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INTRODUCTION

Biomedical implants have received much interest and
intensive research during last few decades as they are used as
replacement material of various body parts or organs. For this
a purpose, metallic material which combines good mechanical
characteristics, high corrosion resistance and good compati-
bility with any of the biological materials, need to be chosen.
The austenitic stainless steel in particular 316L stainless steel
profits of low cost, high corrosion resistance, excellent biocom-
patibility and ease of fabrication. It is due to creation of passive
chromium oxide layer on the surface. This protecting oxide
layer release of chromium, iron and nickel ions evidenced in
the human body [1-7]. Hence the surface treatment for the
specimens is imperative to improvement of corrosion resistance
on 316L stainless steel in physiogical environment. In order
to ensure their long term clinical application and to enhance
the bioactivity of 316 L stainless steel implants a bio ceramic
material with osteoconductive property is often coated on the
metallic implants [7-10]. Among the materials used for coating,
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In present work, samarium/europium substituted hydroxyapatite (Sm/Eu-HAP) coating on 316L stainless steel has been carried out by |
electrodeposition method. The surface characteristics of the developed coating were assessed by Fourier transform infrared spectroscopy |
(FT-IR), X-ray diffraction (XRD), High resolution scanning electron microscopy (HRSEM) and energy dispersive X-ray analysis. The
special effects of Sm/Eu-HAP coating on anticorrosion behaviour of 316L stainless steel were also studied using electrochemical analysis |
in the Ringers solution. The antibacterial activity and in vitro live/dead assay of Sm/Eu-HAP coating were investigated. As a result of |
these examinations, revealed that Sm/Eu-HAP coating on 316L stainless steel enhanced the corrosion resistance performance and |
significantly improved the bioactivity. Thus, Sm/Eu-HAP coating can play an important role in biomedical applications. |
|
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hydroxyapatite [HAP, Ca;o(PO.)s(OH).] is the best biocompa-
tible and bioactive material that acts as a bridge between implant
and human tissue thereby improving the osseointegration
[11,12]. Hydroxyapatite in bone is a multi-substituted calcium
phosphate, including traces of Mg**, Sr**, Si**, CO*, Ba™, Zn**
and F~, efc. [13-15]. Hence, the ionic substituted HAP plays
an important role in bone formation. There are also several
studies on the synthesis and coating of the metal ion substituted
HAP which has been shown to improve its structural stability
and cellular biocompatible properties. But the rare earth ions
(Sm, La, Gd, Eu, etc.) substituted HAP has been rarely
reported. The lanthanide ions have related ionic radius in Ca™,
so the great attraction in bone linked biological molecules.
Several important features of lanthanide ions professed in
biological properties. Hence, Sm-HAP has been used in the
subject of great interest due to the significant role of this ion
in the improved osteoblastic performance, good antibacterial
properties and biologically bone targeted radio therapeutic
agent play in preventing caries [16,17]. The samarium ions
have been used for bone metastatic prostate cancer and depen-
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dent on prior treatments. Hence the presence of a samarium
ions improved the potential of corrosion and pitting of the
inhibitor of steels and aluminum in neutral medium due to
use in industrial application. In addition different studies have
used in Sm-153 hydroxyapatite as good physical and radio-
biological properties due to treatment of chronic and knee
synovitis [18]. On other hand, to developed secondary material
with good bioactivity can be introduced. For this purpose, the
europium ion, a functional mimics of the calcium ions that
can affect the bone remodeling cycle and are potentially used
for the treatment of bone density disorders such as osteoporosis,
is introduced into HAP along with samarium [19]. This is the
first effort by the authors to improve a coating of Sm/Eu substi-
tuted hydroxyapatite on stainless steel by electrodeposition
technique and to our best of knowledge there are no other reports
so far.

EXPERIMENTAL

316L Stainless steel specimen preparation: Type 316L
stainless steel (procured from Steel Authority of India, Ltd.,
India), having an elemental composition (wt %) of 0.0222 C,
0.551 Si, 1.67 Mn,0.023 P, 0.0045 S, 17.05 Cr, 11.65 Ni, 2.53
Mo, 0.136 Co, 0.231 Cu, 0.0052 Ti, 0.0783 V, 0.0659 N and
Fe (balance), was used as the metal substrate for the ED. The
316L stainless steel substrate with a size of 10 mm x 10 mm x
3 mm were embedded in epoxy resin, leaving an area of 1 cm’
for exposure to the electrolyte solution. Before to ED, these
specimens were abraded with different grades of silicon carbide
papers from 400 to 1200 grit. After polishing, these specimens
were ultrasonically cleaned and exhaustively washed with
acetone and deionized water for 10 min and finally, rinsed in
deionized water and dried.

Surface passivation of 316L stainless steel specimens:
In order to enhance the bio resistivity of the 316L stainless
steel surface was passivated using 0.4 M borate buffer solution
(pH 9.3) at 640 mV vs. saturated calomel electrode (SCE) for
2 h in potentiostatic condition using electrochemical work-
station (Model CHI 760C, CH Instruments, USA).

Preparation of electrolyte solution: The electrolyte solu-
tion for prepared by dissolving analytical grade 0.3 M calcium
nitrate hexahydrate, 0.1 M samarium nitrate hexahydrate and
0.1 M europium nitrate hexahydrate in deionized water. The
0.3 M diammonium hydrogen phosphate solution was dissol-
ved in deionized water and the solution was mixed with (Ca +
Sm + Eu)/P molar ratio of 1.67 at room temperature (28 + 1
°C). Then the solution was under magnetic stirring for 4 h and
the pH of the electrolyte was adjusted to 4.7 using ammonia
hydroxide solution. All the chemicals were analytic grade reagents
(purchased from sigma Aldrich) and used without further
purification.

Development of Sm/Eu-HAP coating: Sm/Eu-HAP coating
route on 316L stainless steel was carried out in galvanostatically
for 60 min at various current densities of 8, 9 and 10 mA/cm?.
After the electrodeposition Sm/Eu-HAP coating substrates
were gently rinsed with deionized water dried in the air and
then stored in a desiccator for further investigations.

Surface characterization of Sm/Eu-HAP coating: The
identification of functional groups in Sm/Eu-HAP coating

materials were analyzed by Fourier transform infrared (FT-
IR) spectroscopy. The phase composition of coated samples
was studied by X-ray diffraction PANalytical X Pert PRO
diffractometer in the 26 angle between 20°-60° with Cu K,
radiation (1.5406 A). The surface morphology and elemental
composition of as a developed Sm/Eu-HAP coating were eva-
luated by a high resolution scanning electron microscopy
(HRSEM, JSM 840A, JEOL-Japan) equipped with EDAX.

Antibacterial activity: The in vitro antibacterial activity
of Sm/Eu-HAP coating at different concentrations have been
investigated against two prokaryotic strains such as S. aureus
(ATCC 25923) and E. coli (ATCC 25922) through agar disc
diffusion method. The Mullar-Hinton agar plates were prepared
by pouring 15 mL of a molten medium into sterile Petri plates.
The plates were allowed to solidify for ~ 15 min and 0.1 % of
inoculum suspension was swabbed uniformly over the agar
until the inoculums became invisible. Different concentrations
(25,50,75, 100 and 125 pL) of Sm/Eu-HAP coating were loaded
onto 5 mm sterile individual discs, followed by incubation of
plates at 37 °C for 24 h. The zone of inhibition was observed
by measuring the width of the inhibited zone.

Osteocompatibility analysis: The cell proliferation of
MC3T3-El cells on Sm/Eu-HAP was studied using MTT assay
onday 1, 3 and 5. To determine the cytotoxicity of the samples
at different conditions, MC3T3-E1 cells were seeded in 12-well
plates at 104 cells/mL in a humidified 5 % CO, atmosphere.
Each time, 400 uL of MTT reagent (1 mg/mL) was added to
each well and incubated for 4 h under the same conditions.
Finally, MTT reagent was removed and 400 pL of dimethyl
sulfoxide was added for dissolving the form as an crystals and
the absorbance was measured at 560 nm in an ELISA micro-
plate reader and then the cell viability (as a percentage) was
calculated, with respect to the control, as follows:

[A] Test %100

Cell viability (%) =
[A] Control

RESULTS AND DISCUSSION

FT-IR analysis: The FT-IR spectra of Sm/Eu-HAP coating
on 316L stainless steel are given in Fig. 1. The characteristic
bands detected at 1092.39, 1040.44, 961.63, 603.13, 569.38
and 472.51cm™ correspond to the PO;* group. Additionally,
the characteristic -OH bands of HAP at around 3571.24 and
633.91 cm™ correspond to the stretching and bending modes.
The bands at 3427.87 and 1642.93 cm™ were assigned to the
stretching and bending mode of the adsorbed water molecule.
As aresult, the spectrum strongly demonstrated the formation
of Sm/Eu-HAP coating on 316L stainless steel and no other
impurities were identified.

X-ray diffraction studies: Fig. 2 shows the X-ray diffrac-
tion patterns of Sm/Eu-HAP coating on 316L stainless steel
respectively. The main diffraction peaks observed for Sm/Eu-
HAP are in well agreement with the standard data for HAP
(ICDD card No. 09-0432). In this regard, the main diffraction
peaks (Fig. 2) are showed at 20 values of 25.8° (002), 31.5°
(211),32.2°(112),32.8°(300) 34.6° (202), 39.8° (310), 46.6°
(222),49.26° (213) and 53.1(004) corresponds to Sm/Eu-HAP
and no other secondary peaks were found. In consequence,
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Fig. 1. FT-IR spectra of Sm/Eu-HAP coating
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Fig. 2. XRD pattern of Sm/Eu-HAP coating

Sm/Eu-HAP coating demonstrated that the as-developed
coating are in high crystalline in nature and purity.

Scanning electron microscopic and elemental analysis:
The HRSEM morphology of Sm/Eu-HAP coating on 316L
stainless steel by electrodeposition at 8, 9 and 10 mA/cm? for
60 min are displayed in Fig. 3(a-c) and the elemental compo-
sition of Sm/Eu-HAP coating an optimum 9 mA/cm? is repre-
sented in Fig. 3(d). Fig. 3(a) and (c) indicates the morphology
of Sm/Eu-HAP coating (8 and 10 mA/cm?) consisted of rod
like structure. The structure was not uniform and contained
some agglomeration as shown in Fig. 3(a) and (c). The surface
morphology of Sm/Eu-HAP (9 mA/cm?) coated on 316L stain-
less steel [Fig. 3(b)] exhibited the formation of completely
covered the rod like structure and hence it is considered as
optimum. Fig. 3(d) represents the EDAX spectrum of the
Sm/Eu-HAP coating on 316L stainless steel, which also founds
the presence of Sm, Eu, Ca, P and O on Sm/Eu-HAP coated
surface. This results supports for the creation of Sm/Eu-HAP
coating on 316L stainless steel.

Electrochemical studies

Potentiodynamic polarization studies: Representative
potentiodynamic polarization curves of uncoated, HAP coated,
Sm/Eu-HAP coated on 316L stainless steel in Ringer solution

are shown in Fig. 4. As demonstrated from electrochemical
values of the polarization parameters such as corrosion poten-
tial (Ecor),breakdown potential(Ey) and repassivation potential
(E,p) for the uncoated 316L stainless steel were found to be at
-865, +447 and -88 mV vs. SCE, respectively. While the HAP
coated samples showed Ecor, Ev, E;, values of -790, +502 and
185 mV vs. SCE, respectively. For the polarization parameters
of Sm/Eu-HAP coated 316L stainless steel samples revealed
Ecor, Ev, Epp values of -621, +709 and 297 mV vs. SCE, respec-
tively. These Ecor, Ev, E;p values of Sm/Eu-HAP coated 316L
stainless steel sample indicated a maximum shift in the noble
direction when compared to that of HAP coated and the uncoated
316L stainless steel specimens. In particular positive shift of
Sm/Eu-HAP coated 316L stainless steel specimen possessed
maximum anticorrosion behaviour in Ringers solution.

Electrochemical impedance spectroscopy studies (EIS):
Electrochemical impedance spectroscopy studies is the most
significant method, which can offer the valuable information
on anticorrosion performance of all the coated 316L stainless
steel specimens in the Ringers solution. The nyquist plots
obtained for the uncoated, HAP coated and Sm, Eu-HAP coated
316L stainless steel specimens in ringers solution are shown
in Fig. 4(b). The polarization resistance (R,) of Sm/Eu-HAP
coating on 316L stainless steel which exhibit polarization
resistance (R,) 1806 Q cm? which is greater than that of HAP
coated on 316L stainless steel (R,) 796 © cm? and uncoated
316L stainless steel (R,) 45 © cm®. From the Electrochemical
impedance spectroscopy results Sm/Eu-HAP coated 316L
stainless steel is more corrosion protective than the HAP coated
and uncoated 316L stainless steel specimens.

Antibacterial activity: The antibacterial ability of Sm/
Eu-HAP coating at five various concentrations was tested
against the two prokaryotic strains E. coli and S. aureus are
Gram-negative bacteria and Gram-positive bacteria by the disc
diffusion method. The zone of inhibition around the Sm/Eu-
HAP coated samples at different concentrations (25, 50, 75,
100 and 125 mL) against E. coli and S. aureus is showed in
Fig. 5. The antibacterial activity results indicated the Sm/Eu-
HAP coating samples displayed superb antibacterial activity
against the two bacterial strains. The reason may be owed the
incorporation of Smions plays an important role in enhancing
the antibacterial activity. In specific the activity of Sm/Eu-
HAP against E. coli bacteria slightly higher when compared
to the S. aureus bacteria.

in vitro cytotoxicity and live/dead analysis: The cell
viability of MC3T3-E1 cells on Sm/Eu-HAP coated samples
were evaluated using MTT assay and the results showed in
Fig. 6. The absorbance of cell viability at 570 nm is directly
proportional to the number of living cells in MC3T3-E1 cell
culture medium. The % cell viability on 100 ug/mL of coatings
at 1, 3, 5 and 7 days of culture is indicated in Fig. 6. It is evi-
dently that Sm/Eu-HAP coating exhibited the number of viable
cells growth and without any toxic effect. The cell viability
results should be significant and improvement of biological
performance.

The live/dead fluorescence microscopic results of Sm/Eu-
HAP coated samples cultured at 1, 3, 5 and 7 days displayed
in Fig. 7. The live/dead images indicating the green cell are
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Fig. 3. SEM micrographs of (a) Sm/Eu-HAP coating on 8 mA/cm’* (b) Sm/Eu-HAP coating on 9 mA/cm? (c) Sm/Eu-HAP coating on 10 mA/
cm’®(d) EDAX spectrum of Sm/Eu-HAP coating
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Fig. 5. Comparison of antibacterial activities of Sm/Eu-HAP coating at
different concentrations against pathogenic bacteria E. coli and S.
aureus (*) denotes a significant difference compare to the control
(P <0.05)

live cells and red cells are dead cells and used the dye compo-
nents such as AM is green and ethidium homodimer used are
red. The live/dead cultured on Sm/Eu-HAP coated samples
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Fig. 6. in vitro cell viability results of Sm/Eu-HAP coating on MC3T3-E1
cells for 1, 3, 5 and 7 days (*) denotes a significant difference
compare to the control (P < 0.05)

seemingly increased over the period. Since, increasing the live
cells at day 3 was significantly higher than at day 1. However,
increasing the culture time to 5 days and 7 days the lives cells

Fig. 7. Live/dead fluorescence microscopic images of (a) Sm/Eu-HAP coating on 1 day (b) Sm/Eu-HAP coating on 3 days (c) Sm/Eu-HAP

coating on 5 days (d) Sm/Eu-HAP coating on 7 days
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spreading morphology are also increases. Although comparing
the different days (1, 3, 5 and 7) Sm/Eu-HAP coating superb
cell growth and elongated morphology on 7 day, compared
with other (1, 3, 5) days. Thus the live/dead fluorescence images
clearly indicated that Sm/Eu-HAP coated samples extensively
increases the growth and viability of cells which is favourable
for biomedical applications.

Conclusion

In present study a Sm/Eu-HAP coating on 316L stainless
steel. The results are summarized as follows:

* The presence of functional groups in Sm/Eu-HAP coating
was confirmed by the FT-IR and crystalline nature on Sm/
Eu-HAP coating confirmed by XRD analysis.

e The surface morphology of Sm/Eu-HAP (9 mA/cm?)
coated on 316L stainless steel exhibited the formation of
completely covered the rod like structure. The EDAX spectrum
establishes the presence of Sm, Eu, Ca, P and O on Sm/Eu-
HAP coated surface.

* The electrochemical studies revealed Sm/Eu-HAP coating
on 316L stainless steel sample indicated a maximum shift in
the noble direction when compared to that of HAP coated and
the uncoated 316L stainless steel specimens.

* Sm/Eu-HAP coating showed strong antibacterial activity
against both Gram-positive and Gram-negative bacteria like
S. aureus and E. coli respectively.

* The cell viability and live/dead fluorescence results
showed non-toxic nature and superb elongated morphology
of Sm/Eu-HAP coating on MC3T3-E1 cultures. In summary
Sm/Eu-HAP coating on 316L stainless steel enhances corro-
sion resistance and biological properties. Hence, the bio implant
superb osseointegration capability use for suitable in bio-
medical applications.
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