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KEYWORDS Abstract In this work, strategies for the formation of duplex coatings with enhanced bioactivity,
Titanium; mechanical properties and corrosion resistance have been focused. TiO, arrays were fabricated on
Biocompatibility; Ti alloy were carried out in a single step using suitable electrolyte by anodization method. Here, we
Hydroxyapatite; have synthesized a novel bioactive material, minerals incorporated Hydroxyapatite (La/Tb-HAP)-
Antibacterial activity; chitosan-casein duplex coatings on anodized Ti via electrodeposition method. The fabricated novel
Biopolymers composite coatings were characterized by FT-IR, XRD, FESEM and EDAX analyses. Also, the

mechanical properties of duplex coatings were scrutinized by Dermitron thickness and microhard-
ness tester. The corrosion resistance of the as-developed duplex coatings was studied by electro-
chemical techniques using Ringers solution as the electrolyte. In addition, the antibacterial
activity, cell viability, live and dead staining were executed to substantiate the biocompatibility
of TNT/CS-CA@M-HAP duplex coatings. From the overall summary of this work, it is proved
that the resultant CS-CA@M-HAP coatings on TNT exhibit excellent bioactivity and improved
corrosion resistance over pure Ti and serve as a potential candidate for orthopedic applications.
© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In this field of materials science and implantology researchers
have been looking for improvements in the design of devices
useful for clinical applications in body part replacement. Bone
has been one of the crucial target-tissues, because of its specific
properties and the possibility to tackle its functional repair
using rigid biocompatible implants and surgical techniques
(Civantos et al., 2017).
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At present, titanium (Ti) and its alloys are extensively used
as biomedical application for the conception of long-term
prosthetic heart valves including artificial hip joint replace-
ment, orthodontic, interventional cardiovascular stents and
orthopedic implants compared to stainless steel and magne-
sium alloys, mainly due to the combination of their outstand-
ing mechanical strength, high corrosion resistance and good
biocompatibility (Saini, 2015). However, Ti based implants
suffer some shortcomings; the material has bioinert in nature
and lack of osseointegration, that cannot form an effective
bone-bonding ability between the host tissue and the implant,
which may cause the failure of implant (Agarwal et al., 2016).
To overcome these limitations, it is necessary to apply a suit-
able surface treatment (Bai et al., 2018) on Ti implants to
improve the bone- bonding ability.

Traditional Ti implants were produced by processing Tita-
nium nanotubes followed by further surface modification, such
as chemical deposition, sol-gel dipping (Lotz et al., 2018), laser
deposition (Metoki et al., 2014), plasma-induced grafting
(Kumar et al., 2014), anodic oxidation (Poverenov et al.,
2014), electrophoretic deposition (Poverenov et al., 2014) have
been explored to improve stability and enhance osseointegra-
tion (Pogrebjak et al., 2016).

Hydroxyapatite (denoted as HAP) frequently used as
bone/teeth implantations, bone fracture repairs, because its
high chemical similarities with the biological calcified tissues
make it very excellent bioactivity and biocompatibility
(Kurek et al., 2014). Recently, this material has been also
investigated for artificial bone substitute, gene or drug deliv-
ery, biological imaging, proteins and various drugs because
of their high capacity to accept ionic substitutions. For
instance, the advantages of doping HA with foreign ions such
as Ag ", Sr?t, Mg2+, Mn2", Ce*", Sm* ", etc for orthopedic
applications were reported by others.

Recently, a novel multifunctional nanostructure of La’™,
Tb®>* co-doped HAP used to detect the fluorescent labelling
of the biological interactions and magnetic properties during
implantation have been reported (Chen et al., 2016). It can
be noted that the higher content of La®" ions included with
HAP may leads to a better antibacterial effect but it can also
upsurge the cytotoxicity. To reduce the toxicity, the secondary
material can be introduced with good bioactivity.

Tb*>" ion has a functional mimic of the Ca>* ions that can
affect the regeneration and remodeling of bone and it is used
for the disorderness of bone density treatment such as osteo-
porosis, osteomyelitis, etc.

One of the limitations of M-HAP coatings on Ti implant
material is leach out of toxic metal ions through pores into
the tissues. Furthermore, it is reported that the adhesion
between the coating of HAP and Ti is very poor. One of the
important strategies used to generate more protective and
adherent interfaces include the use of polymers. Natural
biopolymer of Chitosan (CS) is recommended as a suitable
functional material, because of its excellent biodegradability,
biocompatibility, nontoxicity, high-quality film forming prop-
erties and low cost (Qin et al., 2015). To improve its mechan-
ical strength, impregnation of rigid polymers likes gelatin
(Manab, 2017), collagen (Azhar et al., 2014) and casein
(Biranje et al., 2019) have also been included.

Casein is one of the most promising protein, an inexpen-
sive, easily available, non-toxic, biocompatible and biodegrad-
able material (Das et al., 2010). Casein is derived from

phosphoproteins with the electronegative domains in casein
micelles, more preferentially located in small fragments of pep-
tide bonds. Casein has strongly acidic peptide of 40 amino
acids that contains 7 of the 8 phosphate groups, 12 carboxyl
groups and only four positive groups. Casein is the excellent
source of Ca®" ions and functional groups such as —COOH,
—NH, and —OH groups (Biranje et al., 2019; Hamedi et al.,
2010). Casein is a negatively charged at pH 10, it can make
strong interaction through hydrogen bonding with hydroxyl
group and amino groups of chitosan, leading to better attrac-
tion between the polymers. Amine groups of chitosan are
mostly protonated to NHj in acidic pH, and the resultant
polysaccharide is positively charged. Casein also acquires a
net positive charge, since the isoelectric point is 4.6-4.8, lead-
ing to electrostatic repulsion between the two polymer chains.
In previous reports, chitosan (polysaccharide) can interact
with casein (protein) to form either soluble or insoluble com-
plexes, which is due to formation of coacervation depending
on the pH (i.e. electrostatic interactions) (Devi et al., 2016).

To the best of author knowledge, this is the first time that
the M-HAP/CS-CA/TiO, nanocomposite coatings have been
prepared by the electrophoretic deposition and anodization
method for biomedical applications. In these coatings, the
microstructure and surface morphology were investigated by
various techniques such as FT-IR, XRD, HRSEM and EDAX
analyses. The mechanical properties of these coatings were
evaluated by using thickness, Vickers micro-hardness and
adhesion tests. The release of metal ions from the coatings
was studied by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). In addition, the antibacterial prop-
erty of the coatings was evaluated against G* ve bacteria
and G~ ve bacteria. Then, the EIS spectra as well as Tafel
curves were recorded with an electrochemical workstation to
assess the in vitro anticorrosion behavior of the developed
coatings in Ringers solution. Moreover, the in vitro osteocom-
patibility and cell proliferation of live/dead staining of MG-63
human osteoblast cells were tested for the resultant coatings.
Finally, all the results displayed that the M-HAP/CS-CA/
TiO, duplex layer coated Ti specimen can be potential for
orthopedic applications with enhanced corrosion protection
performance and improved mechanical and biological
properties.

2. Materials and methods

Chitosan (Molecular weight in the range 550,000 g/mol, 90%
Deacetylation), B-casein powder, acetic acid, ammonium fluo-
ride, ammonium dihydrogen phosphate (NH4H,PO,4) and
other chemicals were purchased from Merck used in analytical
grade throughout the experiments without no further
purification.

For M-HA electrolyte, calcium chloride dihydrate (CaCl,-
-2H,0, 99.9% purity, Sigma Aldrich, USA), lanthanum nitrate
hexahydrate (La (NO3);-6H,0, 99.9% purity, Sigma Aldrich,
USA), terbium nitrate pentahydrate (Tb (NOs;);-5H,0,
99.9% purity, Sigma Aldrich, USA), were dissolved separately
in deionized water. Diammonium hydrogen phosphate
(NH,4),HPO,), isopropanol, absolute ethanol, ammonia pur-
chased from (99% purity, Merck, India) were used as starting
precursors. Development of various coatings was employed
using electrosynthesized polymer blended solutions coated on
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M-HAP, and the whole experimental section was performed at
room temperature. Deionized water and ethanol were used in
the preparation of all the aqueous electrolytes.

2.1. Preparation of TNT coatings on RBA

The commercially pure Ti sheets were procured from Sigma-
Aldrich Chemie, GmbH, Schnell dorf, Germany. The Ti sub-
strates were cut into dimensions of 10 x 10 x 0.5 mm®. Prior
to the anodization process, the working electrode (Ti) sub-
strates of 1 cm? surface were mechanically grounded with sili-
con carbide sheets of different grade size ranging from 400 to
1200 grits. These metallic Ti substrates were thoroughly
washed in 1:1 ratio of ethanol/acetone mixture in an ultrasonic
bath, followed by polishing solution containing HF, HNO;,
and H,O with a volume ratio 1:4:5 for 5 min at room temper-
ature to remove unwanted impurities and then rinsed with dis-
tilled water, dried in air for improved the coating adhesion
onto the substrate. After chemical polishing, the anodization
was performed in a two electrode cell connected to a DC
power supply using Ti substrate as the anode and graphite
as cathode at 40 V for 60 min in an electrolyte containing
0.5 wt% NH4F and 1 M NH4H,PO, under thermostatically
controlled manner. After anodization, TiO, formed on Ti sub-
strates were washed with tap water and dried by annealing at
450 °C for 2 h.

2.2. Synthesis of polymers coatings on TiO, substrate.

1 g of chitosan was dissolved in 1% acetic acid containing
100 ml of water, and the prepared CS solution was stirred
overnight to form clear solution. To prepare a casein solution
at various concentrations, 1%, 2%, and 3% of casein powder
prepared separately by adding 1 M NaOH solution was stirred
and clear solution was obtained by maintaining at pH 10.

Briefly, 50 ml of 1% (w/v) chitosan solution and 50 ml of
casein solutions at various concentrations were mixed together
and stirred for 3 h. The electrophoretic deposition of polymer
blends on TiO; substrate was carried out by using a DC power
supply kept at a constant potential 2 V with a deposition time
of 45 min.

2.3. Electrodeposition of M-HAP on chitosan-casein coated
TiO> substrate.

The electrodeposition of M-HAP on CS-CA/TNT coated Ti
specimen was performed potentiostatically by using an electro-
chemical workstation (CHI 760C, CH Instruments, USA) at
constant current density of 9 mA ¢cM-? for 30 min). Three cat-
egories of M-HA electrolytes were utilized for the development
of M-HAP.

Category 1 M-HAP (I): 0.4 M CaCl,-:2H,0, 0.05 M La
(NO3);-6H,O, 0.05 M Tb(NO;);-6H,O and 03 M
(NH,4),HPO,.

Category 2 M-HAP (II): 0.375 M CaCl,-2H,0, 0.05 M La
(NO3);-:6H,O, 0.075 M Tb(NO3);-6H,O and 03 M
(NH,4),HPO,.

Category 3 M-HAP (I1I): 0.375 M CaCl,-2H,0, 0.05 M La
(NO3)3-6H,0, 0.1 M Tb(NO3)3-6H,O and 0.3 M(NH,4),HPO,.

The above solutions were prepared to produce the target
molar ratio of (Ca + La + Tb)/P as 1.67. After that time,

slowly anionic solution was added dropwise to cationic solu-
tion and pH of the electrolyte was adjusted to 10.0 by using
NH4OH solution. During the deposition process, minerals
substituted HA electrolyte was deaerated with N, atmosphere
for 30 min, in order to reduce the formation of calcium car-
bonate (CaCO;) deposits and thus to diminish the carbon
dioxide (COy).

The deposition process of TNT/CS-CA@M-HAP (I) to
TNT/CS-CA@M-HAP (III) coated on Ti substrate were car-
ried out from all the above three categories of the solutions
under magnetic stirring for 5 h, then the coating on Ti speci-
men were rinsed with deionized water and then dried for over-
night at room temperature.

2.4. Characterization of TNT|/CS-CA @M-HAP duplex
coatings on Ti substrates

The Fourier Transform- infrared spectroscopy (FT-IR, Perkin
Elmer RX1 Spectrometer) was used to confirm the functional
groups of the as-formed TNT, TNT/CS-CA, TNT/CS-
CA@M-HAP-I, TNT/CS-CA@M-HAP-II and TNT/CS-
CA@M-HAP-III duplex coatings on Ti substrates in the
reflectance absorption mode in the range 4000-400 cm™'.
The coatings samples scraped from the surface of Ti were
mixed with KBr were pressed into discs and made them into
pellet form and then analyzed.

The phase identification and crystallinity of the TNT/CS-
CA@M-HAP nanocomposite samples were analyzed by XRD
experiments using PANalytical X’ Pert PRO diffractometer
with monochromatic CuKa radiation (1.5406 A) generated at
40kV and 30 mA in the range between 20° <20 < 80° with a scan
rate of 0.02° at a scanning angle of 10 min~!, respectively by
comparing the XRD patterns with standard data compiled by
the JCPDS software. The average crystallite size of the synthe-
sized samples were determined using the Debye-Scherrer
approximation (Sasireka et al., 2019).

D = KA/(fcosO)

where D is the average crystallite size calculated for the (hk/)
reflectance, A is the wavelength of radiation (A = 1.5406°) in
A°, B is the full width at half maximum approximation
(FWHM) in radian, 0 is the angle of diffraction as represented
in degrees and K is the broadening constant.

To investigate the morphological structure of the samples
(TNT, TNT/CS-CA, TNT/CS-CA@M-HAP-I, TNT/CS-
CA@M-HAP-II and TNT/CS-CA@M-HAP-III duplex layer
coated on Ti were scrutinized by using high resolution scan-
ning electron microscope (HRSEM, JEOL, JSM-840A) and
cross- sectional analysis of all coated samples was also carried
out. Before handling HRSEM analysis, the specimens were
coated by gold sputtering and all coated samples were
recorded using the secondary electron detectors. The elemental
composition and elemental mapping of the deposited duplex
layer coatings on Ti was investigated by using an energy dis-
persive X-ray (EDAX) analysis. The coated specimens were
immersed in fresh Ringer’s solution for 1 h to leach out
mineral ions characteristics of the TNT, TNT/CS-CA, TNT/
CS-CA@M-HAP-I, TNT/CS-CA@M-HAP-II and TNT/
CS-CA@M-HAP-III duplex coatings on Ti and they were
evaluated using the inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES, Instruments, Wrexham, UK).
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2.5. Mechanical properties of the coatings

2.5.1. Adhesion strength

The adhesion strength can present most valuable information
about the mechanical properties of the duplex layer coating
and that is the most vital property for in vivo implantation.
The TNT/CS-CA@M-HAP duplex layer coated on Ti speci-
mens were evaluated for the adhesion strength by pull-out test
according to the American Society for Testing Materials
(ASTM) international standard F1044-05. Each experiment
was repeated at least five times for all coated samples cured
in an oven at 100 °C for 50 °C and the average was taken.
The specimens were exposed to pull-out tests using a universal
testing Machine (model 5569, Instron Co., USA) at a constant

crosshead speed of 1 mm min~'.

2.5.2. Thickness and micro hardness

The Dermitron thickness tester was used to measure thickness
of coating in more than three different places in the specimen
and taken the average value. Vickers microhardness measure-
ments were performed on the TNT, TNT/CS-CA,
TNT/CS-CA@M-HAP (I), TNT/CS-CA@M-HAP (II) and
TNT/CS-CA@M-HAP (I1I) duplex layer coated Ti substrate,
respectively using an Automatic HV-1000B series hardness tes-
ter (Sasireka et al., 2019). The load used was 490.3mN and the
cross-sectional micro hardness values were measured with 25 g
load for a dwell time of 30 s. The micro hardness (HV) value
was calculated for each coating sample by subjecting to at least
five measurements under the same testing and the average was
taken.

2.6. Antibacterial activity

The antibacterial activity of the TNT/CS-CA@M-HAP (II)
duplex layer coated on Ti substrate have been tested against
two prokaryotic strains S. aureus (ATCC 25923) and E. coli
(ATCC 25922) using agar well diffusion technique, in per-
formed at Muller-Hinton agar plates by pouring agar for thick
dense layers and adding inoculated of the test microorganisms
of two bacterial strains via. Gram positive bacteria and Gram
negative bacteria and then incubated at 37 °C for overnight in
Trypticase Soy Broth (TSB) cultures to obtain better growth.
Petri discs of 6 mm diameter were left for 10 min in the laminar
flow and were immersed into various concentrations (25, 50,
75, 100 pL) of different samples (Pishbin et al., 2014). The
antibacterial activity was evaluated by measuring the zone of
inhibition around the disc produced by the coating samples
against the two bacterial strains.

2.7. Invitro biological studies

2.7.1. Cell viability

The cell viability of TNT/CS-CA@M-HAP composites was
tested on MG-63 osteoblast cells supplied by National Centre
for Cell Sciences (NCCS), Pune, India. The viability of cells
colonizing the samples was performed using a modified MTT
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl  tetrazolium bro-
mide) assay. Cells at a density of 1 x 10° cells/well were seeded
onto a 24 well plates maintained in a humidified 5% CO,
atmosphere and incubated overnight at 37 °C + 1 °C. The cul-

ture media was replaced with fresh medium every day and the
cells were subcultured by trypsinization. After being incubated
for 1 day, 4 days and 7 days, the samples TNT/CS-CA@M-
HAP substrate were removed from the respective wells,
washed three times with phosphate-buffered saline
(" = 7.4) [PBS, OXOID Limited, England] solution prior
to any toxicity assays. Only those cells that are adherent to
the well walls were found viable and incubated with 0.5%
3-[4,5-dimethylthiozol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT] solution was detached. The viable cells reduce the
MTT into insoluble formazan precipitate by mitochondrial
succinic dehydrogenase (Jadalannagari et al., 2014). After
incubation for 4 h, 0.1% dimethyl sulfoxide (DMSO) was
added to each well for dissolving the formazon crystals and
the absorbance values were measured in an Enzyme- Linked
Immunosorbent Assay (ELISA) microplate (SPR-960) at
Amax of 570 nm, and the percentage of cell viability were mea-
sured with respect to control at 1 day, 4 days and 7 days of the
TNT/CS-CA@M-HAP (at optimum concentration) duplex
layer coated on Ti substrate was calculated from the average
five replicates using the following formula:

[A]test

Il viability = ———
(%)Cell viability Alcontrol X

100

2.7.2. Live and dead staining

After cell culture, the coated TNT/CS-CA@M-HA (III) sam-
ples were stained using live/dead assay. Every time, the
DMEM media was discarded and the samples were washed
with PBS solution, the live/dead stained solution containing
50 uL of 1 mg/ml acridine orange and ethidium bromide were
added to individual well, mixed gently, and were incubated at
37 °C at 5% CO, incubator for 24 h. After incubation, the
stain were viewed using fluorescence microscope (Kolanthai
et al., 2015).

2.8. Electrochemical evaluation of composite coatings on Ti

The corrosion resistivity of uncoated Ti and TNT/CS-CA,
TNT/CS-CA@M-HAP (I), TNT/CS-CA@M-HAP (II),
TNT/CS-CA@M-HAP (III) (at optimum concentration of
La*", Tb®") duplex coated on Ti specimens was determined
by Tafel polarization and Electrochemical impedance spec-
troscopy (EIS) in Ringers solution (with composition 8.6 g/l
NacCl; 0.66 g/l CaCl,:2H,0 and 0.6 g/l KCl) at pH 7.4 and
commonly accepted human body temperature, 37 + 1 °C.
Generally, the electrochemical corrosion experiments were
done in the three-electrode system using the electrochemical
workstation model CHI 760 (CH INSTRUMENTS, USA)
with platinum and saturated calomel electrode (SCE) as coun-
ter and reference electrodes, respectively. The coated Ti speci-
mens were used as the working electrodes of dimension 1 cm?
area and its corrosion potential was measured related to SCE.
Before the electrochemical studies, working electrodes were
allowed to become stable until it reached a steady potential
denoted as the open circuit potential (OCP).

The potentiodynamic polarization experiments were per-
formed as the potential range from —0.4 V to + 1.2 V vs
SCE for uncoated Ti and TNT/CS-CA, TNT/CS-CA@M-
HAP (I), TNT/CS-CA@M-HAP (II), TNT/CS-CA@M-
HAP (IIT) duplex coated samples on Ti at a sweep rate of
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1.0 mV s~'. During the cyclic polarization studies, the poten-
tial was raised in noble direction, until the breakdown poten-
tial (E,) was reached. The breakdown potential (E,) was
obtained at the potential where there was a monotonic raise
in the current density. The repassivation potential (Epp), is
one at which the scan meets reverse the passive region. Like-
wise, the electrochemical impedance spectra (EIS) were
recorded over the frequency ranging from 10~' Hz to 10° Hz
and with applied AC perturbation amplitude of 5 mV. To con-
firm the reproducibility, all electrochemical experiments were
repeated at least three times and the obtained data was
recorded using the internally available software.

3. Results and discussion

3.1. Functional group analysis

Representative Fourier Transform infrared (FTIR) spectra
have been used for determining functional groups or chemical
bonds that exist in a material. Fig. 1 (a-e) illustrates the FTIR
spectra of anodized Ti, CS and CA blending on TNT and M-
HAP (M-La*", Tb®*) deposited on CS-CA /Titania nanotubes
and under at various concentrations of trivalent ions. From
Fig. la, it can be observed that the peaks at 3429 cm ™' and
2990 cm~!' are attributed to the O-H stretching vibration
modes of water molecule adsorbed on the surface and bending
vibrations of OH groups respectively. This indicates that a sig-

2990 1641

TNT/Chi-CS@M-HAP-111

. TNT/Chi-CS@M-HAP-11

 TNT/Chi-CS@M-HAP-1

Transmittace (%)

1742; 1539

TNT/Chi-CS

TNT/Ti substrates

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm_l)

Fig. 1 FT-IR spectra of (a) TNT (b) TNT/CS-CA (c) TNT/CS-
CA@ M-HAP (I) (d) TNT/CS-CA@ M-HAP (II) (¢) TNT/CS-
CA@ M-HAP (I1I) coatings on Ti substrate.

nificant fraction of H,O and OH groups exist in as anodized
sample and intensity of peak is very low due to annealing.
The bands at 696 cm™! and 540 cm ™" are assigned to the vibra-
tion of Ti-O and Ti-O-Ti bond in TNT (Mohan Raj et al.,
2018).

Fig. 1b shows the sequential binary coatings with chitosan
(CS) and casein (CA) coated on TNT. It shows strong IR
absorption bands at 3440 cm ™! and 1742 cm™! corresponds
to —OH stretching vibration and amino group of chitosan that
are shifted to 1609, 1539 and 1220 cm ™' that arise from N-H
stretching and amide bending vibration bands and peak at
1641 cm™! is due to C=O stretching vibration of casein
(Singh et al., 2015).

Fig. 1(c—e) shows that the FT-IR spectra of M-HAP char-
acteristic vibrations of phosphate groups occurs at 1017 cm ™'
and 605 cm ™" respectively. The broad band of stretching vibra-
tion modes of OH groups can be located at 3429 cm ™!, due to
presence of hydrogen bonded water molecule absorbed during
apatite formation (Farzadi et al., 2014, Chang et al., 2013).
The sharp peak indicates two stretching vibration modes of
La-OH and Tb-OH at 653 cm™' and 720 cm™' present in M-
HAP composite coating respectively (Hosseini et al., 2014).

3.2. Phase identification and structure

Fig. 2(a—e) shows the XRD patterns of TNT, TNT/CS-CA,
TNT/CS-CA@M-HAP (I), TNT/CS-CA@M-HAP (I) and
TNT/CS-CA@M-HAP (III) duplex layer coatings fabricated
on Ti alloy. Fig. 2(a) illustrates the XRD pattern of TNT
which shows diffraction peaks with planes at 20 positions of
25.2° (1 0 1), 37.9° (1 0 3), 48.6° (2 0 0), 53.8°(1 0 5), 63.7°
(2 13), 75.3° (1 0 7) that corresponds to anatase form of
TiO, (JCPDS card no: 21-1272). The very sharp peak of ana-
tase phases of titania formed during anodization indicate the
highly crystalline nature of the coating (Raj and Mohan Raj,
2016).

The strong interaction was observed between with addition
of chitosan and casein molecules as those of mechanical blend-
ing. XRD pattern of TNT/CS-CA composite coating depicted
in Fig. 2b shows the new diffraction peaks at 26 values of
12.6°, 18.5° are assigned to CS, CA composite coating, respec-
tively and the results are in accordance with the earlier reports
(Surmeneva et al., 2013). The high crystallinity is appeared due
to the strong interaction of chitosan with casein through
hydrogen bonding between hydroxyl groups and amine
groups.

The XRD patterns for M-HAP coatings on TiO,/CS-CA
substrates show similar diffraction peaks representing the
HAP formation which indicates that all coated samples exhibit
a similar crystallographic nature as depicted in Fig. 2(c—). The
peaks of M-HAP correspond to the 26 values of 25.8°, 27.2°,
30.4°, 31.9°, 32.5° and 35.9° without any secondary phases
are found.

XRD peaks identified for M-HAP well match with the stan-
dard XRD data (JCPDS No: 09-0432, JCPDS No: 01-083-
2038). However, the 26 values for M-HAP peak positions
are shifted towards the lower angles which might have aroused
due to influence of the lanthanum and terbium mineral ions
substitution that leads to the distortion in the HAP lattice
(Sohn, 2014, Stancheva and Bojinov, 2012). This could be rec-
ognized due to the presence of M-HAP in the duplex coatings.
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Fig.2 XRD spectra of (a) TNT (b) TNT/CS-CA (c) TNT/CS-CA@ M-HAP (I) (d) TNT/CS-CA @ M-HAP (II) (¢) TNT/CS-CA@ M-

HAP (III) coatings on Ti substrate.

3.3. Morphological observation

Fig. 3a depicts SEM images of highly ordered close packed
titania nanotube arrays after annealing at 450 °C for 3 h pre-
pared by electrochemical anodization of Ti using the 1 M
(NH4)>,HPO, + 0.5% NH4F electrolyte solution for 90 min
at 40 V. The SEM top- view image (Fig. 3a) reveals a wide dis-

tribution of average diameter of 20 nm pores. In these experi-
ments, the fluoride concentration was varied from 0.5 to 2 wt
%. Indeed, that source of fluoride is typically water soluble
and more ionic nature. Therefore, an increase in fluoride con-
centration yields an increase in overall ionic concentration of
the solution which results in an increase in electrolyte conduc-
tivity and higher current response. The fluoride ions are more
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Fig. 3 HRSEM micrographs of (a) TNT (b) TNT/CS-CA (c) TNT/CS-CA@ M-HAP (I) (d) TNT/CS-CA@M-HAP (II) (¢) TNT/CS-
CA@ M-HAP (I1I) coatings on Ti substrate (f) EDAX spectrum of the TNT/CS-CA@ M-HAP (II) coating.

rich species in these electrolytes that can be assumed to be
prone to chemical dissolution in aqueous environment (Lee
et al., 2009).

Fig. 3b demonstrates the morphology of coatings (CS-CA)
that exhibit less porous structure. The phase separation of
polymeric hydrogel synthesized using CS-CA has lesser poros-
ity with various irregular segregated structures as shown in

Fig. 3b. In this study, the polymer adhere onto TNT were used
to enhance the number of pores and pore size was decreased
which might be due to significant formation of tightly packed
network structure. The embedding of this polymer resulted in
apparently reduction in pore size (Govindaraj et al., 2015).
The structural morphologies of the electrodeposited of M-
HAP-1, M-HAP-II and M-HAP-III coatings on CS-CA/TNT
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composite coating samples are depicted in Fig. 3c-e. The
M-HAP-I (Fig. 3(c)) coating is heterogeneous with agglomer-
ated granules over the surface. Similarly, the M-HA-II coating
(Fig. 3(d)) and M-HAP-III coating (Fig. 3(e)) exhibit the inter-
connected granular structure, but Fig. 3d exhibits uniform cov-
erage of interconnected granular structure and the small pores
that exist in the coating is taken as optimum condition for
good anticorrosion and improved cell attachment. In Fig. 3
(f) shows the EDS spectrum of TNT/CS-CA@M-HAP coated
surfaces which shows Ca, P, C, O, Ti, La and Tb elements and
the spectrum supports for the presence of trivalent ions of the
as-developed coating.

Fig. S1 shows the elemental mapping of TNT/CS-CA@M-
HAP((I) composite coating indicating the ubiquitous presence
of Ca, P, C, O, Ti, La and Tb elements. Thus, the homoge-
neously distributed mineral ion is well evidenced from the
EDS mapping results.

3.4. Leach out analysis

The release of mineral ions from the TNT/CS-CA@M-HAP
(II) composite coated Ti was evaluated from the ICP-AES
analysis after soaking in Ringers solution for 1, 4 and 7 days
and the results are shown in Fig. 4. The average Ca and P
ion concentration ions released in the solution increased at
day 1. Likewise, the release of other minerals such as La and
Tb ions in the solution also slightly increased as increase
immersion time from 0 to 1 day. Moreover, as the immersion
time increases from 4 to 7 days, the release of mineral ions
slightly decreased, which may be due to formation of apatite
growth on the surface of the coating. From the resultant coat-
ings, the released mineral ions such as Ca, P, La and Tb will be
effectively take part in the antibacterial and bioactive proper-
ties. (Sasireka et al., 2019; Sohn, 2014; Devi et al., 2016).

3.5. Thickness, hardness and adhesion strength

Figs. 5 and 6 shows the thickness, hardness and adhesion
strength values of Ti alloy, TNT, TNT/CS-CA, TNT/CS-

45 . r . , . . . .

Concentration (ppm)

1 day

4 days 7 days

Fig. 4 ICP-AES analysis of TNT/CS-CA@ M-HAP (II) bilayer
coated on Ti samples at different immersion days.
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Fig. 5 Thickness, Hardness of various coated samples on Ti
specimen.

CA@M-HAP (I), TNT/CS-CA@M-HAP (II) and TNT/CS-
CA@M-HAP (III) composite coatings. The mechanical prop-
erties of TNT arrays such as thickness, hardness and adhesion
strength were almost same when compared to the Ti substrate
and these values increased when CS-CA was coated on TNT
and it is further increased for TNT/CS-CA@M-HAP (IT) com-
posite coating. Thus TNT/CS-CA@M-HAP (II) coating
shows maximum thickness, hardness and adhesion strength
than any other coatings.

In this particular case, presence of CS-CA allowed good
mixing of TNT, CS-CA, La, Tb and HAP layers by modifying
their respective surface charges, thereby permitting the forma-
tion of uniform multi layers on Ti substrate enabling good
mechanical strength to the substrate. Due to the presence of
these multi layers, the overall thickness of the coating is higher
which obviously increase the mechanical properties of the
coatings. In the same manner, the mechanical properties of
the coating and thickness are high for TNT/CS-CA@M-
HAP (II) coating compared to other coatings but adhesion
strength remains the same. This could be due to decrease in
the porosity of the coatings as the addition of minerals
increases.

3.6. Antibacterial activity

The antibacterial activity of as-synthesized TNT/CS-CA,
TNT/CS-CA@M-HAP (I), TNT/CS-CA@M-HAP (I) and
TNT/CS-CA@M-HAP (III) composite coatings was studied
and the zone of inhibition at four different concentration such
as 25 uL, 50 pL, 75 uL and 100 pL against the pathogenic bac-
teria, namely S. aureus (G1) and E. coli (G™) by the disc dif-
fusion method and depicted in Figs. 7 and 8. These data
revealed, the substitution of La®>™ and Tb®>™ minerals in the
HAP concentration in the coating. The zone of inhibition for
the TNT/CS-CA@M-HAP (II) sample against S. aureus and
E. coli were found to be 11 & 20 mm for 25 pL, 14 &
22 mm for 50 pL, 18 & 25 mm for 75 pL and 22 & 27 mm
for 100 pL concentrations, respectively. At 100 pL, the TNT/
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Fig. 6 Adhesion strength of various coated samples on Ti
specimen.

CS-CA@M-HAP (II) duplex layer sample recorded superior
antibacterial activity against E. coli by exhibiting the highest
diameter of inhibition zone (Pogrebnjak et al., 2019). The
antibacterial activity of TNT/CS-CA@M-HAP (II) duplex
layer coatings against E. coli strain was slightly higher than
that of S. aureus strain due to the differences observed in the
structure of cell wall. The reason may be ascribed to the sub-
stitution of minerals such as La** and Tb*" in HAP and also
polymer composite incorporation in TNT plays a very impor-
tant role in enhancing the antibacterial activity.

M S.aureus
M E.coli

25 50 75 100
Concentration (pl)

Fig. 8 Antibacterial activity of sample TNT/CS-CA@ M-HAP
(I) coated on Ti specimen against gram positive and gram
negative bacteria.

3.7. Apatite formation on the composite in SBF solution

Researchers have widely used SBF test to evaluate the capabil-
ity of test samples to form an apatite layer on their surfaces. By
performing SBF immersion, the apatite layer forming ability,
or bioactivity of our TNT/CS-CA@M-HAP (IT) nanocompos-
ite can be assessed. The morphology of TNT/CS-CA@M-
HAP (II) bioactive composite coatings were confirmed by
the SBF immersion study for various days such as 1 day,
4 days, 7 days, 14 days and 21 days of immersion for the form-
ing apatite layer are seen in SEM micrograph in the Fig. 9.
The apatite layer forming ability is major constituent mech-
anism of the chemical bioactivity. The growth of apatite on the
nanocomposite coatings differ at each day. At day 1, there is
no formation of apatite layer and after day 4, the started to
grow on lesser number of apatite formation. At day 7, apatite

Fig. 7 Qualitative antibacterial activity of sample TNT/CS-CA@ M-HAP (II) coated on Ti specimen against gram positive and gram

negative bacteria.
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growth is seen on the surface of flower petal as displayed in
Fig. 9c. At day 14, the growth of apatite was formed like
spongy layer over the surfaces of nanocomposite coatings as
shown in Fig. 9d. At day 21, some spongy flower like structure
was observed as shown in Fig. 9e. In the sample, the formation
of apatite layer usually takes place through an arrangement of
chemical reactions. When coated samples were submerged in
SBF solution, then the surface gains the positively charged
ions that can attract negatively charged ions such as phosphate
and hydroxyl group and forming Ca®>* poor amorphous in
nature. This process indicates the formation of bone like apa-

SEM HV: 30.0 KV
View field: 29.0 pm 5 pm
SEM MAG: 4.77 Kx.

WD: 8.39 mm

The Gandhigram Rural Institute

SEM HV:30.0 kV

L
BE 6.00
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tite growth on the nanocomposite surface (Algarni et al.,
2018). Thus, the HRSEM micrographs displayed the apatite
mineralization ability at 7, 14 and 21 days of immersion and
revealed that the resultant nanocomposite coatings improve
the bioactivity in SBF solution.

3.8. Electrochemical analysis

Electrochemical performances are one of the most universal
tests to estimate the in vitro corrosion behavior of the formed

SEM HV: 30.0 KV.
View field: 27.9 pm
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Fig. 9 HRSEM images of apatite formed on TNT/CS-CA@ M-HAP (II) bilayer coated on Ti samples dipped in SBF for several days

(a) day 1, (b) day 4 (c) day 7 (d) day 14 and (e) day 21.
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coatings, and it is generally composed of potentiodynamic
polarization (Tafel exploitation plots) and Nyquist impedance
plots. Fig. 10 displays the representative potentiodynamic
polarization curves of the nanocomposite coatings of TNT/
CS-CA and TNT/CS-CA@M-HAP, as well as TNT and
uncoated Ti substrate in the Ringers physiological solution
at 37 °C, and the related electrochemical parameters were
determined from the polarization curves are summarized in
Table 1. Potentiodynamic polarization measurements were
done in the range from —0.4 V to 1.2 V vs. SCE, at a scan rate
of 1.0 mV s ! after reaching a steady state potential. The cor-
rosion potential (Ecorr, V), corrosion current density (icorr, HA
cm™2), anodic as well as cathodic Tafel slopes (Ba, Po) values
were calculated at the points after E., values + 100 mV using
a computer least-squares method due to the degree of nonlin-
earity and eventually investigated uniform metal corrosion rate
through Faraday’s law (Fekry, 2016). The values of E.,,, for
tested six samples revealed a shift towards more positive values
as obtained from the open circuit potential in the following
order: TNT/CS-CA@M-HAP-II (0.501 V) > TNT/CS-C
A@M-HAP-IIT (0.242 V) > TNT/CS-CA@M-HAP-I (0.059
V) > TNT/CS-CA (0.011 V) > TNT (-0.046 V) > uncoated
Ti (-0.142 V). Also, the I, values increased in the same order,
indicating that the TNT/CS-CA@M-HAP-II nanocomposite
coating has the lowest I, value (0.61 A cm™2) and compared
to the uncoated Ti electrode which has the highest I ., value
(10 A cm™?) with highest corrosion rate. However, M-HAP
has decreased corrosion rate as the macromolecule is adsorbed
well on the surface through electron pairs (Liu et al., 2017).
When chitosan-casein polymer blended into TNT decreases
the corrosion rate by increasing the film strength and then add-
ing M-HAP into Chi-CA/TNT gives the lowest corrosion rate.
This is due to minerals substituted HAP increasing the adsorp-
tion of both Chi-CA and Titania nanotubes to the Ti surface.
The TNT increases the adhesion strength between the poly-
mers and M-HAP composite matrix and the Ti surface. This
leads to an increase in film stability, strength and adsorption
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[—*—anodized Ti
—&—TNT/CS-CA

-9 TNT/CS-CA@M-HAP (I)
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Fig. 10 Potentiodynamic polarization curves of uncoated Ti,
anodized Ti, TNT/CS-CA and TNT/CS-CA@M-HAP (I) to
TNT/CS-CA@M-HAP (I1I) coatings on Ti samples obtained in
Ringer’s solution.

Table 1 Electrochemical parameters of uncoated Ti, Ano-
dized Ti, TNT/CS-CA, TNT/CS-CA@M-HAP (I), TNT/CS-
CA@M-HAP (II) and TNT/CS-CA@M-HAP (I1I) coated on
Ti substrate.

Samples Ecorr Icorr x 1077 Ret (Q sz)
(A cm?)
Uncoated Ti —0.142 10.0 390
Anodized Ti —0.046 7.9 624
TNT/CS-CA 0.011 1.8 726
TNT/CS-CA@M-HAP (I) 0.059 1.1 775
TNT/CS-CA@M-HAP (II) 0.501  0.61 925
TNT/CS-CA@M-HAP 0.242 1.0 845
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Fig. 11  Nyquist plots of uncoated Ti, anodized Ti, TNT/CS-CA

and TNT/CS-CA@M-HAP (I) to TNT/CS-CA@M-HAP (I1I)
coatings on Ti samples obtained in Ringer’s solution.

on the Ti surface. Also, phosphate buffer solution forming
ions helps in decreasing the lower corrosion rate of the Ti
surface.

Finally, the M-HAP@Chi-CA/TNT nanostructured dense
coating acts as a barrier to the transport of electrons and ions
between the Ti alloy and the PBS solution. So, this novel syn-
thesized nanocomposite coating significantly improved the
corrosion resistance of the Ti alloy. Finally, the results of
polarization curves are in the same trend with more positive
corrosion potential compared to uncoated Ti surface (Li
et al., 2014).

EIS results can give valuable information about the electro-
chemical behavior of both uncoated and coated Ti substrates
in PBS solution. The impedance parameters derived from these
plots using the equivalent electrical circuit are displayed in
Fig. 11 and Table-1. The best circuit model was used to fit
the EIS data for the corrosion behavior of uncoated and
coated Ti substrates that consists of solution resistance (Rg),
polarization resistance (Rp), charge transfer resistance of the
coated substrate (R.,) and double layer capacitance (Cy)).

Besides Bode and phase angle plots were also used to ana-
lyze the corrosion process. The high impedance modulus in
lower frequency region and one time constant revealed that
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Fig. 12 Optical images showing the cell viability of MG63 human osteoblast cells on TNT/CS-CA@M-HAP (II) coatings for (a) 1, (b)

4 days and (c) 7 days of incubation.

the film has effective barrier property. In phase angle plots,
TNT/CS-CA@M-HAP-II coating has higher phase angle
and low frequency impedance modulus indicate the better cor-
rosion resistance and passivity of stable structure are shown in
Fig. S2(i, ii). At the same time, it is believed that the coated
samples have higher phase angle and better corrosion resis-
tance when compared to uncoated Ti surface. Because it has
inert and homogenous film deposition on the surface.

3.9. Cell viability

The in vitro biocompatibility of cells over the TNT/CS-
CA@M-HAP-II as-synthesized composite coatings is one of
the most significant factors to assess the biological perfor-
mance of the coating. The cell viability of MG 63 human
osteoblast cells on TNT/CS-CA@M-HAP-II coatings was
determined using an MTT assay for 1, 4 and 7 days of culture
as shown in Fig.14. After the 24 h of incubation period, MTT
solution (20 pL of 5 mg/ml serum free DMEM medium) was
added into each well and the cells were incubated for another
2—4 h at 37 °C in a humidified 5% CO, atmosphere. The per-
centage of cell viability of various coatings is displayed as bar
diagram in Fig. S3.

The absorbance of cell viability at a wavelength of 570 nm
is directly proportional to the number of live cells in the pre-
sent of MG63 human osteoblast cells culture medium are
shown in Fig. S4. The optical images of the number of viable
cells is increased as increasing after 7 days of incubation time
as displayed in Fig. 12 (a-c). The MG63 cells were started to
spread on the control over the surface on day 1. When com-
pared to control at day 4, the cells were spread well through
cytoskeletal processes over the composite coating. The TNT/
CS-CA@M-HAP-II composite coatings exhibited more num-
ber of viable cells at day 7 compared with control as illustrated
in the Fig. 14d, that does not display any toxicity of cells and
also has good cytocompatibility. The cell viability results
revealed that the as-developed coating can be served as a bio
implant for orthopedic applications.

3.10. Live/dead staining

Fig. 13(a—d) shows the results of live/dead cells on the TNT/
CS-CA@M-HAP-II nanocomposite coating at various days
of incubation as determined by fluorescent microscopy.

The fluorescent microscopic images (Fig. 13a—d) denote the
both live and dead stains indicating the green and red color.
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Fig. 13  Fluorescence microscopic images showing Live/dead staining MG63 human osteoblast cells on TNT/CS-CA@M-HAP (II)

coatings for (a) control, (b) 1, (c) 4 days and (d) 7 days.

The evaluation of live/dead cells was carried out by culturing
in medium for 1, 4 and 7 days. Fig. 13b indicated that the les-
ser number of live cells and more number of dead cells were
spread well on the surface of TNT/CS-CA@M-HAP-II,
respectively for 1 day of incubation when compared with con-
trol. The cells are spreading and growth with highly elongated
morphology on TNT/CS-CA@M-HAP-II coated samples for
4 days of incubation as shown in fluorescent images in the
Fig. 13c (Favi et al., 2013), (sathishkumar et al., 2016) (Li
et al., 2014). The growth of MG 63 human osteoblast cells
clearly exhibits that the cell proliferation on the TNT/CS-
CA@M-HAP-II nanocomposite coated samples are well dis-
tributed throughout the surface of the coated material at
higher absorbance of 7 days of incubation in cell culture
(Fig. 13d), which is mainly due to the presence of mineral ions
and polymer in the nanocomposite.

4. Conclusions

In this work, we reported a novel bioactive TNT/CS-
CA@M-HAP-II nanocomposite coating material for

orthopedic implants fabricated by anodization and elec-
trodeposition methods. The structural morphology of the
resultant coating was confirmed by the FT-IR, XRD and
SEM with EDAX studies. From FESEM analysis, it is
clearly shown that uniform and homogeneous TNT/CS-
CA@M-HAP-II composite coatings were successfully fabri-
cated onto the Ti specimen via the electrodeposition
method. The electrochemical characterization confirmed the
enhanced corrosion protection performance of TNT/CS-
CA@M-HAP-II nanocomposite coating as it has lower cur-
rent density and higher corrosion potential than other coat-
ings in Ringer’s solution. Thus, the results of antibacterial
activity and cell viability studies revealed that TNT/CS-
CA@M-HAP-II coating facilitates excellent antibacterial
property and bone-like apatite formation. The cell viability
and live/dead staining of MG-63 human osteoblast cells
on the resultant nanocomposite coating provides better
biocompatibility and bioactivity at immersion for 7 days.
Hence, the TNT/CS-CA@M-HAP-II coating can be poten-
tial alternative bio implant material with good osseointegra-
tion for biomedical applications.
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