblasts culture and ZT
composite coated 316 L SS metal implants showed high
proliferation than uncoated metal implants. The above results
indicated that the porous ZT nanocomposite coatings can be
employed as a viable alternative in orthopedic applications to
provide improved corrosion resistance and enhanced bio-
compatibility instead of the commercially available uncoated
316 L SS with numerous limitations in implant devices.
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