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ABSTRACT: Novel multifunctional biocomposite materials that mimic the properties of bone are the need of the hour. In view of
this, the current work is focused on the fabrication of a snail shells derived europium-substituted hydroxyapatite (Eu-HAP)/
poly(3,4-propylenedioxythiophene) (PProDOT)/Calotropis gigantea fiber (CGF) ternary composite on titanium (Ti) for biomedical
applications. The structural, morphological, mechanical, electrochemical, and biological properties of the as-developed coatings on
Ti were characterized. The obtained results clearly confirmed the formation and properties of the ternary composite (Eu-HAP/
PProDOT/CGEF). The presence of CGF, an exceptional reinforcement material, in the ternary composite is proven to improve
mechanical and biological properties compared to other coatings (i.e., coating without CGF). Also, electrochemical studies revealed
better anticorrosion properties of the composite-coated Ti in a simulated body fluid (SBF) solution. Similarly, the presence of Eu-
HAP and PProDOT in the composite is clearly evident from the antibacterial activity against Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli) and also by the cell proliferation and cell adhesion by the MTT assay test. Thus, we suggest that the
fabricated Eu-HAP/PProDOT/CGEF ternary composite with mechanical, corrosion resistance, and biocompatible properties might
be an appropriate candidate for biomedical applications.

B INTRODUCTION osteoconductive and biocompatible properties.*”'" HAP can
be prepared by various methods like the precipitation method,

Bone fractures or bone defects due to trauma, tumors, or o1
template-assisted method, sol—gel method, etc.~~ HAP can

skeletal disorders have become one of the global issues and a X :
formidable challenge in the field of orthopedics.”” Hence, the be prepared chemically, or it can be extracted from natural
fabrication of a perfect bone repair material is an immense sources. However, the synthetic method of HAP preparation

need for a promlsmg approach toward bone repair and involves the utilization of high-purity chemical reagents.

regeneration.” ~ An ideal bone replacement material must

possess excellent biocompatibility and suitable mechanical Received: November 12, 2021
properties to mimic the bone. In fact, the natural bone is a Accepted: January 28, 2022
composite material consisting of inorganic (60%) and organic Published: February 10, 2022

(30%) mineral phases and water (10%).”” Hydroxyapatite

Ca;z(PO,)s(OH),, HAP) is the major inorganic component
4 ] 8 p

of bone that has wide biomedical applications because of its
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Comparatively, the HAP synthesized through natural sources
was found to be more similar to the human bone because of
the presence of trace elements like Na*, Zn*", Mg**, K*, etc.
Hence, nowadays, HAP is synthesized from natural materials.'*
The naturally plentiful snail-shell waste is selected for the
preparation of HAP because of its easy availability and low
cost."> Snail shells (SS) are marine exoskeletons, which are
composed of calcium carbonate (CaCO;) and other organic
components (MgCO;).'® Inadequate studies have been
attempted on the synthesis of HAP using snail shells as a
calcium source.”'® Moreover, the substitution of Ca®" ions
with various bioactive ions such as Mg’*, Zn**, Mn*', Sr**,
Ag¥, Ba® Y**, La*, Sm’, Ce® Eu®, etc, enhances the
biological properties of HAP. The minerals substituted in HAP
will enhance cell adhesion and proliferation of osteoblast cells,
improve bioactivity, and provide excellent antimicrobial
activity.'”~>' The trivalent cations are reported to exhibit
improved biocompatibility and bioactive properties when
compared to the divalent cations. Cell adhesion and
proliferation were also found to be increased with the ions
substituted in HAP.>* Hence, in this study, Eu®" is substituted
in HAP to enhance the biocompatibility. However, the
intrinsic brittleness, low fracture toughness, and low wear
resistance of HAP make it unsuitable for long-term
applications.””**

To overcome these limitations, it is essential to develop
HAP-based biocompatible composite materials without
causing adverse effects to humans. In recent years, the
incorporation of polymers into HAP has proven to be a
promising alternative in biomedical applications.” In partic-
ular, the conductive polymer (CP) has been a subject of
intense research because of its facile preparation process, light
weight, corrosion resistance properties, etc. Recently, the
conducting polymer poly(3,4-propylenedioxythiophene)
(PProDOT) has been considered to be the potential polymer
due to its high conductivity, special physical and chemical
properties, excellent stability, excellent biocompatibility, non-
toxicity, and biodegradability.”**” Thus, the HAP incorporated
into the polymer has shown an improved interface and
enhanced cell adhesion to the biological environment.”® To
endow the composite with mechanical rigidity and exceptional
biocompatibility, the incorporation of suitable reinforcing
materials such as Al,O; Y,0; ZrO, yttria-stabilized zirconia
(YSZ), silk fibers and cellulose fibers, carbon nanotubes
(CNTs), carbon nanofibers (CNFs), TiO,, and graphene
oxide (GO) is adopted.”™**

Over the past few decades, fiber (synthetic)-reinforced
composite has acquired great attention in the field of bone
regeneration and several other biomedical applications.”*™*
Most of the synthetic fibers are expensive and toxic, which
would inevitably cause severe problems that may even lead to a
second surgery when not used in an appropriate way. However,
the use of natural fibers, such as bamboo, jute, hemp, banana,
Calotropis gigantea, etc., as reinforcing materials for the
composite, has attracted much interest among researchers.
Among the natural fibers, C. gigantea fiber (Family:
Asclepiadaceae) is a natural fiber, which consists of 66%
cellulose, 8—9% lignin, 1.8—3% wax, 3% pectin, and 21%
hemicelluloses. This fiber possesses the characteristics of
excellent biocompatibility and nontoxicity.”*™** CGF finds its
application chiefly in the textile industry as a raw material with
intrinsic biodegradability, and to date, only very few studies on
CGF-reinforced composites have been carried out.” The fibers
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can be obtained from the fruits of the plant and then used in
the fabrication of the composite. The cost for the formation of
the fiber-based composite is very cheap since the fiber is
naturally available.*” But, the hydrophilic nature of the fiber
restricts its application in load-bearing applications, i.e., the
nonuniform dispersion of the fiber and the lack of interfacial
bonding reduce the quality of the ternary composite. To
overcome these defects, surface modifications of the fiber, such
as chemical treatment, alkali treatment, etc., are adopted to
enhance the adhesion of fiber to the matrix. The surface
treatment will provide the complete removal of any surface
impurities and other noncellulosic material. The functional
groups on the surface of the fibers will induce the formation of
HAP, which acts as a bridge between the fiber and the
polymer. Since there were no investigations on the reinforce-
ment of CGF into the polymer and HAP matrix, the authors
made an attempt to explore the possibility of using CGF stem
bark fiber as a new reinforcing material in the polymer/Eu-
HAP composite. Thus, a ternary composite (Eu-HAP/
PProDOT/CGF) combining the advantages of ceramic,
polymer, and fiber with improved mechanical and biological
properties will be a suitable coating material for metallic
implants used in orthopedic applications.

In general, a biomaterial is known to improve the quality of
life and the range of its application is vast, which includes bone
substitutes like Ti and its alloys, magnesium alloys, 316L
stainless steels, Co—Cr alloys, etc. In the present work, the
authors have developed the ternary composite over Ti because
of its light weight, acceptable biocompatible properties,
reasonable corrosion resistivity, and ease of fabrication.*"**
Several deposition techniques were used for the fabrication of
the ternary composite coating on metallic implants.*~*
Electrophoretic deposition is the most viable method as it
involves a very simple setup, low-cost equipment, and an easy-
to-achieve homogeneous coating on metallic implants. Thus,
we utilized this method to fabricate the ternary composite on
Ti for biomedical implant applications. This ternary composite
would have the beneficial properties of each added component
by complementing their shortcomings, thereby yielding an
outstanding material with excellent mechanical, corrosion
resistance, and biocompatible properties for biomedical
implant applications, especially in the field of orthopedics.

B RESULTS AND DISCUSSION

Fourier Transform Infrared (FTIR) Analysis. The FTIR
spectra of HAP, Eu-HAP, Eu-HAP/PProDOT, and the Eu-
HAP/PProDOT/CGF ternary composite are shown in Figure
la—d. The spectrum for HAP (Figure la) shows the peaks
corresponding to the stretching and bending modes of the
hydroxyl group at 1572, 1162, 722, and 492 cm™'. The
absorption peaks for the phosphate (PO,*”) groups of HAP
were observed at 1410, 1027, 610, 559, and 450 cm™'. The
FTIR spectrum for the Eu-substituted HAP is shown in Figure
1b, which also exhibits peaks similar to HAP with slight
variations in the wavenumbers for PO,*~ and OH~ groups.
This slight shift in the peaks for Eu-HAP compared to HAP
clearly evidences the substitution of Eu in the Ca lattice of
HAP. Figure lc shows the spectrum of the Eu-HAP/
PProDOT composite with the peaks corresponding to both
Eu-HAP and PProDOT.

The characteristic peaks located at 1033, 611, and 491 cm™"
are assigned to the phosphate groups of Eu-HAP, whereas the
peak at 3458 cm ™ corresponds to the OH group of Eu-HAP.>

https://doi.org/10.1021/acsomega.1c06372
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Figure 1. FTIR spectra of (a) HAP, (b) Eu-HAP, (c) Eu-HAP/
PProDOT, and (d) Eu-HAP/PProDOT/CGF composite coatings.

The peaks at 2922 and 1596 cm™' represent the C—H
stretching, whereas the peaks found at 1438 and 1378 cm™
correspond to the C—C and C=C groups of PProDOT,
respectively.

The FTIR spectrum of the Eu-HAP/PProDOT/CGF
ternary composite is shown in Figure 1d. The spectrum
exhibits the peaks related to Eu-HAP, PProDOT, and CGF.
Along with the peaks for the PProDOT and Eu-HAP, the
peaks related to CGF, i.e,, C—O—C and C—O, are present at
1265 and 1155 cm™, respectively. Compared with the spectra
of CGF and Eu-HAP/PProDOT, the spectrum of the Eu-
HAP/PProDOT/CGF ternary composite (Figure 1d) demon-
strates that neither peak shifts nor new absorption peaks were
identified with the addition of CGF, suggesting that the
composites are a mixture of these three compounds without
forming identifiable new interfacial chemical bonds. This
supports the formation of the Eu-HAP/PProDOT/CGF
ternary composite.

X-ray Diffraction Studies. Figure 2 shows the XRD
pattern for HAP, Eu-HAP, Eu-HAP/PProDOT, and Eu-HAP/
PProDOT/CGF. The XRD pattern of HAP is shown in Figure
2a, in which the diffraction peaks are observed at 26 values of
26.72,29.62, 31.1, 32.57, 35.43, 38.63, and 43.31°, which is in
good agreement with the standard database of the Interna-
tional Centre for Diffraction Data (ICDD card no. 09-0432).

The Eu-HAP coating also exhibited peaks similar to HAP
with slight shifts in the 26 values, which are evident from the
XRD pattern, as depicted in Figure 2b, and the obtained
patterns for Eu-HAP coincide well with the standard ICDD
value. This slight shift in the XRD patterns is due to the
substitution of Eu in HAP.***” The ionic radius of the Eu®*
(1.07 A) is not much higher than that of Ca** (0.99 A)
because the substitution of ions such as Eu** did not influence
the XRD pattern of Eu-HAP.

Figure 2c shows the XRD pattern for the Eu-HAP/
PProDOT composite. The strong diffraction peaks at 260
values of 31.43, 33.98, 35.24, 37.94, and 41.16° are attributed
to Eu-HAP and no other secondary peaks were found, whereas
the remaining peaks at 23.07 and 27.53° were assigned to
PProDOT.*® The major diffraction peaks identified for the Eu-
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Figure 2. XRD patterns of (a) HAP, (b) Eu-HAP, (c) Eu-HAP/
PProDOT, and (d) Eu-HAP/PProDOT/CGF composite coatings.

HAP are in good agreement with the standard data for HAP
(ICDD card No. 09-0432), whereas for the Eu-HAP (Figure
2b), the diffraction peak positions shifted toward the lower
angles from the standard XRD patterns for HAP, indicating the
substitution of Eu into the pure HAP sample.”” These peaks
confirm the formation of the Eu-HAP/PProDOT composite,
as shown in Figure 2c. Along with the peaks for the Eu-HAP
and PProDOT, the diffraction angle at 17.08 and 21.91°
confirms the presence of CGF in the ternary composite
(Figure 2d). As a result, the patterns of the Eu-HAP/
PProDOT/CGF ternary composite illustrate that no appreci-
able new interfacial crystalline phases were lost or formed with
the addition of CGF and PProDOT.

Morphological Analysis. To examine the changes in the
structure of the as-developed coatings, the morphological
analysis was carried out for HAP, Eu-HAP, Eu-HAP/
PProDOT, and Eu-HAP/PProDOT/CGF composite coatings
using the SEM technique, and the corresponding images are
shown in Figure 3a—d. The elemental composition of the
coatings was examined by the EDAX analysis and is shown in
Figure 3a’—d’. The morphology of the HAP coating is found
to be aggregated with irregular grainlike structures over the
surface, as shown in Figure 3a. The substitution of Eu in HAP
resulted in a change in the morphology, ie. the grainlike
structure completely covered the entire surface, thereby
providing a compact coating over the Ti metal, which can be
clearly seen in Figure 3b.

The surface morphology of the Eu-HAP/PProDOT matrix
(Figure 3c) exhibits a smooth morphology with nonuniform
aggregates of the PProDOT and Eu-HAP. Many pores were
found in the Eu-HAP/PProDOT matrix morphology, which
will play a major role in enhancing the formation of tissues
when placed inside the body. The reinforcement of CGF in the
Eu-HAP/PProDOT matrix plays a significant role in providing
the desired morphology for the development of bone tissue
surrounding the metallic implant (Figure 3d). Thus, these
SEM results support the formation of the Eu-HAP/PProDOT/
CGF ternary composite coating on Ti.

The formation of the Eu-HAP, Eu-HAP/PProDOT, and Eu-
HAP/PProDOT/CGF composite coatings over the Ti is

https://doi.org/10.1021/acsomega.1c06372
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Figure 3. SEM morphology and EDX spectra of (a, a’) HAP (b, b’), Eu-HAP (¢, ), Eu-HAP/PProDOT (d, d’), and Eu-HAP/PProDOT/CGF
composite-coated Ti.

supported by its elemental composition by EDX analysis, as presence of Eu along with the other peaks for HAP supports
seen in Figure 3a’—d’. The presence of Ca, P, C and O the formation of the Eu-substituted HAP, as seen in Figure 3b’.
confirms the formation of the HAP coating, whereas the The EDX analysis of the Eu-HAP/PProDOT coating on Ti
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(Figure 3c’) shows the presence of Ca, Eu, P, O, and C, and
the Eu-HAP/PProDOT/CGF composite (Figure 3d’) reveals
the presence of Ca, Eu, O, P, and C, thereby supporting the
formation of the composite over Ti.

Mechanical Characterizations. The metallic implants
that are to be used in a load-bearing application should exhibit
excellent adhesion strength and hardness under physiological
conditions. In that way, the adhesion strength of the as-
fabricated coatings is of utmost significance to prove the
effective function of the coating developed over Ti. The
adhesion strength of the Eu-HAP-coated Ti was found to be
11.2 + 0.6 MPa, whereas when the PProDOT was
incorporated into the Eu-HAP, the value slightly increased to
15.6 + 0.8 MPa, which shows that the poor mechanical
property of the Eu-HAP is improved by the presence of
PProDOT. To further enhance the mechanical property of the
coated Ti to be used for load-bearing applications, a ternary
composite with a suitable reinforcing material like CGF was
prepared with the Eu-HAP/PProDOT matrix. The natural
reinforcing material CGF-reinforced Eu-HAP/PProDOT
matrix exhibited an adhesion strength of 19.4 + 0.7 MPa,
which is higher than that obtained with other coatings on Ti.
Thus, from the adhesion strength values (Figure 4a), it can be
clear that the ternary composite-coated Ti will be a potential
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Figure 4. (a) Adhesion strength and (b) hardness of HAP, Eu-HAP,
Eu-HAP/PProDOT, and Eu-HAP/PProDOT/CGF composite-
coated Ti.

candidate for load-bearing orthopedic applications. Similarly,
the hardness of the coating is also essential for various
biomedical applications. The microhardness value was found
to be 356.2 + 1.8 Hv for Eu-HAP, 398 + 3.2 Hv for Eu-HAP/
PProDOT, and 450.4 + S Hv for Eu-HAP/PProDOT/CGF
(Figure 4b).

The ternary composite-coated Ti exhibits the highest
hardness value, which renders it more suitable for load-bearing
orthopedic implant applications. Thus, from this mechanical
characterization of the coating, the role of CGF as a reinforcing
material in providing an excellent mechanical property to the
coating is clearly manifested.

Potentiodynamic Polarization Measurements. The
electrochemical characterization of the as-developed coating
is very essential to evaluate the anticorrosion behavior of the
coated metallic implants when used in biomedical applications.
The electrochemical parameters like corrosion potential (E,,)
and corrosion current density (i.,,,) were evaluated in an SBF
solution, and the plots corresponding to the uncoated Ti and
coated Ti are shown in Figure S and the values are shown in
Table 1.

1.0 e e
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Figure 5. Potentiodynamic polarization curves of uncoated Ti, HAP,
Eu-HAP, Eu-HAP/PProDOT, and Eu-HAP/PProDOT/CGF com-
posite-coated Ti.

Table 1. Electrochemical Parameters of the Uncoated and
Coated Ti in an SBF Solution

E.. (V vs SCE)

sample code icor (A cm™?)

uncoated Ti —0.638 + 0.003 3.648 + 0.7
HAP —0.325 + 0.007 1.278 + 0.5
Eu-HAP —0.217 + 0.004 0.550 + 0.03
Eu-HAP/PProDOT —0.073 + 0.005 0.267 + 0.02
Eu-HAP/PProDOT/CGF —0.041 + 0.002 0.216 + 0.04

The E.,, values of the uncoated Ti, HAP, Eu-HAP, Eu-
HAP/PProDOT, and Eu-HAP/PProDOT/CGF were found
to be —0.638 + 0.003, —0.325 + 0.007, —0.217 + 0.004,
—0.073 + 0.00S, and —0.041 + 0.0052 V, respectively. Also, as
seen in the curves, the obtained values show that the Eu-HAP/
PProDOT/CGEF ternary composite-coated Ti exhibited higher
corrosion resistance, which could be well evident from the E__,,
values. It can be well explained that the maximum shift toward
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Figure 6. Bar diagram (a, b) and plates (c) showing the antibacterial activity of HAP, Eu-HAP, Eu-HAP/PProDOT, and Eu-HAP/PProDOT/CGF

composites against S. aureus and E. coli.

the noble direction is a clear sign of higher anticorrosion
properties in an SBF solution.

Further, with respect to the i, values, the ternary
composite (i, value 0216 + 0.04 yA cm™2) showed a
lower value compared to other coatings on Ti. Thus, the
increased E_,, and decreased i, values for the Eu-HAP/
PProDOT/CGEF ternary composite-coated Ti supports the
anticorrosion property of the composite in the physiological
medium and also confirms the corrosion protective nature of
the as-developed Eu-HAP/PProDOT/CGF composite coat-
ing.

Antibacterial Activity. The metallic implants are easily
prone to infection when used in the physiological medium, i.e.,
when placed inside the body. Hence, for this purpose,
antibiotics are used, which are often not effective. The
antibacterial agents like Eu are substituted in the ceramic
coating and were found to improve the antibacterial property
of the coatings. The bar diagram (Figure 6ab) shows the
antibacterial activity of the HAP, Eu-HAP, Eu-HAP/
PProDOT, and Eu-HAP/PProDOT/CGF composite coating
evaluated against the Gram-positive (S. aureus) and Gram-
negative (E. coli) bacteria at 50 and 100 pg/mL of the coatings,
and the corresponding antibacterial plates exposing the zone of
inhibition are shown in Figure 6c. Also, for the Eu-HAP/
PProDOT/CGF ternary composite, the measured inhibition
zones for S. aureus and E. coli were found to be 10 and 11 mm
for 50 and 100 pg/mL and 13.5 and 14.5 mm for 50 and 100
pug/mL, respectively. It is clear that among the HAP, Eu-HAP,
Eu-HAP/PProDOT, and Eu-HAP/PProDOT/CGF ternary
composite coatings, the antibacterial activity was found to be
more for the ternary composite coating and especially against
the E. coli, which is evaluated by measuring the zone of
inhibition around the coating material.

The Eu-HAP/PProDOT/CGEF ternary composite exhibited
an excellent antibacterial activity at 100 pg/mL, which could
be mainly due to the substitution of Eu in HAP and also due to

the presence of CGF in the composite. This is further
confirmed by the plates shown in Figure 6c. The coating
materials interact with the cell wall of bacteria, thereby causing
structural damage, which then affects bacterial growth. The
difference in the antibacterial activity of the coating against the
two bacterial strains is due to the difference in the cell wall of S.
aureus and E. coli.

In Vitro Cell Viability. The in vitro cell viability of HOS
MGS63 cells on different concentrations of (12.5, 25, 50, 100,
and 200 pg/mL) HAP, Eu-HAP, Eu-HAP/PProDOT, and the
Eu-HAP/PProDOT/CGF ternary composite was evaluated
with respect to control at 5 days of incubation.

The optical density values for the HOS MG63 cells
measured through formazan solutions are shown in Figure 7a
in terms of percentage cell viability. Comparatively, the Eu-
HAP/PProDOT/CGEF ternary composite exhibited greater cell
viability compared with other samples. The viability of the cells
was significant for the composite samples treated with
concentrations of 12.5 ug/mL (98%). On further increasing
the sample concentration to 25 and 50 ug/mL, considerable
cell viabilities of 96 and 94%, respectively, were observed. In
addition, the increasing concentration of 100 and 200 pg/mL
illustrates a saturation in the cell viability of 90 and 89%. This
saturation of cell viability also reveals that the samples with
higher concentrations are highly biocompatible without any
cytotoxicity. Based on these results, the Eu-HAP/PProDOT/
CGF ternary composite exhibited nontoxicity to the cell lines
at S days of incubation.

The obtained % cell viability is further substantiated by their
corresponding optical microscopy images, as shown in Figure
7b. The Eu-HAP/PProDOT/CGF ternary composite at a
sample concentration of 12.5 ug/mL exhibited appreciable cell
viability of HOS MG63 cells. The optical microscopy images
show the presence of viable cells at different concentrations.
Even the higher concentrations of 200 yg/mL of the Eu-HAP/
PProDOT/CGF ternary composite revealed the presence of a
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Figure 8. Surface morphology of HOS MG63 cell growth on (a) control and (b) Eu-HAP/PProDOT/CGF composite-coated Ti at S days of

incubation.

nontoxic level (>80) of viable cells. The cell viability of the
ternary composite sample is mostly due to the Eu substitution
in HAP and also the presence of CGF in the Eu-HAP/
PProDOT/CGF ternary composite. Thus, the as-developed
Eu-HAP/PProDOT/CGEF ternary composite encourages the
excellent promotion of cell viability, which clearly indicates the
nontoxic nature of the ternary composite for orthopedic
applications. Thus, the in vitro cell viability study confirms the
nontoxic nature of the composite, and these results validate
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that the Eu-HAP/PProDOT/CGF ternary composite will be
an excellent composite for better biomedical applications.

Cell Adhesion. The HOS MG63 cell growth and
morphology on the Eu-HAP/PProDOT/CGF ternary compo-
site-coated Ti sample were observed using an SEM to identify
the cell-material interaction and compared with control
(shown in Figure 8a,b).

The enhanced cell adhesion nature of the Eu-HAP/
PProDOT/CGF ternary composite at S days of incubation
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clearly exhibited that the cells were adhered and spread on the
Eu-HAP/PProDOT/CGF ternary composite for S days
(Figure 8b). The Eu-HAP/PProDOT/CGF ternary composite
provided important nutrients for the growth of MG63 cells. It
is clearly manifested from the study that the as-developed
ternary composite (Eu-HAP/PProDOT/CGF) will offer
superior biocompatible nature because of the presence of
CGF and the mineral Eu in HAP in the composite, which does
not cause any adverse effects.

B CONCLUSIONS

The multifunctional Eu-HAP/PProDOT/CGEF ternary bio-
composite was successfully prepared and coated on Ti via the
electrophoretic deposition technique. The functional regions
and diffraction patterns of the Eu-HAP/PProDOT/CGF
ternary composite were slightly varied by the presence of
mineral substitution in HAP, PProDOT, and CGEFE. The
desired porelike morphology that is necessary for the growth of
bone tissues is observed for the Eu-HAP /PProDOT/CGF
ternary composite owing to the presence of Eu along with
PProDOT and CGF. Furthermore, the antimicrobial activity
and biocompatibility of the Eu-HAP/PProDOT/CGF ternary
composite material along with the in vitro osteoblast adhesion
were increased by the presence of Eu in HAP and the naturally
derived CGF. The limitations of pure HAP, such as
incompetent mechanical, osteogenic, and antimicrobial poten-
tial, were overcome by substituting the Eu in HAP with the
combination of PProDOT along with CGF as the Eu-HAP/
PProDOT/CGF ternary composite. Thus, the present study
validates the suitability of the Eu-HAP/PProDOT/CGF
ternary composite-coated Ti for orthopedic applications.
Further, the in vivo studies of the as-developed Eu-HAP/
PProDOT/CGF ternary composite will be carried out in the
future.

B EXPERIMENTAL SECTION

Chemicals. The snail shells were collected from the
Cauvery river basin in Mettur dam, Salem district, Tamil
Nadu, India. All chemicals and solvents, including europium
nitrate pentahydrate Eu(NO;);-SH,0, diammonium hydrogen
phosphate (NH,),HPO,, 3,4-propylenedioxythiophene (Pro-
DOT), sodium carbonate (Na,COj), lithium bromide (LiBr),
acetonitrile (CH;CN), concentrated nitric acid (HNO;),
ammonium hydroxide (NH,OH), hydrochloric acid (HCl),
and sulfuric acid (H,SO,), were purchased from Sigma-Aldrich
and used without further purification. Deionized water (DI)
was used throughout the experiments.

Extraction of Calcium Oxide from Snail Shells. The
snail shells were washed thoroughly under running water to
remove mud and other impurities; the shells were washed
again with DI several times and then boiled for 4 h at 100 °C.
The snail shells were then subjected to ultrasonic treatment in
an ethanol/water mixture for 2 h to remove any fibrous layer
and then dried and crushed into small pieces. The dried snail
shells were placed in a muffle furnace in a silica crucible and
carbonized at 1000 °C for 3 h to produce calcium oxide
(Ca0).

Electrolyte Preparation. Snail Shells Derived Mineral-
Substituted HAP (Eu-HAP). First, CaO (0.3 M) and Eu-
(NO;)5-SH,O (0.1 M) were dissolved separately in DI water,
and a known quantity was added in a beaker; further, 0.3 M
(NH,),HPO, was added dropwise to the above solution under
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continuous magnetic stirring at room temperature (RT) for 4
h to produce a target (Ca + Eu)/P ratio of 1.67."° The pH
value of the suspension was adjusted to 4.5 by ammonia, and
the obtained white precipitate was used for further processes.

Preparation of the Eu-HAP/PProDOT Solution. ProDOT
(0.5 g) was dissolved in acetonitrile under magnetic stirring for
2 h at room temperature and then added dropwise to the
above solution.*”** The precipitate was stirred for 12 h to
obtain the electrolyte for Eu-HAP/PProDOT, which was then
used for coating purposes.

Preparation of the CGF Extract and Functionalization.
The soil-free CGF was collected from Kalvarayan hills, Salem,
Tamil Nadu, India, and the CGF was cut into smaller pieces
and washed with deionized water several times. One gram of
CGF was boiled in a 0.02 M Na,COj solution for 45 min. The
boiled CGF solution was collected by filtration using a
Whatman filter paper and cooled. After cooling down to RT,
the solution was treated with a 9.3 M LiBr solution dissolved in
deionized water under magnetic stirring and warmed at 60 °C
for 2 h. Finally, the resultant solution was centrifuged at 10,000
rpm, and the supernatant solution was collected and used for
further processes. The solution was then subjected to
functionalization by an acetylation process.

Preparation of the Ternary Composite (Eu-HAP/PProDOT/
CGF). The CGF extract, as prepared in the previous section
(Preparation of the CGF Extract and Functionalization), was
added dropwise to the Eu-HAP/PProDOT electrolyte solution
(Preparation of the Eu-HAP/PProDOT Solution) simulta-
neously to obtain a dirty-white precipitate. The obtained
precipitate was magnetically stirred for about 24 h and then
dried at 40 °C and ground into a fine powder to afford the Eu-
HAP/PProDOT/CGF composite.

Preparation of Ti Specimens. The titanium specimen
(99.9% purity) was cut into dimensions of 1.5 cm X 3 cm and
a thickness of 0.2 mm and then embedded in an epoxy resin
leaving an area of 1 cm’ for deposition. Prior to the
electrophoretic deposition of the ternary composite, the Ti
specimen was polished with diverse grades of SiC emery
papers (200, 400, 600, 800, and 1200 grits) and then
successively rinsed with distilled water and ethanol 3—4
times. Further, it was ultrasonically cleaned in distilled water
and acetone for 15 min and immediately dried in air flow.
These Ti samples were used for further deposition purposes.

Electrophoretic Deposition of the Eu-HAP/PProDOT/CGF
Ternary Composite on Ti. The as-prepared ternary composite
was dissolved in SO mL of ethanol/water mixture for the
deposition process. The suspension was stirred well using a
magnetic stirrer for 1 h and then further dispersed ultrasoni-
cally for about 2 h to ensure uniform dispersion of the ternary
composite. The deposition was carried out at room temper-
ature only using a DC power supply with a two-electrode
system.”” The Ti metal served as the working electrode
(cathode) and the platinum electrode was used as the anode,
placed at a distance of 3 cm apart, and these electrodes were
placed in the beaker containing composite suspension. The
deposition was carried out by applying a constant voltage of 20
V for 10 min. The deposition condition was obtained by the
trial-and-error approach to obtain the desired and uniform
coating through visual inspections. After each deposition, the
coated Ti metals were carefully pulled out of the suspension
and dried for 24 h and then stored in a desiccator at room
temperature.
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Characterization Techniques. Structural Characteriza-
tions. The Fourier transform infrared spectra (FTIR) were
recorded using an FTIR, Impact 400 D Nicolet spectrometer,
with the frequency ranging from 4000 to 500 cm™' with 32
scans and a spectral resolution of 4 cm™ for the evaluation of
the functional groups present in the ternary composite. The
composite coating was scraped carefully from the Ti metal and
then made into pellets by mixing with KBr and used for
evaluation. The phase composition of the ternary composite
coatings was performed using the X-ray diffraction (XRD)
technique using a PANalytical X'Pert PRO diffractometer in
the 20 range of 10—80° at a scan rate of 0.02° with Cu Ka
radiation (1.5406 A).

Morphological Characterizations. The surface morphology
of the as-developed coatings was observed using a field
emission scanning electron microscope (FE-SEM, JSM 840A
scanning microscope operating with an accelerating voltage of
30.0 kV). The different elemental compositions of the ternary
composite were examined by energy-dispersion spectroscopy
(EDX).

Mechanical Characterization. The adhesion strength of
the coatings over Ti was calculated by a pull-out test using a
Universal Instron Mechanical Testing system (Instron 5568,
Instron Co.), according to the ASTM F 1044-05 standard at a
cross-head speed of 1 mm min™' with at least five
measurements for each ternary composite-coated Ti.*’ Also,
the hardness of coatings was tested using an Akashi AAV-500
series hardness tester five times, and the hardness values for the
coating were an average of five different hardness test
measurements.

Electrochemical Characterizations. The potentiodynamic
polarization measurements were recorded in a simulated body
fluid (SBF) solution to examine the corrosion protection
performance of the ternary composite coatings.”’ For this
purpose, a three-electrode cell assembly (ie., a saturated
calomel electrode (SCE), platinum electrode, and Ti speci-
mens were used as the reference, counter, and working
electrodes, respectively), and the CHI 760C electrochemical
workstation was used for measurements. The potentiodynamic
polarization measurements were measured at a scan rate of 1
mV-s~' between the potential range of —0.5 and 0.5 V. The
data thus obtained were recorded using internally available
software, and each experiment was repeated three times to
check reproducibility.

Biological Characterizations. The in vitro antibacterial
activity of the HAP, Eu-HAP, Eu-HAP/PProDOT, and Eu-
HAP/PProDOT/CGF ternary composite coatings was eval-
uated by the well diffusion method against two bacterial
strains, i.e., Gram-positive, Staphylococcus aureus (S. aureus)
and Gram-negative, Escherichia coli (E. coli), by adopting the
procedure as reported earlier.”” These bacterial strains are the
most common pathogens associated with bone infections, and
hence, they are found suitable for estimating the antibacterial
properties of the ternary composite coatings on Ti. For this
purpose, 20 g/L concentration of agar medium was used as a
nutrient to induce the growth of bacteria. The microbial stock
solution was prepared by the overnight growth of S. aureus and
E. coli in tryptic soy broth at RT with constant stirring.
Muller—Hinton agar was used for the test and was carried out
by pouring the agar into the petri dish to form a 4 mm thick
layer. Then, to obtain the semiconfluent growth, 2 mL of dense
inoculums of the microorganism was added. The petri dish was
left to dry for 10 min, and then the two different volume
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concentrations (50 and 100 pg/mL) of HAP, Eu-HAP, Eu-
HAP/PProDOT, and Eu-HAP/PProDOT/CGF ternary com-
posite coatings were added into the well in the petri dish
containing nutrient agar and then incubated for 24 h at 37 °C.
After the incubation, the antibacterial activity of the coatings
was measured by the diameters (mm) of the growth inhibition
zone.

The biocompatibility of the Eu-HAP/PProDOT/CGF
ternary composite (at different concentrations of 12.5, 28,
50, 100, 200 pg/mL) was evaluated against the Human
osteosarcoma MG63 cells (HOS MG63, ATCC CRL-
1427TM) by the MTT assay test. The cells were purchased
from NCCL, Pune. The purchased cells were maintained in
Dulbecco’s modified Eagle medium (DMEM, GIBCO)
supplemented with 10% FBS and 1% antibiotic solution at
37 °C in a humidified atmosphere of 5% CO,. The cultured
cells were then seeded onto the ternary composite samples
with a density of 5 X 10* cells cm™ in 24-well plates. The cells
in 24-well plates at the same seeding density without the
samples were used as control. To determine the cytotoxicity,
the cell viabilitzr (as a percentage) was calculated, with respect
to the control,” as

9%cell viability = [A]test/[A]control X 100

To determine the cell-surface interaction, the cell adhesion
test was performed with HOS MG 63 cells for the Eu-HAP/
PProDOT/CGF ternary composite coating on Ti. The cells
were grown on the Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% FBS and 1% penicillin/
streptomycin.”* The coated samples were sterilized, and the
cells at a density of S X 10° mL™" were seeded on them and
then incubated in a CO, incubator with the standard culture
condition; the well without the samples was used as control.
After an interval of 2 days, the culture medium was removed
and then replaced with fresh culture medium into each well.
Then, after a stipulated time period, the ternary composite-
coated sample was washed with phosphate-buffered saline.
Further, for the SEM morphological observation, the seeded
samples were fixed with 2% glutaraldehyde and then
dehydrated with the ethanol/water mixture for 10 min. To
preserve the original morphology of the cells, 0.5 mL of
hexamethyldisilazane (HMDS, HiMedia) was added to each
well. Further, the samples were coated with gold prior to the
SEM observation.

Statistical Analysis. The experiments involved in this study
were performed in triplicate using statistical analysis by a one-
factor statistical study (ANOVA; Tukey’s test for a post hoc
examination), and their corresponding experimental data were
given in average =+ standard deviation. The difference between
the samples was observed to be statistically significant with p <
0.0S.
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