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Abstract: The bioactive and biocompatible properties of hydroxyapatite (HA) promote the osseointe-
gration process. To enhance other bio-functions of HA such as improving the antibacterial property
of the implant, increasing the rate of cell proliferation, or improving tissue generation capability, HA
is substituted with many elements such as Zn, Cl, Ba, Fe, Cu, Ag, Sr, F, Na, etc. This study reports
development of Magnesium substituted HA (Mg-HA) coatings on TigAl;4V substrates using the dip
coating technique. To improve the adhesion and stability of the coating, an intermediate layer of
shellac was applied between the coating and Ti6Al4V substrate. The dip coating process parameters
were optimized using the Taguchi technique and it was found that dipping time of 35 s and 13% w/w
of shellac concentration provided the maximum bonding strength of 12.5 MPa. The biocompatibility,
dissolution, and corrosion study of the developed coating using the optimal parameters obtained
were carried out in this study. An improvement in cell growth and cell proliferation was observed in
the extract medium prepared from coated substrates. Release of Ca, P and Mg ions from the surface
of the coated substrate into the simulated body fluid (SBF) was found to be almost constant which
shows the stability of the thin film coating formed. The Mg-HA coated substrate also exhibited better
corrosion resistance than the uncoated substrate.

Keywords: Mg-HA; dip-coating; shellac; Taguchi technique

1. Introduction

Hydroxyapatite (Cajo(PO4)s(OH);) (HA) is one of the prominent biomaterials among
all other calcium phosphate ceramics used. It has been commercially used since the
1980s because of its biocompatibility and osteoconductive properties [1]. HA exhibited a
composition similar to the bone minerals phase and it has been widely used for orthopedic
and dental applications [2]. Researchers tried to modify the structural composition of HA
to improve its bio-functionality. The naturally formed bio-apatite has trace amounts of
fluoride, magnesium, sodium, potassium, carbonate, chloride, zinc, barium, iron, strontium,
copper, etc [3,4]. Studies showed that the incorporation of different foreign cations and
anions into synthetic HA structures enhanced its osteoblastic response [5]. HA in general,
is brittle and is not suitable for load-bearing applications. To overcome this disadvantage,
HA coating is developed on metallic substrates [2]. Commercially pure titanium (CpTi),
titanium alloys, stainless steel, and cobalt-chromium (Co—Cr) alloys are mainly used as
substrates because of their bio-compatibility and superior mechanical properties [6].

In recent years, various types of substituted HA were developed by researchers. Many
of them processed it in form of scaffolds and some others deposited it as a thin film coating
on metal substrates. A considerable amount of literature showed the presence of zinc
(Zn) in the human body. It plays a vital role in enzyme activity, nucleic acid metabolism,
hormonal activity, and bio-mineralization. Zn is one of the important minerals found in
human teeth. Studies also showed that Zn incorporation into metal implants promotes
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bone formation [7]. Zn substituted HA (Zn-HA) was used as an alternative material for
autograft and allograft bone replacements. Studies reported contradictory findings on the
crystalline nature of HA structure when substituted with Zn cations [8]. Few other studies
showed that silicon substituted HA (Si-HA) promotes osteoblast cell activity and apatite
formation in simulated body fluid (SBF) compared to pure HA. Silicon is essential for bone
mineralization and soft tissue development [2].

Bacterial infection post-implant placement is very serious and many studies showed
that the success of the implant over a while depends on its antibacterial property. Silver
(Ag) is a key element with antibacterial properties. Ag substituted HA (Ag-HA) related
studies showed that substituting Ag* ions into the crystal lattice structure of HA can control
bacterial infection significantly [9]. Another researcher showed that adding titanium diox-
ide (TiO,) into Ag-HA can kill almost 98% of S. aureus and 99% of E. coli bacteria [10]. The
potential cytotoxic effect of Ag in the Ag-HA compound was reduced by doping strontium
(Sr). Ag-HA /Sr was seen to augment the cell proliferation in a better way compared to the
Ag-HA [1]. Strontium substituted HA (Sr-HA) was also studied extensively. It was shown
that Sr-HA can enhance pre-osteoblastic cell replication. SR-HA also inhibits the activity of
osteoclasts [5].

Chitosan ((1,4)-2-amino-2-deoxy--D-glucan) is a partially deacetylated form of chitin,
which is abundantly produced from marine copepods [11]. Chitosan substituted HA
(CS-HA) was used to enhance tissue regenerative efficacy and osteoconductivity. To
improve mechanical strength, HA was incorporated into the chitosan polymer [12]. Some
researchers showed that CS-HA composite scaffolds have better cell proliferation compared
to chitosan scaffolds [13]. Studies also showed that a chitosan polymer offers the advantage
of low-temperature processing of composite materials [14]. Researchers also developed
novel HA-silica-chitosan composites (HA-CS-5iO;). This composite showed lower porosity
which can be used for developing laminates [15].

Lithium (Li) is a bioelectric material and very few studies have been carried out
to analyze its biocompatibility. Researchers demonstrated that adding Li decreases the
solubility of HA and it is a good indication of biocompatibility. Lithium substituted HA
(Li-HA) showed good adherence to osteoblasts [16]. Carbonate substituted HA (CO3-HA)
has been explored by many. CO3-HA mimics the chemical composition of hard tissue. It is
also reported to be thermally stable as it would not decompose into undesirable secondary
phases at high calcination temperatures [17].

Magnesium (Mg) substituted HA (Mg-HA) was investigated in detail for the last few
decades. Studies showed that Mg-HA stimulates cell proliferation [18]. Mg-HA, due to its
ion exchanging properties is known to be highly toxic to microbes and is used to control
bacterial growth [19]. It also can enhance the osteoblast bonding strength. Researchers
demonstrated that Mg-HA is more biocompatible than phase pure HA [20].

Apart from being a biocompatible material, Mg-HA has wide clinical applications. It
has the potential to improve angiogenesis which is the fundamental requirement for bone
regeneration. Bone neo-formation was also observed during in vivo studies conducted
with Mg-HA [21]. Clinical studies pertaining to the use of Mg-HA in dental application
received much attention lately. Because of decay or damage, a tooth might have to be
removed from its position and an extraction socket is formed there. Immediately placing
an implant directly to the extraction socket might not be practically viable and compatible.
Studies showed that filling these sockets with Mg-HA prior to implant placement provides
better results [22].

Digital dentistry techniques such as coherent-scatter computed tomography (CSCT)
and cone-beam computed tomography (CBCT) have been used to measure the concen-
tration of HA [23,24]. Recently 3D printing of substituted HA is evolving as a forefront
technology [25,26]. Robust Mg-based scaffolds have also been 3D printed for promoting
the osteointegration process [27].

Various methods have been adopted for developing a substituted-HA coating on
metal substrates. Coating methods such as the sputtering process, sol-gel technique,
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electrophoretic method, plasma spray technique, etc., have been used. This study reports
development of a thin film of Mg-HA on titanium alloy (Ti6Al4V) using a dip coating
technique. It was observed that the coating thus developed has poor bonding strength. To
enhance the bonding strength, an intermediate shellac layer (natural resin) was applied
between the coating film and substrate. The Taguchi optimization technique was employed
to obtain optimal parameters for developing Mg-HA Coating on Ti6Al4V materials. The
dissolution rate, cell viability, and corrosion behavior of the developed coating were also
studied as part of this research work.

2. Materials and Methodology
2.1. Mg-HA Preparation

Analytical grade of diammonium hydrogen phosphate ((NH4),HPO,, Nice Chemicals
Ltd., Kochi, India), calcium nitrate tetrahydrate (Ca(NO3),-4H,O, Nice Chemicals Ltd.,
Kochi, India), magnesium chloride hexahydrate (MgCl,-6H,0O, Nice Chemicals Ltd., Kochi,
India), and ammonium hydroxide (NH4OH, Nice Chemicals Ltd., Kochi, India) were used
for the preparation of nano-sized Mg-HA. It was prepared as per the methodology reported
in reference [18]. Aqueous diammonium hydrogen phosphate was added to the solution
having magnesium chloride hexahydrate and calcium nitrate tetrahydrate in a drop-wise
manner. The molar ratio of Mg/Ca was 0.18 and the pH value was maintained at 11. The
mixture was stirred for 24 hours continuously using a magnetic stirrer. The precipitate
thus formed was further centrifuged and then washed with distilled water. The substrates
thus formed were dried at 70 °C overnight and then sintered at 900 °C for one hour. The
elemental composition of as-prepared Mg-HA is shown in Table 1.

Table 1. Elemental Composition.

Material Elemental Composition (%)
Ti6Al4V 89.7% Ti 6.1% Al 3.9%V 0.3% Fe -
Mg-HA 43.31% O 7.79% Mg 15. 08% P 0.25% C1 33.57% Ca

2.2. Characterization of Mg-HA

The surface morphology of the as-prepared Mg-HA nanopowders was analyzed using
scanning electron microscopy (SEM, JEOL JSM-6390LV, JEOL Ltd., Tokyo, Japan). High-
resolution transmission electron microscopy (HR-TEM, JEOL JEM 2100, JEOL Ltd., Tokyo,
Japan) was used to analyze the crystalline morphology of the nanopowders prepared.
Energy-dispersive X-ray spectroscopy (EDS, Oxford XMX N, Wiesbaden, Germany) was
used to quantify elemental composition of Mg-HA. The crystallinity of the powders was
characterized using the X-ray powder diffraction (technique (XRD, Bruker AXS D8, Bruker
AXS, Berlin, Germany)).

2.3. Experiment Methodology

Ti6Al4V (grade 5) substrates of dimensions 10 mm x 20 mm x 2 mm thickness were
used as base substrates. The composition of the substrate used is shown in Table 1. Initially,
the substrates were scoured using emery papers of grit size ranging from 80 to 400. The
substrates were then sandblasted to remove any impurities on the surface [28]. Further,
they was soaked in the acetone solution, sonicated for 45 min, and then they were air-dried.
The coating procedure was carried out on a custom-fabricated dip coating apparatus. The
substrate after being dipped in shellac solution was then dipped further in Mg-HA solution.

Natural shellac is produced from lac insects (Laccifer Lacca) and it acts as a bio-resin [29].
The shellac layer imparts adhesion to the coating. The strength of the coating formed on
the substrates is dependent on various coating parameters. Parameters such as dipping
duration, dipping and withdrawal speed, the concentration of the dipping solution, and
temperature. The shellac solution was prepared by varying the concentration of shellac
in ethanol. Three different concentrations of shellac were considered in this study. Con-
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centrations of 12.5% (w/w), 13.0% (w/w) and 13.5% (w/w) were fixed after conducting
numerous trial experiments. It was seen that a concentration less than 12.5% does not help
in producing a stable coating. Similarly, a concentration of more than 13.5% affected the
uniformity of the coating. The dipping time in the shellac solution varied from 15 to 35 s.
Experiment trials showed that a duration less than 15 s in shellac solution did not yield
any coating and more than 35 s produced thicker coating which was undesirable.

Mg-HA solution for the dip coating process was prepared using as-developed Mg-HA
as the solute and ethanol (99.99% purity) as the solvent. Glycerin and polyethylene glycol
(PEG 600, Nice Chemical Ltd., Kochi, India) were used from a stable solution [30]. Magnetic
stirring was performed for 8 hours at room temperature to obtain a homogenous solution.
The concentration of Mg-HA in the Mg-HA solution was maintained at 20% (w/w). The
dipping time for the HA solution was fixed at 25 s. The dipping and withdrawal speed
for shellac and Mg-HA solution was fixed as 15 mm/min. The schematic diagram of the
coating process and layer by layer coating is illustrated in Figure 1. In this study, all the
experiments were carried out at room temperature.

Step 1 Step 2 Withdrawl

Dipping Substrate +——>

Shellac coating —————

FRE S —«—— Shellac solution A0 0 Moo s
e « +~——->5hellac powder particles WO 2 .. e

Step 3
Dipping
Shellac + Mg-HA
coating
e i:. : —<— Mg-HA solution o
0¥ o ey L *=€— Mg-HA nano particles e ..‘ .
: Sle e . . % e ¢ S \ - »

(a)

Mg-HAp

Shellac

Substrate

(b)

Figure 1. Schematic diagram of the coating process and coated substrate. (a) Schematic diagram of

the coating process; (b) coated substrate.
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2.4. Bonding Strength and Thickness

The bonding strength of the coating was measured using the standard pull-out test
equipment following ASTM D 7234 standard [31] and the thickness of the coating was
measured following the IS- 3203-2001 standards [32].

2.5. Optimization

For optimization of coating parameters, the Taguchi technique was used. The pa-
rameters considered in this study are dipping time and shellac concentration (Table 2).
The required response was the bonding strength. Statistical software package Minitab
was employed to perform signal-to-noise (S/N) ratio calculations, analysis of variance
(ANOVA), and to obtain a regression equation. S/N ratio gives the ratio of mean to stan-
dard deviation. ANOVA provides details of the percentage contribution of each parameter
towards the bonding strength. Likewise, the relationship between the coating parameters
and the bonding strength is put into a mathematical model using regression analysis. The
strength of the obtained model is validated by defining the value of the coefficient of
determination (R?).

Table 2. Levels of parameters.

Experiment Levels

Parameters
1 2 3
Dipping time (s) (wy) 15 25 35
Shellac concentration (w/w %) (w») 12.5 13.0 13.5

2.6. In Vitro Studies

The substrate coated with optimal parameters was further investigated for its dissolu-
tion, in vitro, and corrosion behavior. The dissolution studies of Mg-HA were conducted
by soaking substrates in simulated body fluid (SBF) for 4 weeks. Preparation of SBF was
carried out using Kokubo methodology [33] where the pH value was maintained between
7.3 and 7.4. SBF ionic concentration is quantified using inductively coupled plasma-mass
spectrometry (ICP-MS). The coated substrates were soaked in 20 mL of SBF without shak-
ing at 37 £ 0.5 °C following ISO 10993-14 standards [34]. The rate at which the dissolution
of calcium (Ca), phosphorous (P), and magnesium (Mg) ions occurred was recorded for
4 weeks.

MG-63 osteosarcoma human cell line was utilized to perform cell viability studies
following ISO 10993-12 [35]. A 96-well plate was used in this study and each cell was
seeded with 10,000 cells. A complete medium (CM) was prepared by adding a minimum
essential medium (MEM) and 10% fetal bovine solution (FBS). It was incubated at 37 °C
in 5% CO, for a 24 hour duration. To prepare the cell culture medium (CCM), cells were
seeded to the CM. As the thin layer of a coated substrate cannot be peeled off, an extract
medium is to be prepared. The extract medium preparation is carried out by soaking the
coated substrates in CM for 24 hours. Before soaking, it is ensured that all the substrates
were ethylene oxide (ETO) sterilized. After carefully removing the substrate from CM, it
was further was diluted to 12.5%, 25% and 50% CCM. For quantification of cell viability,
assay was utilized. The absorbance value from the assay was recorded using a TECAN
microplate reader at 595 nm.

2.7. Corrosion

Usually, substrates are susceptible to various types of corrosion attacks. Pitting
corrosion, crevice corrosion, galvanic corrosion, fretting corrosion and corrosion fatigue
are some common types of corrosion that are normally found in substrates [36]. In this
study, the potentiodynamic polarization test (Metrohm Autolab, Chennai, India) was
performed following ASTM G5-94 [37]. The substrates were exposed to a simulated body
fluid environment in a three-electrode electrochemical cell. Here, platinum was the counter
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electrode, saturated calomel electrode (SCE) was the reference electrode, and the substrates
were kept as the working electrode.

The potentiodynamic polarization curve was obtained for the coated and uncoated
substrates with a stabilization period of 3600 s and the electrode potential range was varied
from —1000 to 1000 mV. The scanning rate was 0.005 mVs 1. The corrosion potential (Ecorr),
polarization resistance (Rp), anodic Tafel slope(f3a), and cathodic Tafel slope (3¢) were
measured during this study to analyze the corrosion effect.

3. Results and Discussions
3.1. Surface Morphology and Characterization

The as-prepared Mg-HA powders are spherical in appearance in Figure 2. It is
observed that the powder particles are tightly packed with very little porosity. The tighter
packing might be a result of Mg?* ions occupying the vacant Ca?* sites. Previous studies
showed that the spherical-sized particles transform themselves into needle-like structures
during apatite formation [38].

(P [
« '.,/

.ﬂé&}ﬁ" ’I‘.‘.“:‘ {‘

15kV  X3,500 5pm 12 48 SEI

Figure 2. SEM micrograph of as-prepared Mg-HA.

Figure 3 shows high-resolution TEM images of the Mg-HA nanopowders. The
nanopowder size varied from 50.28 to 98.20 nm. The average size of the powders was ob-
served to be ~65 nm. Each nanoparticle has a definite shape and can be seen agglomerating.
The nano size of the particles makes it easier to form a stable and uniformly suspended dip
coating solution.

50.28 nm

“

Figure 3. HR-TEM image of as-prepared Mg-HA.
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EDS analysis was carried out to identify different elements in the as-prepared Mg-HA
nanopowders. Characteristic peaks of O, Mg, P, Cl and Ca can be observed in Figure 4 and
its corresponding atomic percentage is also presented. Presence of Mg, Ca and P indicate
that Mg has entered into the lattice structure of HA, which corroborates studies previously

conducted [39].

Element Atomic %
@) 63.11
Mg 7.59
P 11.15
Cl 0.13
Ca 18.02

Figure 4. EDS spectra of as-prepared Mg-HA.

X-ray diffraction characterization of as-prepared Mg-HA is shown in Figure 5. Crys-
talline phases were identified by comparing them with JCPDS standards. A HA crystalline
structure is observed at a 26 value of 27.808° and 31.113° which is in good agreement
with JCPDS No. 09-432. The Mg(OH); crystalline phase was observed at a 20 value of
34.463°, confirmed by JCPDS No. 07-0239. The MgO phases are also seen in the XRD profile
between the 20 value of 48° and 55°. In the XRD profile, an amorphous phase is seen at
the beginning. It is due to the incorporation of Mg?* ions into the HA structure. Studies
showed that an increase in magnesium content can lead to an amorphous phase [40].

* * HAp
0 Mg(OH),

¢+ MgO

(0]
*
‘¢ e
i 1 " 1 i 1 i 1 i 1 " 1 i 1 " 1
0 10 20 30 40 50 60 70 80
20

Figure 5. XRD of as-prepared Mg-HA.

3.2. Bonding Strength and Thickness Measurement

A thin film of Mg-HA coating was developed on Ti6Al4V substrates using the as-
prepared Mg-HA precursor powder. A thin layer of shellac applied between the substrate
and HA coating provided stability and improved bonding strength of Mg-HA coatings.
The thickness of shellac coating applied in between was measured as 2 pum and the total
Mg-HA thickness was measured as 12 pm. Mg-HA coating developed on the substrate
without shellac has a bonding strength of 1.19 MPa. A tremendous increase in the bonding
strength could be observed because of the application of natural shellac.
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3.3. SBF Composition

Table 3 shows the ionic concentration of the prepared SBF measured using inductively
coupled plasma mass spectrometry (ICP-MS, Thermo Fisher Scientific, Mumbai, India). It
was observed that SBF had a similar ionic concentration as that of human blood [28]. It

mimics the real human body environment.

Table 3. Composition of human blood and SBF prepared.

Ionic Concentrations Human Blood (ppm) SBF Prepared (ppm)
Na* 142.0 136.0
Cl- 103.0 107.0
HCO;~ 27.0 21.0
K* 5.0 8.0
Mg?* 15 2.0
Ca?t 2.5 3.0
HPO42~ 1.0 0.5
S0O,2- 0.5 0.3

3.4. Optimization Results

The values of bonding strength and corresponding S/N ratios for various combina-
tions of experiments are shown in Table 4. The mean effect plot is shown in Figure 6. It
can be seen that substrate with code H (dipping time 35 s and shellac concentration of
13.0% w/w) provides the maximum bonding strength.

Main Effects Plot for SN ratios
Data Means

Dipping duration Concentration of shellac % w/w
22

21

20

Mean of SN ratios

15 25 35 125 130 135

Signal-to-noise: Larger is better

Figure 6. Coating parameters effect on bonding strength.
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Table 4. Measured experimental values with S/N ratio.
Orthogonal Array with Parameters
— . Concentration of Bonding Strength Bonding Strength(S/N
Substrate Code Dipping Time (S)(w4) Shellac % (w/w)(w») (MPa) Ratio)
A 1 1 59 15.417
B 1 2 6.7 16.521
C 1 3 9.1 19.181
D 2 1 8.8 18.890
E 2 2 10.7 20.588
F 2 3 12.1 21.656
G 3 1 11.8 21.438
H 3 2 12.5 21.938
I 3 3 12.4 21.868

The ANOVA results for bonding strength are shown in Table 5. The p value and
individual parameter contribution percentage indicate that dipping time has a greater
influence on the coating process compared to shellac concentration.

Table 5. ANOVA.

Parameters DF SS MS F-Value  p-Value % Contribution
Dipping time 2 3878 19.39 26.62 0.005 77.41
Shellac concentration% w/w 2 8.47 4.203 5.77 0.066 16.91
Error 4 2.93 0.7283
Total 8 50.1

A linear mathematical model was developed to study the effect of parameters on
bonding strength using regression analysis and is expressed in Equation (1). The signifi-
cance of the mathematical model is interpreted using the R-sq value. Usually, this value
varies from zero to one and if the value obtained is nearing one, it indicates a good fit
and can be used for predicting the bonding strength values. In the present study models

developed for bonding strength have an R-sq value of 70.56%.

Bonding strength = —27.02 + 0.25w + 2.367w

M

Figure 7 shows the residual plots for bonding strength. The straight-line residual plot
indicates that the residual errors are following a normal distribution and the coefficients in

the model are significant.

To validate the developed mathematical model random values, parameters well within
the range were selected and substituted. Experimental and predicted results showed slight
deviations. Confirmation tests for a random experiment combination with 19 s and 13.2%
of dipping time and shellac concentration respectively were conducted and the results are

tabulated in Table 6.

Table 6. Confirmation test.

Bonding Strength

Experimental result Predicted results

9.231

8.974
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Normal Probability Plot
(response is Adhesion Strength (Mpa))

Percent
w
i=]

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Residual

Figure 7. Normal probability plot.
3.5. Dissolution and Cell Viability

The dissolution behavior of the coating developed is evaluated by immersing it in the
prepared SBE. The results are shown in Figure 8. It can be seen that the dissolution of Ca
and P ions are almost constant indicating their stability in the body fluid environment. The
dissolution rate of Mg ions is seen to increase slightly after the second week and thereafter
it shows a constant value. The intermediately applied shellac layer is seen to provide
stability for the developed coating.

50

T T T T T T T
& Calcium
@ Phosphorus
40 A— Magnesium | -
= o —d
E 2
=, 2
2 304 A o
=
=
=
=
<
é 20+ _
S
o
c
2
10 < -
_ - —a
[ = -
0 T . . . : . :
1 week 2 weeks 3 wecks 4 weeks

Time Duration
Figure 8. Change in ionic concentration.

The cell viability percentage of the Mg-HA coated substrate was calculated using the
following Equation (2).

A(Substrate) — A(Blank)
A(Control) — A(blank)

Here A (Substrate) is the absorbance value of the extract medium seeded with cells, A
(Blank) is the absorbance value of CM, and A(control) is the CCM. The calculated value of

% Cell Viability = )
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cell viability percentage of control and Mg-HA coated substrates are illustrated in Figure 9.
The extracted medium as mentioned was diluted to 50% (50% extract medium + 50% CM),
25% (25% extract medium + 75% CM) and 12.5% (12.5% extract medium + 87.5% CM).
The cell viability was computed for every single dilution percentage. With an increasing
percentage of extract medium in the CM, the cell viability was seen reducing. In every
dilution proportion, Mg-HA coated substrates are exhibiting better cell viability compared
to the control. At 50% dilution percentage cell viability was approximately recorded to be
92% which is admissible as per ISO 10993-5 standards [41]. From the results obtained it is
observed that the Mg-HA coatings developed are non-toxic to the human body.

120 T T T T T T Y T
- Control
[ IMg-HAp Coated
100 <
80
g
L= —
£
_’_5 Gl =
-
- -
) 401 =
20 <
0

12.5% 25% 0% (LN

Dilution Proportion
Figure 9. Cell viability at different dilution ratios.

The cell proliferation of MG-63 cells on extract medium was observed for 24, 48, and
72 hours. From Figure 10 it can be seen that the number of cells is proliferating in the extract
medium at 12.5% and 25% dilution. At 72 hours duration for 50% dilution proportion, a
decline in cell proliferation is noticed. More importantly, at 100% dilution proportion, a
significant increase in cell deaths is seen. The reduction in cell viability percentage at 100%
dilution proportion can be justified by this cell death process. One probable reason for the
cell death may be because the lack of space for the cells to grow. After a thrust point, the
cells need more surface area for further multiplication. In this study, the surface area is
constrained and it leads to overcrowding which results in cell death.
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12.5 25 50 100

Figure 10. Microscopic images of MG-63 human cells seeded to different proportions of extract
medium.

3.6. Corrosion Studies

The corrosion behavior of the coated substrates is confirmed by electrochemical studies
in a simulated body fluid environment. The potentiodynamic polarization curves of the
uncoated and Mg-HA coated substrates are plotted and shown in Figure 11. The Icorr
value of uncoated and coated substrates was measured as 1.10 x 107°A and 2.93 x 1078A
respectively. Corrosion resistance is proportional to the value of I.or. Here the coated
substrate has a lower I .o+ Value and so it exhibits better corrosion resistance. The corrosion
resistance of the coated substrate improves because the thin film coating acts as a barrier
to the substrate. If the thin film obtained on the substrate is non-uniform and porous,
the substrate is exposed to the SBF environment. A further ionic release takes place and
pitting corrosion starts to appear. Even a small amount of released debris may cause local
inflammation, irritation, and tissue damage [42,43]. The thickness of the coating also plays
an important part in corrosion studies. Thicker coatings tend to develop cracks at a rapid
rate and therefore thin coating is suitable as a surface modification technique for metal
implants [44].

T T T T T T T
0.6 o Uncoated
Mg-HA Coated
0.4 — -
02
=
3 -
= 004
oy
[s ™
<
k!
= -0.2 .
=
o
o
& 04
-0.6 -
08 T : . . . T T T T r T .
9 -8 7 6 -5 -4 3

Current (A)

Figure 11. Potentiodynamic polarization curve of uncoated and Mg-HA coated substrates.
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4. Conclusion

The Mg-HA powder used for coating purposes was synthesized using a wet chemical
method and was characterized using SEM, HR-TEM, EDS, and XRD analysis. The surface
morphology of the powder using SEM analysis showed spherical-shaped particles. Sim-
ilarly, nano-scale crystalline morphology of the prepared powders was observed using
HR-TEM and it was noticed that the nano size of the powders enabled the preparation of a
uniformly suspended colloidal solution. EDS analysis confirmed the incorporation of Mg
in the HA lattice structure. A dip coating technique was used for coating the substrates.
A thin film of Mg-HA was developed on Ti6Al4V substrate. The shellac layer applied
in between the Mg-HA coating and the substrate improved the bonding strength and
provided stability for the developed coating. The coating parameter values of the dip
coating process were optimized using the Taguchi optimization technique. Regression
models were developed to predict the bonding strength value.

Dissolution studies conducted for 4 weeks in SBF showed that the release of Ca,
P, and Mg ions into the body fluid was not that significant and it further indicated the
adhesiveness of the developed coating onto the metal substrate. The cell viability studies
performed using MG-63 osteosarcoma cell lines confirmed the non-toxic behavior of the
developed coating and make it suitable for application in orthopedic and dental implants.
Corrosion studies showed that Mg-HA coated substrate has better corrosion resistance
properties than the uncoated substrate.

These results suggest the use of Mg-HA coatings developed on Ti6Al4V for bio-
compatible applications. A specific application such as the combination of bone marrow
mesenchymal stem cells with substituted HA [45,46] for promoting the osseointegration
process and for reducing the bone healing period can be studied further. Initial stud-
ies reported that using Mg-HA combined with stem cells yields good results [47]. Such
composite coatings can also be applied to abutments and double conical connections, but
further investigations on the effect of mechanical loading and torque required to loosen the
screws must be carried out in a detailed manner. Implant stability also must be studied
using some non-invasive techniques such as periotest, resonance frequency analysis, and
implant insertion torque measurement [48] before suggesting it for clinical applications.
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Mg-HA  Magnesium substituted Hydroxyapatite
XRD X-ray powder diffraction method

SEM Scanning Electron Microscopy

SBF Simulated body fluid
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ICP-MS  Inductively Coupled Plasma-Mass Spectrometry

CM complete medium
ETO Ethylene oxide
MEM Minimum essential medium
FBS Fetal bovine solution
CCM Cell culture medium
SCE Saturated calomel electrode
DF Degrees of freedom
SS Sum of squares
MS Mean square
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