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In this study, a niobium-reinforced hydroxyapatite (HA-Nb) coating was developed on cobalt—chromium (CoCr)
alloy by plasma spraying with three varied levels, i.e., 10, 20, and 30% of weight percent (wt%) of Nb content.
The corrosion behavior and biocompatibility of the samples were analyzed through electrochemical corrosion
testing and cytotoxicity studies, respectively. The results of corrosion testing revealed that the HA coating
increased the corrosion resistance of the CoCr alloy, and with the incremental increase of Nb reinforcement in

HA, corrosion resistance was further enhanced. The HA-30Nb coating demonstrated the finest corrosion
resistance with the highest E.,,, and lowest /., values, which were about one order of magnitude lower in
comparison to the bare CoCr alloy. The surface hardness increased and the surface roughness decreased with
the increase of Nb content in the coating. Wettability analysis revealed that HA and HA-Nb coatings had

a hydrophilic nature. HA-Nb coatings demonstrated a significantly better cell proliferation than the CoCr alloy.

Titanium alloys, stainless steel (SS), and CoCr alloys are the
commonly used metallic biomaterials in biomedical implantol-
ogy [1]. Among these biomaterials, CoCr alloys are widely used
as orthopedic implants, particularly in dentistry and total joint
replacements (TJR) because of their robust mechanical prop-
erties and wear resistance [2, 3]. However, the ions (Co>",
Cr’", and Cr") that release because of the excessive corrosion
of CoCr alloys induce allergic reactions and can even cause
DNA damage, necrosis, cell apoptosis, and chromosome
breakage [4, 5]. Despite the advancements in medical and
surgical therapies, the osteomyelitis (bone infection) rates after
TJR procedures are still noticeable with 0.5-6% for total hip
replacement (THR) and about 1.5% in total knee replacement
(TKR) [6, 7]. It has been predicted that by the year 2030, there
will be a rise of 174% and 673% in THR and TKR procedures,
respectively [8]. Therefore, the need for improvements in the
performance of the current generation of biomaterials is of

prime importance and interest.
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Calcium phosphate-based coating, especially HA (Caq
(PO4)6(OH),), plays a crucial role in enhancing the corrosion
resistance and biologic response of metallic biomaterials [9, 10].
There are various methods to produce HA coating on a met-
allic substrate, among which plasma spray technique is com-
mercially well proven and approved by Food and Drug
Administration (FDA, USA) [11]. In the earlier studies, HA
coating had been deposited on CoCr alloys, mainly through
sol-gel method and electrodeposition, to enhance their perfor-
mance for bioimplant applications [12, 13, 14, 15, 16]. Several
ceramic, polymer, and metallic secondary phases, such as ceria
(Ce0,), zirconia (ZrO,), calcium phosphate (CaP), silica
(Si0O,), titania (TiO,), polycaprolactide (PCL), magnesium
oxide (MgO), zinc, strontium, and silver, etc., were also
incorporated in HA to improve its properties for biomedical
applications [17, 18, 19, 20, 21, 22, 23, 24, 25]. However, Nb has
been scarcely studied in combination with HA as compared to
other combinations mentioned above. Nb is considered as one
of the safest metal that can be tolerated by the human body and
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it possesses excellent corrosion resistance in aggressive envi-
ronments [26, 27, 28]. Nonetheless, Nb is mechanically weak in
its pure form [29]. Utilization of Nb as a coating constituent
along with HA is one possible way to improve the corrosion
resistance and biologic response of metallic biomaterials. The
surface properties such as surface hardness, roughness, and
wettability influence corrosion behavior and biological re-
sponse of bioimplants; thus, the investigation of these proper-
ties is also very crucial [30].

In this study, the CoCr alloy was coated with HA, Nb, and
HA-ND coatings by varying the reinforcement of Nb at three
levels, i.e., 10, 20, and 30 wt% (HA-10Nb, HA-20Nb, and HA-
30Nb). Corrosion behavior and cytotoxicity of uncoated and
coated samples were investigated along with the analysis of

surface properties.

Results and discussion
Characterization

The scanning electron micrographs of HA and Nb powders are
shown in Fig. 1. Particles of both the powders [Figs. 1(a) and 1(b)]
had an irregular morphology. Figure 2 presents the X-ray
diffraction (XRD) patterns of the feedstock powders. The
analysis of the XRD patterns demonstrated the presence of
HA and Nb powders in crystalline phases. The phases were
identified by comparing the XRD patterns of HA and Nb with
JCPDS card 9-432 and 35-0789, respectively. With an increase
in the Nb content, the peak intensities corresponding to Nb

(b)

Figure 1: Scanning electron micrographs of (a) HA and (b) Nb powders.
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were pronounced, whereas the HA phase maintained its
identity.

Figure 3 shows the XRD patterns of different as-sprayed
coatings. The amorphous hump corresponding to B-tricalcium
phosphate (B-TCP; JCPDS card 9-169), peaks corresponding to
tetracalcium phosphate (TTCP; JCPDS card 25-1137), and
peaks corresponding to o-tricalcium phosphate (o-TCP;
JCPDS card 9-348), as observed in the diffraction pattern
HA-based coatings [Figs. 3(a) and 3(c)-3(e)], were also
reported in earlier studies [31, 32]. During the plasma spraying
process, the HA powder is melted at a very high temperature
due to which HA is dehydroxylated as well as decomposed and
amorphous phases commonly exist in the HA coating [33]. The
presence of an amorphous phase is reported to be advanta-
geous for the early integration of bioimplant to bone/cell tissue
[30].

The peaks of Nb oxide phase (JCPDS card 30-0873) appear
in the diffraction pattern of the Nb coating and in HA-Nb
coatings [Figs. 3(b)-3(e)]. The earlier studies on Nb-based
coatings revealed that the Nb oxide content was beneficial for
the enhanced protection ability and biological response [34, 35,
36]. With the increase of Nb reinforcement in HA, the peaks of
TTCP were reduced and the amorphous hump related to
B-TCP also lowered. When the Nb reinforcement was in-
creased, the overall intensity of HA peaks increased marginally.
HA coating had 74.6% crystallinity of the HA phase, whereas
HA-10Nb, HA-20Nb, and HA-30Nb coatings represented
crystallinity of 77.4%, 80.5%, and 82.9%, respectively. The
crystallinity value of the HA and HA-Nb coatings obtained
in this study are consistent with the crystallinity values
reported for plasma-sprayed HA coatings by other researchers
[30, 33, 37]. Moreover, the proportion of crystalline HA phase
in pure HA coating and HA-Nb coatings is in accordance with
the ISO 13779-2 standard [38]. The variation in crystallinity of
the HA and HA-Nb coatings could be due to the difference
between the thermal conductivity of HA and Nb. The value of
thermal conductivity for HA and Nb is 0.7 W/m K and 52 W/
m K, respectively [39, 40]. It has been reported that when the
reinforcement possesses significantly higher thermal conduc-
tivity, it allows slower cooling rate to neighboring HA region
[41]. After plasma spraying, the decline in the crystallinity of
HA phase is mainly caused by the rapid cooling rate [30]. The
slower cooling rate because of the presence of Nb is a possible
explanation for the higher proportion of crystalline HA phase
in HA-Nb coatings.

Figure 4 presents the scanning electron micrographs of
the surface of as-sprayed coatings. Figures 4(a) and 4(c) show
the morphology of pure HA and HA-10Nb coating that
mainly is composed of melt-resolidified, spheroidized and
fine particles and a few accumulated splats. When the Nb

content in HA was increased, well-flattened splats were
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Figure 2: XRD patterns of (a) HA, (b) Nb, (c) HA-10Nb, (d) HA-20Nb, and (e) HA-30Nb spray powders.

observed at the surface of HA-20Nb and HA-30Nb coatings
[Figs. 4(d) and 4(e)] and spheroidized particles were also
reduced. The surface of the Nb coating [Fig. 4(b)] exhibited
a relatively flat morphology but some microcracks were
noticed at the surface. However, no prominent microcracks
appeared at the surface of HA and HA-Nb coatings. The
existence of the microcracks in the coating could result in
rapid corrosion of the substrate material and also coating
failure due to delamination because it facilitates direct contact
between the substrate and body fluids [30].

The calcium-phosphorus ratio (Ca:P) of as-sprayed HA
coating was 1.74 as determined by EDX analysis. The Ca:P did
not fluctuate much with the reinforcement of Nb in HA, and
Ca:P values of 1.71, 1.69, and 1.68 were observed for HA-10Nb,

© Materials Research Society 2019

HA-20Nb, and HA-30Nb coatings, respectively. Ellies et al.
[42] reported that the Ca:P ratio ranging from 1.67 to 1.76 is
ideal for HA-coated bioimplants. Furthermore, it is evident
from the EDX analysis that the Nb reinforcement in HA-Nb
coatings was uniformly distributed and lump formation of Nb
reinforcement did not occur.

Figure 5 shows the scanning electron micrographs from the
cross-section of as-sprayed coatings. In this figure, the area
marked as ‘S, ‘C,” and ‘E’ represents the substrate, coating, and
epoxy region, respectively. The coatings exhibited almost
uniform thickness of ~125 pm. The HA and Nb coating
[Figs. 5(a) and 5(b)] were intact with the substrate as the
substrate—coating interface was free from microcracking. Sim-

ilarly, Nb-reinforced HA coatings [Figs. 5(c)-5(e)] revealed
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Figure 3: XRD patterns of as-sprayed (a) HA, (b) Nb, (c) HA-10Nb, (d) HA-20Nb, and (e) HA-30Nb coatings.

strong bonding with the substrate because no prominent
microcrack appeared at the substrate-coating interface.
Among the mechanical properties, the hardness of the
surface plays an important role in determining the quality of
a coating [43]. Figure 6(a) demonstrates the value of micro-
hardness for different surfaces. The surface of uncoated CoCr
alloy and the Nb coating revealed significantly higher micro-
hardness value (P < 0.05) as compared to HA and HA-Nb
coatings. Among all the samples, the microhardness value of
HA coating was the lowest. With the Nb reinforcement, the
value of microhardness of the surface enhanced significantly
(P < 0.05) as compared to HA coating. The increment in the

microhardness value could be attributed to the formation of

© Materials Research Society 2019

a layered framework as a result of the uniform distribution of
the Nb reinforcement. A similar increase in surface hardness
of HA coating has also reportedly observed in the earlier
investigations of reinforced HA coatings [32, 44]. The micro-
hardness values of HA and HA-ND coatings are comparable to
the microhardness of HA coatings that have been reported in
the earlier studies [32, 41, 45].

Figure 6(b) presents the average surface roughness (R,)
value for the coated samples. The Nb-coated sample had the
lowest surface roughness. HA coating had higher R, value in
comparison to Nb coating. The R, values of HA and HA-
10Nb coatings did not differ much. With the gradual in-
crement of Nb content in HA, the R, value was further
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Figure 4: Scanning electron micrographs from the surface of as-sprayed (a) HA, (b) Nb, (c) HA-10Nb, (d) HA-20Nb, and (e) HA-30Nb coatings.
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Figure 5: Cross-sectional scanning electron micrographs of as-sprayed (a) HA, (b) Nb, (c) HA-10Nb, (d) HA-20Nb, and (e) HA-30Nb coatings.

decreased (P < 0.05) for HA-20Nb and HA-30Nb. It can also
be observed in Figs. 4(a)-4(c) that with the increase of Nb
reinforcement, the melt-resolidified particles lessened and the
surface was relatively flattened. The earlier studies which
investigated the relationship of surface roughness and the
biologic response endorse that an adequate roughness at the
surface of implants enhances its protein absorption, which
results in better osteoconduction [46, 47]. The R, values of
HA and HA-ND coatings are within the range for R, values of
plasma-sprayed HA coatings (2-6 pum) [48].

Wettability of the samples was evaluated from the contact
angle values of the Ringer’s solution droplet [Fig. 6(c)]. The
CoCr alloy and Nb coating surface demonstrated hydrophobic
nature, whereas the nature of the surface of HA coating was
hydrophilic. The contact angle values increased (P < 0.05) for
HA-Nb coatings; however, the surface retained hydrophilic
nature. The presence of a large amount of hydroxyl groups in
the coating facilitates rapid absorption of the fluid that comes
in contact with the surface [49], which could be the reason of

© Materials Research Society 2019

hydrophilic nature of HA and HA-Nb coatings. During the
early stage of the contact between the cellular tissue and surface
of an implant, the cells can be considered as a simple viscous
fluid [50]. After the implantation, the adherence of the cells
starts after the absorbance of blood proteins at the surface of
the implant [51]. As per the literature, the contact angle value
less than or equal to 60° is classified as the threshold value of
hydrophilicity, and cell adherence was found to be favored for
hydrophilic surfaces [52].

Corrosion behavior analysis

Potentiodynamic polarization curves for different samples are
displayed in Fig. 6(d). The electrochemical parameters de-
rived from these curves through Tafel extrapolation are listed
in Table I. Corrosion potential (E..) and corrosion current
density (I.o,) are crucial parameters through which corrosion
behavior of different samples is analyzed. A nobler E,, value
and lower I, value indicate superior corrosion resistance
[53, 54].
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Figure 6: (a) Microhardness values of samples. (b) R, values for coated samples. (c) Contact angle and droplet profile on the surface of samples.

(d) Potentiodynamic polarization curves for different samples.

TABLE I: Corrosion parameters obtained through Tafel extrapolation.

Sample  Ecorr (MV)  Ion (per cm?) B, (e V/decade) P. (e > V/decade)
Uncoated —392 3.03 pA 166 143
Nb —331 456 nA 159 171
HA —280 354 nA 175 148
HA-10Nb —278 339 nA 181 143
HA-20Nb —261 298 nA 169 143
HA-30Nb —249 287 nA 162 196

The uncoated CoCr alloy and Nb-coated sample revealed
lower E,, as compared to the other samples. The E,,, value
increased with HA coating, and with Nb reinforcement in HA,
E_.. further shifted toward more noble values. The uncoated
CoCr alloy exhibited the highest I, value among all the
samples. The I, value of Nb-coated sample was lower in
comparison to the uncoated sample but higher than the HA-

© Materials Research Society 2019

coated sample. Earlier studies that investigated the corrosion
behavior of HA coatings on CoCr alloy also endorse that HA
coating enhances passivation ability of the surface [11, 12, 13,
14]. The lower E_,,, and higher I, values of Nb coating could
be due to the presence of microcracks [Fig. 4(b)]. A structural
defect in the coating, such as microcracking, promotes corro-
sion underneath the coating and at the surface, which results in
the release of ions into the corrosive media and protection
ability of the surface against corrosion [55]. Because of the
incorporation of Nb in HA, the I, values declined further and
the sample with HA-30Nb coating demonstrated lowest I o
which is about one order of magnitude lesser than the uncoated
CoCr alloy. Enayati et al. [56] have also reported that
a noteworthy increase in corrosion resistance of SS 316L was
observed after HA-Nb coating. In this study, the fraction of
crystalline HA phase increased and the value of I, decreased
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with the increase of Nb content in HA. Reportedly, the
corrosion resistance of the implants improves with the increase
in the phase purity of HA coating [57]. Thus, the lower I .,
values, i.e., superior corrosion resistance of HA-Nb coatings
could be attributed to their higher crystallinity of HA phase.
The results obtained through electrochemical investigation are
evident that the Nb reinforcement in HA increased the
protection ability of the surface against corrosion, which could
enhance long-term survivability of CoCr implants.

After the corrosion testing, XRD analysis of the coatings
was done to analyze phase constituents [Fig. 7]. The results of
XRD analysis demonstrated that formation/vanishing of any

prominent phase did not occur after exposure to the Ringer’s

solution indicating that phase purity was retained by all the
coatings. A marginal increment in the overall peak intensities
of HA and HA-Nb coatings was observed. After corrosion
testing, the crystallinity of HA phase in HA, HA-10Nb, HA-
20Nb, and HA-30Nb coatings was 78.8%, 79.7%, 82.1%, and
84.2%, respectively. After the immersion in Ringer’s solution,
an increment in the phase purity of HA-based coatings is
generally observed because of the dissipation of amorphous
phases [58, 59]. The initial dissolution of HA enhances the
growth of biological equivalents that promote mineralization of
bone structure and bone formation [33].

Figure 8 presents the scanning electron micrographs of the

coatings after corrosion testing. The microstructure of the pure
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Figure 7: XRD patterns of (a) H
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A, (b) Nb, (c) HA-10Nb, (d) HA-20Nb, and (e) HA-30Nb coatings after corrosion testing in Ringer’s solution.
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HA coating comprised primarily of the accumulated splats with
a few flattened particles of asymmetrical morphology [Fig. 8(a)].
The microcracks became more notable at the surface of
Nb coating [Fig. 8(b)] after corrosion testing. Morphology of
the surface of HA-10Nb, HA-20Nb, and HA-30Nb coatings
[Figs. 8(c)-8(e), respectively] after corrosion testing was
dominated by well-flattened splats without any noticeable
microcracking. It has been reported that the existence of
a microcrack in the coating reduces corrosion protection ability
of the surface and even coating failure/delamination can occur
because of the microcracking [30, 60]. EDX analysis of all the
samples was conducted to analyze the elemental composition
of the coating surface after corrosion testing. After the exposure
to the Ringer’s solution, a decrease in Ca:P was observed for
HA and HA-Nb coatings. HA coating revealed Ca:P value of
1.72; whereas HA-10Nb, HA-20Nb, and HA-30Nb coatings

0.8+

0.6 4

0.2 4

Article

had Ca:P values 1.69, 1.68, and 1.66, respectively. The pro-
portion of oxygen was increased for HA, HA-10Nb, HA-20Nb,
and HA-30ND coatings from 69.9%, 63.2%, 62%, and 59.7% to
72.4%, 65.5%, 63.4%, and 61.2%, respectively. Previous studies
of HA coating have reported a similar decrease in Ca:P and
increment in oxygen content as observed in the present
investigation [18, 20, 60]. The osseointegration has also re-
portedly enhanced by the increase in oxygen content of the
coating [54].

Biocompatibility analysis

The biocompatibility of the samples was tested on MG-63 cells.
Cells were directly exposed to the samples as indicated. Cell
proliferation (MTS) data are shown in Figs. 9(a) and 9(b) in
which asterisk (*) denotes significance, i.e., P-value < 0.05.

After 72-h incubation [Fig. 9(a)], no cytotoxic effect was

Absorbance at 490 nm
o
3
1

(c)

Figure 9: Cell proliferation (MTS) data after (a) 72-h incubation and (b) 96-h incubation; (c) cell health after 96-h incubation with different samples.
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observed for coated samples as compared to CoCr alloy, and
cell proliferation for the uncoated and coated CoCr samples
was not significantly different. Further, after 96 h [Fig. 9(b)], an
increase in cell proliferation was observed for HA-coated
sample. The pure Nb-coated sample revealed almost same cell
proliferation as the uncoated CoCr alloy. These results dem-
onstrate that the surface of HA coating was more conducive to
cell proliferation than the CoCr alloy and Nb coating. Re-
portedly, HA coating outperforms the metallic surfaces in
biocompatibility because it possesses similarities to the mineral
phase of the human bone [15]. With the Nb reinforcement in
HA coating, no cytotoxic effect was observed on MG-63 cells,
and a significant increase in cell proliferation was observed for
HA-10Nb, HA-20Nb, and HA-30Nb coatings as compared to
CoCr alloy. The crystallinity of HA phase is a critical param-
eter, which influences the biologic response of the coating
surface [61]. The crystallinity of HA phase in HA-ND coatings
was higher than the pure HA coating, which could be the
reason that HA-Nb coatings revealed relatively higher cell
proliferation as compared to pure HA coating. Microscopic
studies of cells exposed to the samples for 96 h revealed no
changes in the morphology of the cells [Fig. 9(c)], indicating
that the coatings do not have cytotoxic effect.

All in all, the results of the present investigation showed
that the Nb reinforcement in HA increased the protection
ability of the surface against corrosion and promoted cell
proliferation, which could enhance long-term survivability and

biologic response of the CoCr implants.

In conclusion, plasma spray technique was used to deposit HA,
Nb, HA-10Nb, HA-20Nb, and HA-30Nb coatings on the CoCr
alloy ASTM F-1537. XRD results demonstrated that the fraction
of crystalline HA phase increased as the Nb content was
increased in the HA. Scanning electron microscopy (SEM)
analysis revealed that microcracking was not observed at the
surface and cross-section of as-sprayed HA and HA-Nb coatings,
whereas microcracks appeared at the surface of Nb coating. The
surface hardness of the HA coating was increased with the
incremental increase of Nb reinforcement and the surface
roughness decreased as the Nb reinforcement increased. The
surface of CoCr alloy and Nb coating demonstrated hydrophobic
properties; however, HA and HA-Nb coatings displayed hydro-
philic nature of the surface. Both HA coating and Nb coating
enhanced the corrosion resistance of CoCr alloy, whereas Nb-
coated sample revealed the lowest corrosion resistance among all
the coated samples. The values of I, decreased and E.,.
became nobler with the incremental increase of Nb reinforce-
ment in HA. HA-30Nb coating exhibited preeminent corrosion
resistance with the noblest E.., and lowest I ., values, which
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were about one order of magnitude lower as compared to the
uncoated CoCr alloy. HA-Nb coatings revealed a significant
increase in cell proliferation as compared to the uncoated CoCr
alloy and demonstrated no cytotoxic effect on MG-63 cells. The
results of this study suggest that Nb-reinforced HA coatings
could be potentially used to enhance the corrosion resistance and
biocompatibility of CoCr implants and thus deserve further

biological investigation.

Deposition of Coatings

Plasma-sprayed coatings of HA, Nb, HA-10Nb, HA-20Nb, and
HA-30Nb were prepared using the MF4 plasma spray gun
(MEC Pvt., Ltd., Jodhpur, India). An arc current of 600
amperes with 63 volts of arc voltage was used for plasma
spraying. Argon and hydrogen were used as primary and
secondary gas with the flow rate of 40 SLPM and 5 SLPM,
respectively. Spraying distance for the process was kept 75 mm.
Spray powders of HA and Nb were supplied by Medicoat,
Etupes, France and BGY Science and Technology Co., Ltd.,
Beijing, China, respectively. A jar mill was used to prepare the
mixtures of HA and Nb powders, which were used as spray
feedstock. The medical grade CoCr alloy ASTM F-1537 (Zapp
Precision Metals, Schwerte, Germany) of dimensions @ 15 mm
x 5 mm was used as substrate material. To generate a rough
surface, the substrates were grit blasted with alumina particles
before the plasma spraying, and then air blasting of the
substrates was performed to remove residual grit. The surface
of CoCr substrates had an average surface roughness (R,) value
of 1.16 = 0.2 after air blasting.

Characterization techniques

Phase identification of the coatings was conducted using X-ray
diffraction (XRD) analysis (X’Pert Pro Panalytical PN-3040/80,
Almelo, Netherlands) over 20°-60° two-theta (26) range. The
percentage amount of crystalline HA phase in different coat-
ings was estimated as in an earlier study [31]. Scanning electron
microscopy (SEM; JEOL JSM-6610LV, Akishima, Japan)
equipped with EDX was used for the microstructural and
compositional analyses of the coated surfaces before and after
corrosion testing. The samples were coated with a thin layer of
gold before the SEM/EDX analysis to obtain the desired
conductivity of the surface. The substrate-coating interface
was also analyzed through the SEM analysis. The sample
preparation for cross-sectional SEM analysis was done by
cutting the coated samples across the cross-section using
a low-speed precision saw. Afterward, the samples were
mounted in epoxy resin and polished with emery papers up

to 2000 grade. Subsequently, buffing of the samples was
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conducted using alumina slurry on the napped cloth to obtain
a mirror finish.

A microhardness tester (Wolpert Wilson 402MVD, Aachen,
Germany) was used to determine the value of microhardness
from the polished cross-section of the coatings. The microhard-
ness testing was conducted using a load of 50 gf for a dwell time
of 15 s. The contact type profilometer (Mitutoyo SJ-210,
Kamasaki, Japan) was used to analyze the roughness of the
surfaces. The wettability of the samples was evaluated with
a goniometer (First Ten Angstroms FT'A2000, Portsmouth, New
Hampshire) by measuring the contact angle of Ringer’s solution
droplet. For each surface property, an average of fifteen readings
has been reported, and the data are expressed in the form of
mean * standard deviation. The statistical analysis of the data
has been conducted using Student’s two-tailed t-test with a P-

value < 0.05 as statistical significance.

Corrosion behavior analysis

The electrochemical corrosion testing was performed using
a Potentiostat/Galvanostat/ZRA (Gamry G-750, Warminster,
Pennsylvania). The potentiodynamic polarization studies were
conducted using a standard three-electrode cell with Ag/AgCl
(saturated KCI), graphite rod, and uncoated/coated sample
serving as the reference, counter, and working electrode,
respectively. As an electrolyte, Ringer’s solution (Nice Chem-
icals Pvt., Ltd., Kochi, India) was used for simulating fluid
conditions of the human body. To attain a relatively steady
state, each sample was immersed in Ringer’s solution for 24 h
before the corrosion testing. Potentiodynamic scan was exe-
cuted from an initial potential of —0.25 V to final potential
0.25 V with scan rate of 0.5 mV/s. The values of electro-
chemical parameters were acquired from the potentiodynamic
curve using Echem Analyst software (Gamry Instruments,

Warminster, Pennsylvania).

Biocompatibility investigation

The absence of cytotoxicity for all the samples was analyzed via
in vitro cytotoxicity studies. Cytotoxicity of the samples was
analyzed on MG-63 cells (osteoblast-like adherent cells), which
were procured from the National Center for Cell Science
(NCCS), Pune, India. Cells were cultured in Gibco RPMI
1640 media supplemented with 10% (V/V) fetal bovine serum
(Gibco -Thermo Fisher, Waltham, Massachusetts) and 1%
Penicillin-Streptomycin  (Gibco -Thermo Fisher, Waltham,
Massachusetts) at 37 °C in a humidified incubator at 5%
CO,. The samples were autoclaved before the analysis. Cells
were grown at a seeding density of 8000 cells/well for 72-h
incubation and of 6000 cells/well for 96-h incubation along
with the samples in a 12-well plate. The uncoated CoCr alloy
sample was used as the control. Media and samples were
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removed from the 12-well plate after 72- or 96-h incubation,
and cells were washed with 2 mL DPBS solution (Gibco
-Thermo Fisher, Waltham, Massachusetts). After washing,
the cells were trypsinized with 80 uL of 0.25% Trypsin-EDTA
(Gibco -Thermo Fisher, Waltham, Massachusetts) and neu-
tralized with 300 pL of fresh media/well. The suspended cells
were then seeded into 96-well plate as triplicates (100 puL/well).
MTS assay (Promega Celltiter 96, Madison, Wisconsin) was
done after 12-h incubation in 96-well plate. Spectrophotomet-
rical absorbance was determined by a microplate reader (BMG
LABTECH CLARIOstar, Ortenberg, Germany) at 490 nm. The
qualitative analysis of cell health was conducted through the
digital inverted microscope (Thermo Fisher EVOS XL,
Waltham, Massachusetts).
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