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ABSTRACT

The demand for artificial implants has been increasing day by day due to their requirement
for bone repairs and replacements in dental and orthopedic applications. Titanium alloy (Ti-
6Al-4V) is widely used for load-bearing applications due to its superior mechanical
properties. However, due to its bio-inertness, poor bonding occurs between implants and
surrounding tissues resulting in poor osteointegration. On the other hand, calcium phosphate
(CaP) is broadly used as the bio-material, as it has superior biological properties such as
bioactivity, osteoconductivity and osteointegration. However, implants composed solely of
CaP, cannot be used for load-bearing applications due to different defects arising from its
poor mechanical properties. This problem can be sorted out by coating a thin layer of CaP
bio-ceramic on the surface of Ti-6Al-4V substrate.

Several coating techniques are used for coating of CaP bio-ceramic on Ti-6Al-4V
implant. However, these processes have at least one of following shortcomings: cracks on the
surface or in the intersection of coating and substrate, poor long-term bonding of coating on
the substrate, non-uniformity of coatings, and thermal decomposition of coating material.
Among the different methods, the attention has been focused on the radio frequency (RF)
magnetron sputtering process. RF magnetron sputtering has the ability to produce a uniform
coating with strong bonding between coating and substrate. Different compositions are added
to CaP bio-ceramic with different percentages to improve the structural, mechanical as well
as biological properties. Furthermore, the surface texturing is also taken into consideration
with the bio-ceramic coating to improve the biological properties of the implant. Therefore,
in the present study, the attention is focused on to develop and improve the quality of bio-
ceramic coated implant in order to enhance the functionality, durability and biological
response of the implant.

In this study, the surfaces of Ti-6Al-4V substrates were modified by bio-ceramic
coating using RF magnetron sputtering. In order to achieve a bio-ceramic coating without
cracks and thermal decomposition, RF magnetron sputtering was used to coat biphasic
calcium phosphate (BCP) on Ti-6Al-4V. BCP consists of HA and beta-tricalcium phosphate
(B-TCP). BCP is mainly used in artificial tooth and bone implants due to higher protein
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ABSTRACT

adsorption and osteoinductivity compared to HA alone. Hence, BCP films were deposited on
Ti-6Al-4V at a particular set of sputtering parameters with varying the sputtering time. BCP
film thickness of 400 nm, 700 nm and 1000 nm were obtained when sputtered for 4h, 6h and
8h, respectively. The effect of film thickness on surface roughness, wettability, mechanical
properties and in vitro bioactivity was investigated. Uniform films with no crack and thermal
decomposition were found. The hydrophilicity enhanced (contact angle decreased from
89.6+£2° to 61.2+2°) with the increase in film thickness as the surface roughness increased
from 112 nm to 153 nm. Excellent adhesion strength of all the BCP films to Ti-6Al-4V
substrate was found, as no cracking of film up to the scratch load of 2.3 N and no significant
delamination up to 7.8 N was observed. Among all the films, 1000 nm sputtered film resulted
the highest increase in apatite layer (weight percentage from 44.87% to 86.7%) when dipped
into simulated body fluid (SBF) for 14 days. Thus, sputtering of BCP films improves
wettability, adhesion properties as well as bioactivity of Ti-6Al-4V, which can be applied for
orthopedic implants. From all these findings, it can be concluded that RF sputtering is
advantageous compared to laser cladding regarding CaP bio-ceramic coating on Ti-6Al-4V.
To further improve the biological performance as well as adhesion between coating
and substrate, TiO, was added to the BCP and deposited on Ti-6Al-4V by RF magnetron
sputtering. Two different compositions such as 25% TiO,-75% BCP and 50% Ti0O»-50%
BCP films were deposited and compared with 100% BCP film. Post deposition, some films
were annealed at 700 °C for 2 h to investigate the effect of heat treatment on different
properties. The wettability significantly enhances with an increase of TiO, weight percent in
the BCP films due to the increase in surface roughness. The value of critical load (L) for
100% BCP film improved from 8.7 N to 14.8 N (25% TiO,-75% BCP film) and more than
19 N (50% TiO,-50% BCP film), indicating improvement in bonding strength with TiO,
addition. The fetal bovine serum (FBS) adsorption decreased from 7.23 to 4.42 pg/cm? with
TiO, weight percentage varied from 0 to 50%. Cell adhesion and proliferation were
maximum for 50% TiO,-50% BCP followed by 25% TiO,-75% BCP, 100% BCP film and
significantly higher compared to uncoated Ti-6Al-4V, however after annealing all the films
exhibited less cyto-compatibility. Globular apatite structure was observed on all modified
surfaces after 7 days immersion in simulated body fluid SBF; however, the growth rate was
higher for 50 TiO,-BCP films. All these results revealed that the addition of TiO, in BCP
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ABSTRACT

film (without annealing) is advantageous for improving the bonding strength as well as the
cyto-compatibility of implants, which can be used for long-term dental and orthopedic
applications. Furthermore, annealing improves the adhesion strength; however, it
significantly degrades the biological performances.

Not only the surface chemistry but also surface roughness plays an essential role on
the biological behavior of the metallic implant. Hence, in order to achieve a better biological
performance, the effect of both the surface roughness and surface chemistry is taken into
consideration simultaneously, in the present study. Therefore, laser surface texturing (LST)
was carried out on Ti-6Al-4V surface using Nd-YAG laser with a particular set of parameters
and three different overlapping factors: 0%, 25% and 50%. Later, BCP film was coated on
bare as well as textured Ti-6Al-4V specimens using RF magnetron sputtering for 7 h. In
addition, annealing was performed at 700 °C for 2 h with some sputtered specimens for
comparative study. It was found that the nano-rough (R, = 94 nm) surface of bare Ti-6Al-4V
became micro-rough (R, = 1-2 um) surface having micro-grooves, after LST. The wettability
of textured Ti-6Al-4V significantly enhanced after BCP sputtering resulting in super-
hydrophilic (17-21°) surface; however, the wettability deteriorated to 68-81° after annealing.
The amount of protein adsorption increased from 5.3 to 8.1 pug/cm? with enhancement of
hydrophobicity of the Ti-6Al-4V surface. The BCP deposited textured substrates exhibited
higher bioactivity, cell adhesion, as well as cyto-compatibility compared to BCP deposited
bare Ti-6Al-4V despite lesser protein adsorption. Among these, BCP deposited on 50%
overlapping factor Ti-6Al-4V (BCP-50% Ti-6Al-4V) had maximum cell adhesion and
proliferation. However, annealing deteriorated the cell spreading and adhesion. Hence, these
findings revealed that the BCP film deposited on a micro-roughness textured surface
enhances the wettability, cell adhesion and proliferation as well as bioactivity of the implant,
which can be beneficial for orthopedic implants.

Finally, it can be summarized that RF magnetron sputtering is a better technique for
deposition of CaP bio-ceramic on Ti-6Al-4V implant. TiO; addition in BCP film enhances
the biological performance as well as adhesion behavior of implant compared to BCP film;
hence, it can be a good choice for the long-term application of orthopedic and dental
implants. In addition, surface texturing on Ti-6Al-4V with 1-2 pum roughness followed by

BCP film deposition is a better option for the orthopedic as well as dental applications.
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Chapter-1
Introduction

1.1 Background and motivation

Over the past few decades, different cases of musculoskeletal related diseases such as
osteoarthritis, rheumatoid arthritis, and osteonecrosis are increasing each year. These
diseases occur due to injuries, tumors, infections and osteoporosis in human hard tissue.
Effective medical treatment is needed to address musculoskeletal-related disease. Joint
replacement is a medical surgery procedure to alleviate pain and disability in those suffering
from musculoskeletal disease. The number of cases of joint replacement surgery undertaken
each year continues to increase. In America in the year 2010, the total nhumber of hip and
knee replacements was estimated at 2.5 million and 4.7 million, respectively (Kremers et al.,
2015).

Biomaterials are artificial or natural materials, used for fabricating structures or
implants, to replace the lost or diseased biological structures, that would help to regain form
and function. There are three major classes of metals used for developing orthopedic
implants today: stainless steel (316L SS), cobalt chromium (Co-Cr) alloys and titanium (as
alloys and commercially pure). The low modulus of Ti and its alloys (110 GPa) compared to
316L SS (210 GPa) and Co-Cr alloys (240 GPa), endows Ti with mechanical properties that
make it useful for implant applications (Ratner and Hoffman, 2013; Ratner et al., 2004).
Although the strength of titanium alloys is similar to that of 316L SS, its density is ~55%
lower than steel, yielding a very high specific strength (strength per density) in the range of
20-25 kgf/mm?g/cm® making titanium and its alloys an important implant material for
orthopedic applications (Ratner and Hoffman, 2013; Ratner et al., 2004). Due to the excellent
corrosion resistance, relatively low modulus, good fatigue strength, formability and
machinability, Ti and its alloys can be widely used for load-bearing implants. In addition,
due to their bioinert nature resulting from a stable oxide layer that forms on the surface, Ti
and its alloys have been extensively investigated as implant materials. The stability and
corrosion resistance of Ti is provided by the naturally occurring titanium dioxide layer
present on the surface of the metal protects the metal from further oxidation (Schutz, 1987).
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There is not only high demand of orthopedic surgeries for new patients every year,
but also higher demand for patients who must receive revision surgeries. The failure of
implants after surgery occurs due to various factors such as are instability, aseptic loosening,
infection, wear/corrosion, fibrous encapsulation, osteolysis, ingrowth failure, and
periprosthetic fracture (Dobzyniak et al., 2006; Losina et al., 2004). Since these operations
are painful to endure, expensive and occasionally more complex than the primary joint
replacement surgery, it would be ideal if the life of the implant exceeded the lifetime of the
patient. Unfortunately, these implants often work loose over time and require revision
surgeries to re-secure or insert new hardware. The expected in-service life of total knee
replacements is between 10 to 15 years before this revision is required (Fehring et al., 2001).
The successes of these procedures are highly dependent on a number of factors including
competency of the surgeon, post operation infections, and the interaction between the implant
and the surrounding tissue. From an implant design perspective, little can be done to
improve the skill of the surgeon so it is necessary to focus primarily on materials
optimization to promote natural tissue integration. In addition, implant loosening accounts
for 70% of the cases for revision surgery. Therefore, great effort has been made to develop
suitable implant materials with zero-rate revision surgery (Choong, 2009).

Despite of having a number of suitable properties, the main problem associated with
the use of Ti and its alloy is not to support new bone tissue in-growth and vascularization. In
addition, Ti and its alloy have a much higher elastic modulus than natural bone, i.e., 5 GPa
and 110 GPa for bone and Ti, respectively (Legeros and Craig, 1993). This biomechanical
mismatch causes an insufficient stress transfer to bone, leading to bone resorption (stress
shielding) and may lead to aseptic loosening of implants after a few years of implantation,
which results in revision surgery (Oshida, 2010). The implant material needs to bear load
which has an effect of shielding the surrounding skeleton from its usual stress level (Maya et
al., 2012). The biocompatibility of commonly used Ti alloys, such as Ti6Al4V, is also an
important concern in these applications due to the potential adverse reactions of metal ions
with the surrounding tissues once these ions are released from the implant surfaces (Okazaki
et al., 1998). Aluminum and vanadium ions can cause neurological disorder and toxic
reactions, respectively. This medical situation can be prevailed over only with a rapid bone

formation that can help to fill deficient bone and fix the implant firmly to the adjacent bone.
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To achieve this, the implant material surface must be capable of recruiting bone forming cells
(osteoblast) to colonize, thereby initiating bone formation. Due to these ever-increasing
human needs, active research on long lasting biomaterial implants is booming.

The long term inertness of Ti and Ti6AI4V towards human tissues after implantation
is a major drawback due to a lack of direct chemical bonding between the implant and host
tissues. To address the existing problems of high elastic modulus of pure Ti and the potential
toxicity of Ti6Al4V implants, certain surface treatments are necessary to enhance the
performance of the implants. An appropriate surface modification technique not only would
retain the bulk attributes of Ti6AI4V, but also improve its specific surface properties. The
modifications of the surface can be achieved either by changing the surface chemistry
through coating the bioactive material on the Ti6Al4V or by varying the surface roughness
through surface texturing process. Bioactive materials are commonly applied onto metallic
biomaterials to provide an attachment mechanism for the implant materials onto the living
bone. One way to improve the healing process is the application of a calcium phosphate
(CaP) based bioceramic coating, i.e., a synthetic ceramic resembling bone mineral
composition onto the surface of orthopedic implants. The CaP layer is able to promote the
bio-integration process due to its ability to adsorb molecules of water and proteins, thus
stimulating new bone tissue growth around the implant (Surmenev et al., 2014).

Currently plasma spray is the most commonly used technique for depositing a CaP
layer. However, a plasma sprayed coating often exhibits poor adhesion between the substrate
and coating, resulting in delamination, which leads to fibroblast formation and subsequently
prevents the production of bone tissue. Radio frequency (RF) magnetron sputtering is a
versatile method for depositing CaP onto metals because it offers excellent adhesion and a
uniform and homogenous coating. Different CaP bioceramics such as f-tricalcium phosphate
(B-TCP), hydroxyapatite (HA) and biphasic calcium phosphate (BCP) are used for different
biomedical applications. HA has higher stability with lower absorption rate, whereas, -TCP
has higher bioactivity due to its bio-integration and rapid dissolution among different CaP
ceramics (Heimann, 2013; Ogose et al., 2005). BCP is a mixture of B-TCP and HA; hence,
the combined properties allow one to tailor the rate of dissolution to some extent. A general
pattern of bio-resorption of different CaP ceramics is as follows: HA < BCP < B-TCP
(Ebrahimi et al., 2017). Furthermore, BCP exhibits higher hydrophobicity than HA, but
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lower than B-TCP (Wang et al., 2012). Thus protein adsorption is more by BCP due to
hydrophobic interactions, resulting in better osteoinductivity than HA (Wang et al., 2012).
Because of excellent biocompatibility, BCP is used extensively in delivery of hormones,
repair of nasal spectrum, bone and tooth implants as well as synthetic bone graft materials.
Although HA coatings have been applied widely for bone implants, there is limited research
on the BCP coating on Ti6Al4V alloy. Considering the hydrophobicity and protein
adsorption of BCP; it was selected as the coating material deposited on the surface of
Ti6Al4V using RF magnetron sputtering. This study evaluated the physical, structural,
mechanical properties and in vitro bioactivity of the BCP sputtered Ti6Al4V with different
thicknesses.

Higher functionality and longevity of the orthopedic implants have motivated the
development of new materials that have improved biological properties as well as stronger
bonding between coating and substrate. It has been reported that TiO, coatings secreted
higher bone markers than silica and calcium phosphate; thereby indicating that TiO, supports
osteoblast growth and bone remodeling (Verket et al., 2012). However, to date, the use of
composite coating of TiO, and BCP is still limited. It was anticipated that the TiO, addition
would enhance the biological performance as well as the mechanical stability of BCP coating
with the substrate. In regard to enhance the biocompatibility as well the bonding strength of
coating with the Ti6Al4V implant, BCP-TiO, composite was deposited onto Ti6Al4V. The
effect of TiO, content in the BCP coating on physical, structural, mechanical as well as
biological properties was investigated. The bonding strength of the coating with Ti6Al4V
substrate was evaluated to determine the effect of TiO, addition in the improvement of
bonding strength of BCP coating. Cell adhesion and proliferation tests were conducted to
determine the effectiveness of TiO, in the biological performance of the coatings.

In addition, surface texturing has also been gaining interest as a surface modification
method on Ti6AI4V due to its ability to improve biocompatibility and its flexibility in
controlling the surface area and topography as well as wettability of the implant. Although
surface texturing has been widely used to enhance osteointegration of the implant, to date
there is no study reported yet on BCP deposition laser textured Ti6AlI4V as a potential
material for bone implants. It was expected that the simultaneous effect of surface texturing

and BCP coating would improve the wettability as well as the biocompatibility of the
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implant. In this study, Ti6Al4V surface was modified by laser texturing followed by BCP
deposition using RF magnetron sputtering. This study evaluated the physical, structural and
biological properties of the newly developed Ti6Al4V having various surface topography
with BCP coating.

This study investigates the effects of both coating and texturing used to modify
Ti6Al4V in terms of their structural properties, mechanical properties, and in vitro biological
performances. The coating, texturing and post-deposition processes affect different properties
of a biomaterial, such as surface roughness, surface topography, chemical composition,
crystallinity, surface chemistry and wettability (Béchle and Kohal, 2004; Hoppe et al., 2011).
All these properties affect the essential initial interaction and growth of protein adsorption as
well as bone cells on an implant (Béchle and Kohal, 2004; Okauchi-Yabuuchi et al., 2008;
Schmidt et al., 2002). Having further understanding of the process-structure-property
relationship would provide guidelines for implant design and control (Surmenev et al., 2014),
such as controlling its biocompatibility or bioactivity depending on the intended application.
Overall, the development of modified Ti6Al4V will contribute to long-term bone implant
performance, which will improve life quality and reduce the economical burden on society.

1.2 Aim and objective of the thesis

The limited lifespan of orthopaedic implants coupled with increasing global demand have
caused the occurrence of implant failure to rise. Modification of current existing implant
coatings such as HA may prolong the service life of Ti-based orthopaedic implants.
However, BCP can be used as coating material for fast bone remodeling due to the combined
properties of HA and B-TCP which regulate the rate of dissolution with the stability, resulting
in better osteoinductivity than HA. The detachment of CaP coating is affected by many
factors such as coating method, processing parameters, coating thickness and coating
structure. RF magnetron sputtering has the ability to produce thin and well-adhered coatings
which may alleviate the problem of CaP delamination and particle release. However, CaP
particles might be liberated from the coating due to the movement at the implant-bone
interface, which can ultimately lead to failure of the artificial implant. Therefore, the
adhesion strength of CaP coating should be taken into account for prolong service life of the
artificial implant. TiO, can be incorporated with the CaP in order to enhance the adhesion
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strength of the coating, as TiO, possess higher chemical stability. The fabrication (coating)
and post deposition processes, such as annealing, affect properties such as chemical
composition, structure, topography, and dissolution. As-deposited CaP coating is amorphous
which releases Ca** and (PO4)* components that are essential for bone proliferation and
mineralization. The amorphous structure however, is less stable in human body. This
problem is solved after annealing of CaP coating, which converts the amorphous structure to
crystalline. However, with the crystalline structure of CaP coating the dissolution is less, that
reduces cell proliferation and mineralization. Hence, the annealing of these CaP surfaces is
carefully controlled so that the coating’s integrity and subsequent biofunctionality can be
maintained. Furthermore, the surface texturing of the implant affects the surface area, surface
roughness and topography as well as wettability of the implant, which controls protein
adsorption and cell adhesion. Hence, the simultaneous effect of BCP coating with surface
texturing may enhance the osteointegration of orthopedic implant.

With the aim to bridge the gaps in the literature as reviewed in Chapter 2, the present
study is driven by the need to produce biomaterials that mimic bone structural, mechanical
and biological properties to enhance implant longevity and functionality. The objectives of

this study are as follows:

1. Fabrication and characterization of BCP coating deposited on Ti-6Al-4V using RF
magnetron sputtering with different film thickness.

2. To prepare BCP, 25%TiO,-BCP and 50%TiO,-BCP films on Ti-6Al-4V using RF
magnetron sputtering with and without annealing.

3. Deposition of BCP film on the textured Ti-6Al-4V (having three different
overlapping factors) fabricated by laser surface texturing.

4. To investigate the morphology, structure, surface roughness, wettability and adhesion
strength of the as-deposited coatings and the effects of post-deposition heat
treatments.

5. Study of in vitro bioactivity, protein adsorption, cell adhesion and proliferation on the

above modified substrates.
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1.3 Organization of thesis

Current thesis is organized into 6 chapters based on the above five objectives with references

and appendices at the end.

Chapter 2 discusses the literature review of biomaterials, historical as well current
biomaterials used in implants, need for surface modification and coating of metallic implant
for biomedical applications. Different coating processes with their advantages and
shortcomings are described briefly. A short discussion about the most commonly used
biomaterial such as CaP-based hydroxyapatite and TiO, is elaborated. A brief literature
review on CaP coating on Ti and its alloy by RF magnetron sputtering are discussed.
Relevant literatures in the area of CaP sputtering and its effect on structural properties,
mechanical performance and biological behaviors are presented. Finally, the summary and

gaps in the literature, different challenging issues, plan of the present thesis are described.

Chapter 3 deals with the deposition of biphasic calcium phosphate (BCP) films on Ti-6Al-
4V by RF magnetron sputtering process. The effect of film thickness on surface morphology,
roughness and wettability are investigated. A comparative study of the scratch test as well as

in vitro bioactivity with various film thickness is carried out.

Chapter 4 investigates different BCP-TiO, films are fabricated on Ti-6Al-4V by RF
magnetron sputtering and compared with BCP film. The modified surfaces are also annealed
to study the effect of heat treatment on mechanical and biological performances. The
modified surfaces are physically and chemically characterized in terms of surface
morphology, phase composition, surface roughness, wettability. The adhesion behavior is
investigated by conducting the scratch test on the modified surfaces. In addition, the different
biological properties such as protein adsorption, in vitro bioactivity, cell adhesion and

proliferation are determined and compared.

In Chapter 5, surface texturing with different overlapping percentage is carried out on Ti-
6Al-4V using Nd:YAG laser. Afterwards, BCP film is deposited by RF magnetron
sputtering.  Surface morphology, phase composition, surface roughness, wettability of
different modified surfaces are performed. Fetal bovine Serum (FBS), simulated body fluid
(SBF) and MG63 osteoblast like cells are used to study protein adsorption, in vitro
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bioactivity, cell adhesion and proliferation, respectively. The effect of texturing with the
different overlapping factors on biological properties are investigated and compared with
BCP coated non-textured Ti-6Al-4V.

Chapter 6 summarizes the main findings of the present work and also gives directions for
future research in the field of bioceramic coating. The outcome of the present work in the

form of various journal papers and conferences is reported.
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Chapter 2

Literature Review

This chapter reviews the existing literature on various methods of surface coating of CaP bio-
ceramic material and their implications on adhesion strength and biological performance
(Protein adsorption and cellular behavior). Different factors governing the adhesion strength
and cellular behavior of the coating are reviewed in depth. At the end, the effect of surface

texturing on the protein adsorption and cell adhesion is discussed.

2.1 Biomaterials overview

Biomaterial is defined as the foreign material, either naturally derived or artificially
synthesized, which interacts with the biological systems for the replacement and repair of
damaged tissues and organs, leads to improvement in the quality of life (Hench and Polak,
2002). The advantages of using biomaterials include (i) a lower risk for transmission of
diseases, (ii) a reduced risk of infection, and (iii) the availability of many materials for a
variety of specialized applications (Ratner et al., 2004, 2006). These biomaterials are used as
implant in human body for various applications such as hip replacement, knee implant, dental
implant, cardio-vascular devices, maxillofacial reconstruction, needles, catheters, tooth
fillings, and bone plates etc. (Geetha et al., 2009; Ratner et al., 2006). Studies on biomaterials
commenced around five decades ago. The implants have been developed up to certain extent;
however, the research is still in the process of improvement on many aspects. Recent
developments include bioactive biomaterials with improved capability to facilitate new bony
tissue in-growth after implantation (Hench and Polak, 2002). Moreover, depending on the
functions and biological environment, hemo-compatibility and osseo-compatibility are
crucial in vivo. Hence, biomaterials design requires understanding of diverse disciplines that
include clinical medical sciences, materials science and engineering. The specific nature of
biomaterials includes polymers, metals, ceramics and composites of these materials; which
are all designed with specific functionality in mind. That means they are designed separately
based on the particular application. In order to obtain a good quality implant, the biomaterial
should require certain essential properties to perform, which is described in the following
section.
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2.1.1 Criteria of ideal bone implant

An ideal bone implant material should have osteoconductive, osteoinductive and
osteointegration ability (Bauer and Muschler, 2000). Furthermore, other key criteria for
implant performance include biocompatibility and mechanical compatibility. In addition, the
implant waste after degradation should not cause harmful effects to the body.
Osteoconduction is a process by which bone is directed to conform to a material’s surface,
while osteoinduction is the ability of an implant to induce osteogenesis. An inductive agent
will stimulate undifferentiated cells to form preosteoblasts. According to Branemark et al.,
osteointegration could be defined as the attachment and growth of bone cells and surrounding
tissues into the implant providing lasting, specific clinical functions without initiating
rejection mechanisms (Branemark et al., 2001). Biocompatibility is a property of the implant
does not cause any toxic, allergic or inflammatory reactions within the body (Geetha et al.,
2009; Ratner et al., 2004). If the implant material is toxic, the periprosthetic tissue dies
(Geetha et al., 2009; Nuss and von Rechenberg, 2008). If the material is inert or biotolerant,
i.e. biologically inactive and non-toxic, a fibrous tissue can form. Without true integration into
the implant, the ultimate result is rejection. However, if the material is biologically active and
non-toxic (bioactive), interfacial bone formation occurs, leading to osteointegration and
implantation.

The elements responsible for the building of bone are osteoblasts (bone-forming
cells), osteoclasts (cells which break down or resorb bone) and osteocytes (mature bone
cells). They regulate the process of homeostasis, i.e. the growth, development, repair and
remodelling of bone (Rho et al., 1998). The process of bone formation is alternatively termed
osteogenesis or ossification. Osteoblasts synthesize the organic components of bone, i.e.
collagen, glycoproteins and proteoglycan (Nuss and von Rechenberg, 2008). Also,
osteoblasts migrate from connective tissue to the membranes and deposit bony matrices
around themselves to form mature osteocytes (Hoppe et al., 2011). Early growth and
maturation of immature cells on an implant determine the long term service life of the
implant (Okauchi-Yabuuchi et al., 2008). The post-implantation bone healing process, at the
cellular level, involves various cells, a signal transduction pathway, hormones and growth
factors; all of which have been described in detail in literature (Anil et al., 2011; Béachle and
Kohal, 2004; Nag and Banerjee, 2012; Nuss and von Rechenberg, 2008; Okauchi-Yabuuchi
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et al., 2008; Vandrovcova et al., 2012). The attachment, proliferation, differentiation and
ultimately the long-term viability of these cells is mediated by extra cellular matrix (ECM)
molecules such as fibronectin and associated integrins. The ECM molecules are available
from the cell or from the cell culture media.

In addition to high mechanical strength, the Young’s modulus is a critical
mechanical property in an artificial device when designing materials for bone implant
applications. Other fundamental requirements for an ideal orthopaedic biomedical
implant include high wear resistance, good fatigue properties if used under cyclic
loading, no adverse tissue reactions, and high corrosion resistance. Figure 2.1 illustrates

the desirable criteria of an ideal bone implant.

Bio-
compatible

Low
elastic
modulus

Ideal
Bone
Implant

Mechanical corrosion

Strength resistance

Figure 2. 1: Criteria of an ideal bone implant

2.2 Historical development of biomaterials

Before the 20" century, naturally derived materials were used to help repair and augment the
body. For example, shaped wood was used as structural replacements for tissues lost during
trauma or disease, whilst in ancient Egypt, seashells were used as teeth replacements (Sahoo
et al., 2013). In the early 20™ century, synthetic polymers, metallic alloys and ceramics
started to be used. Rapid advancements in technology and increased efficacy led to a range of
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applications such as dental restoratives, artificial hip joints and contact lenses. Advancements
in molecular biology in the 1970s, genomics in the 1990s and proteomics in the 2000s
contributed significantly to the design and development of the current range of biomaterials.
Biomolecular enhancement of biomaterials refers to their bioactive components which utilize
well established molecular pathways to elicit a biological response.

The historical development of bone-related biomaterials, with focus on
load-bearing, total joint replacement (TJR) implants, is now briefly described. Arthroplasty,
the surgical replacement of joints (Mantripragada et al., 2013), initially made use of stainless
steel for load-bearing, total joint replacement implants. 316L stainless steel was used
primarily for temporary devices such as hip nails, fracture screws and plates. However, with
the rise in total TJR surgery, it became evident that the very high modulus of stainless steel
was unsuitable due to problems with stress-shielding and corrosion. Cobalt-chromium-
molybdenum (Co-Cr-Mo) alloys were then developed, but high modulus and
biocompatibility issues rendered this material unsuitable for load-bearing applications. Bone
cements were used to fix the implant into bone. In order to resolve issues regarding the
adverse effects of bone cement wear particles that may ultimately require revision surgery
(Wang et al., 2004), the concept of uncemented implants was birthed in the 1960s (Mohseni
et al., 2014; Yang et al., 2005). Uncemented implants rely on biological fixation using the
natural bone cells of the body. Backtrack to the mid-1970s, Ti-alloys started to gain
popularity due to their lower modulus, being closer to that of bone, combined with good
levels of specific strength, biocompatibility, superior osseointegrative ability and higher
corrosion resistance. Commercially pure titanium (CpTi;) was the first Ti product to be used
due to its naturally-occurring surface passivating oxide film which provides corrosion
resistance and reduces the risk of metal ion release (Geetha et al., 2009; Ratner et al., 2004;
Schmidt et al., 2002). CpTi, however, exhibits limited specific strength and hence limited its
use to e.g. dental implants, pacemaker cases and hip cup shells. The need to improve on
strength for load-bearing applications for TJR led to the development of an alloy originally
developed for aerospace applications, i.e. Ti-6Al-4V extra-low interstitial alloy made from Ti
with 6 wt% Al and 4 wt% V. It exhibits an elastic modulus of ~ 110 GPa which is half that of
316L stainless steel. Whilst it has been used successfully for TJR, it was found that V is

cytotoxic and causes adverse tissue reaction. However, further studies found that both V and
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Al ions released from the alloys into the body could cause long-term health problems, such as
osteomalacia (softening of the bones), Alzheimer’s disease (a type of dementia) and
peripheral neuropathy (peripheral nerve damage) (Lee, 2014). These circumstances led to
developments of new and improved orthopaedic implant materials (Nag and Banerjee, 2012).

2.3 Current materials used in implants

Four major classes of materials, i.e. polymeric, metallic, ceramic and composite, have been
used as biomaterials (Brown et al., 2010; Ratner et al., 2006). Even though each of the
materials has certain advantages for the particular application; however, they exhibit
particular drawback which is not suitable for that application. Table 2.1 shows the current
biomaterials used in the bioimplant; whereas, advantages and disadvantages of the most
commonly used biomaterials are given in Table 2.2. Ceramics such as calcium phosphate and
bioactive glass have been studied as bone graft scaffolds and showed excellent bioactivity,
osteoconductive and biocompatible features. However, low strength, brittleness, inelasticity,
low impact resistance and low toughness of these ceramics are a hindrance for use as bone
implants (Chen et al., 2011).

Table 2. 1: Overview of biomaterials used for biomedical implants (Nuss and von
Rechenberg, 2008; Ratner et al., 2006)

Implant

Material

Skeletal system

Joint replacements e.qg. hip,
knee

Bone cement

Bony defect repair

Bone plate for fracture fixation

Dental implant

Polyethylene, 316LV (stainless steel; SS), Titanium
(Ti), Ti-6%AI-4%V (Ti64 or Ti6Al4V) alloy
Poly(methyl) methacrylate (PMMA)
Hydroxyapatite (HA)

Cobalt-chromium (Co-Cr) alloy, 316LV (stainless
steel; SS)

Calcium phosphate, polyethylene, Ti, Ti-Al-V alloy,
SS

Cardiovascular system
Catheter

Blood vessel prosthesis
Heart valve

Silicone rubber, Teflon, polyurethane
Polyurethane, Dacron, Teflon
Carbon, reprocessed tissue, SS

Organs

Heart-Lung machine
Artificial kidney
(hemodialyser)

Silicone rubber

Hydrogel e.g. Cellulose, polyacrylonitrile

TH-2323_126103003
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Acrtificial Heart Polyurethane

Skin repair template Silicone-collagen composite
Senses

Corneal bandage Hydrogel, Collagen
Cochlear replacement Platinum electrodes

Contact lens Hydrogel, Silicone-acrylate

Table 2. 2: Advantages and disadvantages of materials used in biomedical applications
(Chenetal., 2011)

Material Advantage Disadvantage
* Biocompatible
* Light weight
Metals * Cytocompatibility
Titanium and alloys * High corrosion * No direct bonding to tissue
Tantalum resistance (Ti and Ta) * High elastic modulus
Magnesium * Biodegradable (Mg) » Low corrosion resistance
Stainless steel * Excellent mechanical (Mg)
Cobalt chromium strength suitable for
load bearing
* Ductile
C_eramlcs . B%ocompatlble « Brittle
Bioglass * Bioactive . .
: . » Weak in tension
Hydroxyapatite » Strong in X .
. - - * Low impact resistance
Aluminium Oxide compression
Polymers
Polyester * Biodegradable
PUL * Ductile * Low mechanical strength
PMMA * Easy to fabricate * Bioinert
PLLA * Light weight
PEG

Porous polymers such as polyurethane (PUR), poly (lactic co-glycolic acid) (PLGA),
polylactide (PLLA), and poly-DL-lactide (PDLLA) are also attractive candidates for
applications as implants because they provide a conducive environment for cell adhesion,
proliferation and differentiation. Studies of polyesters as biomaterials for bone regeneration
applications have increased due to their history of clinical success (Pantojas et al., 2009).
Biodegradable polymers are also favorable for scaffolds due to their flexibility to control the
degradation rate through copolymerization. However, their bioactivity and mechanical

strength are drawbacks for load bearing applications.
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As already discussed that metals and their alloys, such as titanium, stainless steel, and
chromium cobalt generally have high mechanical strength, which is suitable for load bearing
bone substitutes. Table 2.3 is a summary of the mechanical properties of bone and bone
implant materials. Moreover, metallic based biomaterials exhibit high tensile strength that is
not a feature of polymers or ceramics, thus favorable for load bearing applications. However,
the inertness of metal alloys towards human tissues after implantation is a major drawback,
as they lack direct chemical bonding between the material and host tissue. In the case of
titanium, the implant may loosen due to the significant difference between the elastic
modulus of titanium and natural bone that causes stress shielding (Kujala et al., 2003). The
elastic modulus of Ti alloy (Ti-6Al-4V) is in the range of 55-110 GPa which is significantly
higher than natural bone (Legeros and Craig, 1993). Another drawback of Ti-6Al-4V is the
release of Al and V ions from the alloys into the body, which could cause long-term health
problems. The inability of the metals to biodegrade leads to additional surgery. Hence, all
these circumstances led to developments of new Ti alloy or surface modification of Ti-6Al-
4V to achieve improved orthopaedic implant materials. In this study, the main focus is given

to surface modification of Ti-6Al-4V with bioactive coating.

Table 2. 3: Mechanical properties of bone and bone implants materials (Legeros and Craig,

1993).

Materid Elastic modulus Tensile strength (107)
GPa GPa

Cortical bone 20 150
Cancellous bone 3 5
Stainless steel 200 700
Co-Cr-Mo alloys 230 500
Titanium 110 500
Ti-6Al-4V 110 950
Hydroxyapatite ceramics 20 100°
Glass ceramics 30 200°
PMMA 3 80

% Bend strength values
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2.4 Need for surface modification

Over the last few decades consistent improvements and innovations have been carried out to
obtain huge and sustainable progress in the biomaterials development, which results in
advanced medical devices and implants (Bhatia et al., 2013; Holzapfel et al., 2013). The
expectation on future implants is long-term clinical performance with zero revision surgery.
Revision surgery is undesirable due to health, social and economical implications, and is
sometimes more complex than the primary surgery. The main reasons behind revision
surgery are poor osteointegration at the implant-bone interface, aseptic loosening and
infections. Aseptic loosening that may occur after long term implantation is mainly due to (i)
the biomechanical mismatch of the implant and surrounding tissues, and (ii) fibrous tissue
formation that leads to implant mobility. One way to overcome the biomechanical mismatch
is to lower the elastic modulus by designing novel materials or modifying the surface of the
biomaterials.

In recent years, considerable attention has been given to the surface modification of
biomaterials, because the surface of material plays a crucial role when an implant or any
other biomaterial comes in contact with biological environment. At these surfaces of material
not the bulk material, a cascade of processes/reactions occurs such as protein adsorption, cell
adhesion, proliferation and differentiation. The modified surface allows bone to grow and
locks the artificial implant for enhanced fixation because of various binding interactions
occurs due to surface chemistry and surface topography. The surface modification has been
achieved either changing the surface chemistry or by varying the surface topography using
texturing and coating process, respectively. Surface texturing of material enhance the surface
roughness which favors the cell attachment and proliferation because of higher surface area.
Surface coating of the biomaterial known as bioactive coating resolves the problem of poor
osteointegration from the coating material and achieves the superior mechanical properties

from the metal base.

2.5 Bioactive coating

Bioactive coating is a surface modification process that changes the composition, structure
and morphology of a surface with maintaining the mechanical properties and improving
the bioactivity of the biomaterials so that they could exhibit a higher apatite-inducing
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ability that leads to rapid osteointegration. Surface modification of an implant could produce
an active apatite layer, which can be used as a bonding interface that stimulates bone
apatite and collagen production (Chen et al., 2008). According to Kokubo, bone apatite and
collagen production took place on the apatite layer (Kokubo, 1991). It has been suggested
that altering the nanostructured surface morphology will influence the apatite-inducing
ability and improve osteoblast adhesion and differentiation (Li et al., 2007). Different types
of bioactive materials such as calcium phosphate, bioglass, TiO,, ZrO,, Al,O5 etc. are used as
coating material for orthopedic application. Among them calcium phosphate (CaP) is widely

used as the bioactive material on metallic base material.
2.5.1 Calcium phosphate

Calcium phosphate (CaP) also known as apatite refers to a group of calcium phosphate
minerals has been widely used to accelerate healing processes and widely used in
conjunction with metals as a bioactive coating material. CaP is able to promote the bio-
integration process due to its ability to adsorb water and proteins; thereby stimulating new
bone tissue growth around the implant. CaP ceramics for bone tissue applications include
tricalcium  phosphate  (TCP), octocalcium phosphate (OCP), hydroxyapatite
(Ca10(PO4)s(OH),, HA), and biphasic calcium phosphate (BCP) (Suzuki et al., 2007). With
variable amounts of Ca and P, CaP has varied structural and physical characteristics, as well
as biocompatibility (Evis and Webster, 2011; Nuss and von Rechenberg, 2008; Tampieri et
al., 2000). Deviations in the Ca/P ratio are extensively studied to understand the different
biological properties (Bailey et al., 2009). Ca/P deviations can arise with subtle modifications
to the method of preparation from their preparation chemistry (Nuss and von Rechenberg,
2008; Tampieri et al., 2000), to coating parameter (Xu and Khor, 2007), with annealing
procedures acting to modify its crystallinity (Nuss and von Rechenberg, 2008; Yonggang et
al., 2007). Calcium phosphates can exist in either an amorphous or crystalline state (Combes
and Rey, 2010).

Uncoated Ti alloy is usually insufficient for adequate bone cell attachment. Hence,
implant surfaces are normally surface modified with synthetic HA (Geetha et al., 2009;
Ratner et al., 2006). In order to influence healthy bone cell growth on the implant, a synthetic
HA coating should resemble the properties of biological HA and not that of diseased e.g.
osteoporotic bone (Kourkoumelis et al., 2012). Experiments involving HA require an
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appraisal of the Ca/P ratio because Ca and P atoms are the most stable atoms present in
calcium apatite and, most importantly, Ca/P ratio of a calcium phosphate compound is linked
to its properties (Bailey et al., 2009; Ciobanu et al., 2009; Ergun et al., 2007). Different Ca/P
ratios effectively determine the phase which affects the biomedical performance. In order to
illustrate the importance of Ca/P ratio, below is a table of the ratios of different calcium
phosphate compounds and their biocompatibility (Table 2.4) (Bohner, 2000). CaP has the
natural facility to bond directly to bone. Degradation rate is usually regarded as a critical
factor since it determines successful tissue integration. Studies have shown that HA exhibited
a relatively a lower degradation rate, while TCP showed a much faster rate.

Table 2. 4: The biological importance
(Bohner, 2000; Koch et al., 2007)

of main calcium phosphate (CaP) compounds

TH-2323_126103003

Name Formula Ca/P | Biological relevance
Monocalcium It is very soluble and acidic. Therefore,
phosphate it is not biocompatible on its own.
monohydrate Ca(H2PO4)o.H0 0-50" 1 Used in combination with other CaP in
(MCPM) commercial products.
Dicalcium
phosphate Biodegradable, osteoconductive, and
anhydrate CaHPO4 1.00 | biocompatible. May play a role in bone
(DCPA) or fracture healing.
Monetite
Dicalcium Osteoconductive, biocompatible and
phosphate biodegradable. May be precursor of
dihydrate CaHPO,4.2H,0 1.00 . '
HA in bone. Large amounts cause
(DCPD) or . )
- inflammation.
Brushite
Octacalcium Precursor of calcium phosphates in
ohosphate CagHa(PO4)s.5H;0 133 bones and teeth. Attempts to obtain
OCP have been unsuccessful, slow
(OCP) Y e
crystallization.
Calcium- Cayox (HPOy) « Complex chemistry. Poorly crystalline,
deficient (PO4)sx (OH)2-x 1.33- | of submicron dimensions. Unlike
hydroxyapatite 1.67 | natural HA, impurities are absent. Used
(CHDA) (0<x<2) in bone cements
o Cag 5(POx)a3(COs- Hydroxyapatite of natural bone.
Biological HPOy)17 . .

. 1.38— | Complex chemistry. Poorly crystalline
apatite 1.93 | with submicron dimensions, difficult to
(BA) (OH)o3BA=carbonat | ™ renroduce ’

ed CDHA (x=1.7) P
Tricalcium Caz(PO4):2 1.5 Obtained synthetically. Degradable in
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phosphate (rhombohedral) the body. Used as bone substitute/

(phase coating.

B, whitlockite)

(B-TCP)

Tricalcium Obtained by heating B-TCP above

phosphate Casz(PO4)2 11250C. It is different to B-TCP in
J 1.5

(phase o) (monoclinic) terms of crystallography, and more

(a-TCP) soluble. Used in bone cements.

Formed using high temperature. Highly
crystalline, most stable in aqueous

Hydroxyapatite solution, most biocompatible CaP

(HA) Cano(PO4)s(OH): L7 compound. Most popularly used CaP
for commercial products such as
Endobon (Merck, Germany).

Amorphous

calcium 1.2— | Very soluble in liquid. May be used as

phosphate GF(P0.)y.0ge0 2.2 main component in bone cements.

(ACP)

Synthetic stoichiometric HA has a Ca/P ratio of 1.67 is biocompatible,
osteoconductive, thermodynamically stable at physiological pH (7.4) and promotes healthy
bone healing; (Geetha et al., 2009; Hoppe et al., 2011), even in diseased bone (Nuss and von
Rechenberg, 2008). As can be seen (Table 2.4), naturally-occurring HA is poorly crystalline
with an absence or near-absence of the hydroxyl group with various substitutions and
vacancies (Combes and Rey, 2010; Rho et al., 1998). Mimicking the exact structure and
chemistry of biological HA would be ideal, but technology has yet to advance enough for
researchers to be able to do so, but work is being done to move towards that goal and the
work is based on the calcium phosphate compound, stoichiometric HA, that yields the
significant and consistent biological results. Post-deposition treatment (annealing) of a
calcium phosphate coating may cause deviations in the Ca/P ratio which may lead to the
formation of tricalcium phosphate (TCP) or other compounds (Koch et al., 2007). On the
other hand, annealing of HA produces crystalline form of HA which exhibits bio-integration
with no adverse fibrous tissue formation. Crystalline HA is a more desirable coating than
amorphous HA due to its ability to provide a better substrate for a different cell (Hu et al.,
2007). Amorphous HA tends to dissolve in human fluid more easily and leads to loosening.
In addition, nanocrystalline HA is more pertinent than microcrystalline HA because of its
structural similarity with apatite (Dumbleton and Manley, 2004).
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Furthermore, different CaP bioceramics are found to possess different
osteoconductivity, depending upon their rate of bio-resorption (Prosolov et al., 2017; Ratner
and Hoffman, 2013). HA has higher stability with lower absorption rate, whereas, -TCP has
higher bioactivity due to its bio-integration and rapid dissolution among different CaP
ceramics (Heimann, 2013; Ogose et al., 2005). Biphasic calcium phosphate (BCP) is a
mixture of B-TCP and HA; hence, the combined properties allow one to tailor the rate of
dissolution to some extent. A general pattern of bio-resorption of different CaP ceramics is as
follows: HA < BCP < B-TCP (Ebrahimi et al., 2017). Hence, TCP and BCP can be
successfully applied when fast bone remodeling is desired (Jin et al., 2010; Luki¢ et al.,
2011). Furthermore, BCP exhibits higher hydrophobicity than HA, but lower than B-TCP
(Wang et al., 2012). Thus protein adsorption is more by BCP due to hydrophobic
interactions, resulting in better osteoinductivity than HA (Wang et al., 2012). Because of
excellent biocompatibility, BCP is used extensively in delivery of hormones, repair of nasal
spectrum, bone and tooth implants as well as synthetic bone graft materials (Zhang et al.,
2011b; Zhu et al., 2008). Therefore, physical, structural and biocompatibility characteristics
of BCP coating in its amorphous and crystalline forms need to be researched.

2.5.2 Titanium dioxide (TiO,)

Titanium dioxide (TiOy) is another bioactive compound that has been applied as a coating
material and scaffold material for biomedical applications. For scaffold applications, TiO,
showed sufficient compressive strength suitable for load bearing applications. Studies have
found that TiO, coating enhances the wettability of Ti alloy as well as cell adhesion and
spreading, indicating biocompatibility in nature (Advincula et al., 2006; Balla et al., 2009;
Majeed et al., 2015). The presence of TiO, on the surface of metal implant was observed to
improve the formation of apatite layer after immersion in simulated body fluid (SBF) (Balla
et al., 2009; Zhao et al., 2006a). Further the deposition of TiO; thin film increased wear and
corrosion resistance in terms of decreasing the coefficient of friction and increasing the
hardness of surface (Balla et al., 2009; Khalili et al., 2013; Krishna et al., 2011). Several
deposition methods have been used to apply TiO; coatings, including anodization, sol gel
electrophoretic coating, magnetron sputtering, laser assisted deposition and slurry coating. In
a study conducted by Verket et al., they compared the protein release from normal human
osteoblast on three different materials for coating (i.e., TiO, silicon dioxide, and calcium
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phosphate). They reported that TiO, coatings secreted higher bone markers than silica and
calcium phosphate; thereby indicating that TiO, supports osteoblast growth and bone
remodelling (Verket et al., 2012). Due to high hardness and wear resistance, TiO, has been
used as coating layer on hip and knee implants. TiO, is either used as interlayers or
composite layers with the CaP and coated using different coating processes such as
electrophoretic deposition (Albayrak and Altintas, 2010; Araghi and Hadianfard, 2015b),
micro-arc oxidation (Hao et al., 2017; Liu et al., 2016), thermal spraying (Rocha et al., 2018),
sputtering (Boyd et al., 2008) etc. However, questions can be raised about the true efficacy of

TiO,-CaP composite coating on mechanical as well as biological performances.

2.6 Surface modification techniques

This section provides an overview on various surface modifications related to
biomedical implant materials. Since the early 1980s, research has been focused on CaP
coating for the modification of bone implant (Surmenev et al., 2014). Several techniques
have been used to modify the surface of the metal alloy by coating it with a thin layer of CaP.
All these methods are broadly divided into two categories: (1) physical deposition techniques
and (2) wet chemical techniques. Different physical deposition methods used for CaP coating
are plasma spraying (PS) (Dong et al., 2017; McPherson et al., 1995), ion-beam-assisted
deposition (IBAD) (Rabiei et al., 2006; Yoon et al., 2009), matrix-assisted-pulsed laser
evaporation (MAPLE) (Bigi et al., 2009), RF magnetron sputtering (dos Santos et al., 2012;
Surmeneva and Surmenev, 2015a), and pulsed laser deposition (PLD) (Duta et al., 2017,
Fernandez-Pradas et al., 2002). Another method laser cladding (LC) is also used to modify
the metallic surface with CaP coating in an effective way (Wang et al., 2008; Zheng et al.,
2008). On the other hand, different wet chemical techniques include micro-arc oxidation
(MAO) (Legostaeva et al., 2013; Terleeva et al., 2010), sol-gel (Nguyen et al., 2004; Zhang
et al., 2011a), electrospray deposition (Bosco et al., 2012), electrochemical deposition (Ge et
al., 2011; Qiu et al., 2011), electrophoretic deposition (EPD) (Boccaccini et al., 2010;
Farnoush et al., 2015) and dip coating (Choi et al., 2003; Li et al., 1996).

All these methods of CaP coating have some advantages and limitations. Each
method has at least one of following shortcomings: (1) poor long-term bonding of coating on
substrate, (2) non-uniformity of coatings and (3) thermal decomposition of coating material.
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Dip coating/sintering, for example, can degrade the mechanical properties of metal implants
and lead to low bond strength and impurity of HA (Li et al., 1996). Electrophoretic
deposition has the same problems as dip coating/sintering, also leads to non-uniform
thickness of HA, shrinkage and cracking due to the densification during sintering (Wang et
al., 2002). TiO, has been deposited using techniques such as plasma spraying (Zhao et al.,
2006a), electrophoretic deposition (Khalili et al., 2013), sol-gel coating (Advincula et al.,
2006), magnetron sputtering (Krishna et al., 2011). Among all these techniques, plasma
spraying is most commonly used for coating implant devices with HA due to its
reproducibility and economic efficiency (Boyd et al., 2006; Rosu et al., 2012). However, the
coating produced by this method presents poor coating/substrate adherence and is lack of
uniformity in terms of both morphology and crystallinity. Due to rapid cooling cracks are
generated in plasma spray coating (Lin et al., 1994). The high temperature attained during the
plasma deposition can result in thermal decomposition of HA, which can produce calcium
oxide that is extremely toxic for cells. In addition, other problems have been revealed after
long term implantation using plasma spray coatings, such as delamination, resorption,
biodegradation of the thick coating and mechanical instability (Kweh et al., 2002).

Moreover, the differences in thermal expansion between the metallic substrate and the
ceramic coating can lead to coating detachment after the application of a mechanical load
during or after implantation. The coating fragments detached from the implant are one of the
main causes of inflammation identified after performing the surgical procedures.
Consequently, osteolysis and aseptic loosening of implants due to coating
delamination/detachment and the presence of toxic compounds are reported as the major
causes of implant failure (Liang et al., 2004). The bond strength of HA coating was found to
be 64. 8 MPa by Han et al. (2007), which was significantly higher than plasma sprayed bond
strength for HA coating of 5.3 MPa. Thus, improving the adhesion strength of thermal spray
coatings is a major concern for bone or dental applications. Magnetron sputtering has been
regarded as an efficient method to produce coatings that are amorphous, with controlled
crystallography and other properties (Mayrhofer et al.,, 2002; Yang et al., 2005). For
example, an in vivo study on dogs demonstrated that magnetron sputtering calcium phosphate
on metal implants achieved equivalent or higher bond strengths, and percentage bone contact,

at the bone—implant interface, as compared with plasma-sprayed HA (Thian et al., 2007).
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A summary of the characteristics of the various coating techniques for calcium
phosphate is presented in Table 2.5. Each technique has its own benefits and drawbacks.
However, sputtering is the most promising method due to its ability to produce dense and
thin coatings, as well as provide good bond strength (Surmenev, 2012). In regard to coating
deposition, sputtering is known as a flexible process due to its ability in coating complex 3D
geometries and have concluded that it brings several advantages, such as relative low cost,
bio-adhesion and thin film coatings (0.5-3 um) (Brohede et al., 2009). Hence, magnetron
sputtering of bio-ceramic coating like CaP and TiO coating is reviewed in this study.

Table 2. 5: Advantages and limitations of different coating techniques for CaP coating

(Surmenev, 2012; Yang et al., 2005)

Thick-

Method Advantages Limitations
ness
Plasma 30-200 Low cost; high Decomposition due to high
spraying pum deposition rate; porous temperature; amorphous
surface; micro rough coating and cracks due to
surface rapid cooling; non-uniform
thickness
lon beam 0.03-4.0  Uniform coating Expensive; amorphous
assisted um thickness; high coating; high dissolution
deposition reproducibility; dense rate in body fluid

pore-free coating; high
bonding strength

Pulsed laser 0.05-5.0
deposition um

Crystalline and
amorphous coating;
dense and porous coating

Expensive; high substrate
temp. (350-750 °C) required
for crystalline coating

Dip coating 0.05-0.5  Inexpensive; fast coating Requires high sintering
mm process; able to coat temperature; thermal
complex specimen expansion mismatch
Sol-gel <1 Low processing temp.; Required controlled
um can coat complex atmosphere for processing;
surface; relatively cheap expensive raw materials
Electro 01-20 Rapid deposition rate; Cracks produced in the
phoretic m'm ' complex surface can be coating; high sintering
deposition coated; uniform coating temperature required

TH-2323_126103003
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Biomimetic <30 Low processing temp.; Time consuming; requires
coating um can coat complex replenishment and a
surface; can form constant pH of simulated
bonelike apatite body fluid
Sputtering 0.04-3.5 Dense and uniform Time consuming;
um coating; high bonding expensive; amorphous
strength coating

2.7 Radio frequency (RF) magnetron sputtering

Sputtering is a physical vapor deposition process which involves ejection of neutral atoms
from a target surface using energetic particle bombardment. The energetic particles used in
the sputtering process are argon ions, which can be easily accelerated towards the cathode by
means of an applied electric potential, hence bombarding the target and ejecting neutral
atoms from the target. These ejected atoms are then transferred and condensed onto the
substrate to form a coating. Plasma energy is usually used to generate the high-energy
particles. (Mattox, 2010; Surmenev, 2012; Yang et al., 2005). Sputtering has been used in
many applications such as the semiconductor, photovoltaic and automotive sectors. There are
several sputtering methods, such as magnetron sputtering, ion beam sputtering (IBS), and
reactive sputtering (Liu et al., 2004).

Magnetron sputtering is one option to overcome the problems such as delamination
and low bond strength that may arise with plasma spray methods. The deposition process can
be performed at low temperatures, thus reducing the inconvenience related to the thermal
decomposition or phase transformation. Magnetron sputtering enables lower pressures to be
used, because a magnetic field allows trapping of the secondary electrons near the target.
This induces more collisions with neutral gases and increases plasma ionization. Direct
current (DC) magnetron sputtering may be ineffective for insulating materials as resistance
may cause the build-up of charged particles on the materials surface. Pulse DC can
sometimes be an effective means to prevent this. The comparably low frequency of the pulse
can provide limitation to highly insulating materials such as glasses (Aufderheide, 2006). In
contrast, radio frequency (RF) magnetron sputtering is an improved ion-sputtering method
which can deposit low conductivity materials (Harsha, 2005) by preventing the build-up of

positive particles on non-conducting target surfaces by alternating between positive and
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negative electron flow. It enables the ionic momentum at negative current to outweigh the
electron flow at positive current, hence the greater mass of approaching ions in
comparison to electron build up results (Aufderheide, 2006). The schematic diagram of RF
magnetron sputtering is given in Figure 2.2 consisting of RF generator, magnetron, cooling
system, vacuum chamber, matching network. The factors influencing the different properties

such as structural, mechanical and biological behavior are described in the following section.

Vacuum gauge
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Substrate holder
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Op ca Plasma
emission
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’ system RF Generator K

Figure 2. 2: Schematic diagram of radio frequency magnetron sputtering experimental set
up.

2.8 Structural properties of CaP coating

Investigations using sputtering for different calcium phosphates have been done by many
researchers. Among the CaP deposited materials, HA (Boyd et al., 2015; Mukhametkaliyev
et al., 2017; Surmenev, 2012) and TCP (Boyd et al., 2011; Wolke et al., 2003) depositions
are most widely studied for biomedical applications. For the first time HA coating by RF
sputtering was carried out in early 1990s by Jansen et al. (1993), Wolke et al. (1994) and
Yamashita et al. (1994). HA coating using RF sputtering were explored by a number of
groups and has been found to be an appropriate coating method, producing uniform,

continuous thin coatings without any micro cracks, surface and bulk porosity (Badea et al.,
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2016; Pichugin et al., 2008; Surmeneva and Surmenev, 2015b). In addition, the initial
substrate surface roughness has not influenced by RF sputtering, which makes the coatings
beneficial in clinical trials (Hong et al., 2010; Pichugin et al., 2008; Surmenev et al., 2011).
The main CaP coating characteristics include the surface morphology, chemical composition
with Ca/P ratio, phase composition and structure. The quality and integrity of CaP coating
are directly influenced by deposition control parameters that include discharge power,
working pressure, gas flow rate, gas composition, target composition, sputtering time,
substrate temperature, target-substrate distance, substrate form, post-heat treatment or
negative substrate bias (Boyd et al., 2003; Jansen and Leon, 2009; Mattox, 2010; Surmenev
et al., 2011). Careful control of these variables can produce either HA coatings with high
crystallinity or reactive coatings containing other calcium phosphate phases. The surface
morphology plays a crucial role in the overall success of an implant. Either rough or flat

surface morphology is needed in any clinical case (Variola et al., 2011).

Figure 2. 3: The typical patterns of the surface morphology of RF magnetron sputter
deposited coatings: (a, b) RF power—290 W, deposition time 180 min, working
atmosphere—argon. The substrate holder was grounded (a), and DC-bias of—100 V was
applied (b) (Surmenev, 2012).

Figure 2.3 shows the surface morphology of CaP coating deposited by RF sputtering
at RF power of 290 W, deposition time 180 min, argon atmosphere. The typical pattern of the
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RF sputtering film shows uniform, continuous grains without any cracks, however, the size
of grains are different due to use of different bias voltage (Surmenev, 2012). Wan et al.
(2007) identified that discharge power directly influenced the coating thickness by increasing
this with the discharge power. A similar trend was shown for sputtering time. In regards of
substrate form, deposition rate was higher on a solid plate target than on a powder lump. The
thickness of deposited film onto a powder target was thinner. It has also been noted that
sputtered films possess higher adhesion to the substrate compared to the evaporation method
(Wan et al., 2007).

The chemical composition of the outermost coating surface is important because it
will be in direct contact with bone tissue and dissolves first at the initial stage of
implantation. The homogeneous distribution of Ca and P on the film surface is also crucial
because the segregation phenomena are usually responsible for the formation of the
undesired second phases (Socol et al., 2010). The Ca/P ratio is one of the main characteristics
of a biocompatible film and it can be seen that the CaP films with different Ca/P ratios,
including that close to Ca/P = 1.67, which is typical for stoichiometric HA are obtained using
RF magnetron sputtering (Berezhnaya et al., 2010; Socol et al., 2010; Surmenev et al., 2011).
This ratio also depends on the applied sputtering control parameters. An overview of the
Ca/P ratio of CaP coatings is presented in Table 2.6, which shows a variation in
stoichiometry in the CaP coatings found by different authors. Surmenev et al. (2011)
investigated the composition and properties of the calcium phosphate coating deposited by
RF sputtering under variable negative bias, deposition time and position of the substrate
relative to the target erosion zone. The Ca/P ratio was found in between 1.53 and 3.88 with
variation of negative substrate bias, deposition time and RF power. With increase in negative
substrate bias, the Ca/P ratio increases, whereas the Ca/P decreases with the increase in
sputtering time. Van Dijk et al. (1996) deposited CaP film and studied the effect of annealing
from 400-1200 °C temperature. Cracks were found in the film beyond the temperature of 400
°C and the Ca/P ratio decreased from 2.05 to 1.80 when annealing temperature increased
from 400-1200 °C. After annealing at a temperature of 600 °C or more the XRD showed
crystalline hydroxyapatite (HA) coatings. However, the second phase, present in the
coatings, changed from tetra-calcium phosphate to calcium oxide to B-tricalcium phosphate

with increasing annealing temperature. Boyd et al. (2011) also observed that for films
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annealed at 600 °C and 700 °C, the Ca:P ratio decreased, whilst at 500 °C, Ca:P ratio were
reported to increase, explained by volatile phosphorous evaporating from the surface at
lower annealing temperatures. This phenomenon was also observed for in situ annealing at
700 °C. Results showed that complete diffusion of a rutile Ti layer to the surface of the
coating occurred at temperatures of 700 °C. The difference in behavior between in situ and
post annealing has been attributed to the oxygen content in the annealing environment
facilitating the formation of TiO; and its subsequent diffusion through the coating
layers, to prevent phosphorous evaporation and yield a higher phosphorous content at
higher temperatures in air. Oxidation of the TiO, layer may occur at a lower rate in argon.
Berezhnaya et al. (2010) obtained lower Ca/P ratio of 1.1-1.2 and 1.2-2.3 after annealing of
CaP sputtering film at 900-1000 °C.

Table 2. 6: The Ca/P ratio of the coatings prepared at different conditions of RF magnetron

sputtering

Deposition conditions Type of coating Ca/P ratio Reference
As-deposited HA 1.93 (Jansen et al.,
1993)
As-deposited HA 1.50-2.0 (Wolke et al.,
1994)
As-deposited and Amorphous CaP 2.05 (Van Dijk et al.,
annealed at 1200 °C Crystalized HA, TCP  1.80 1996)
As-deposited CaP 2.09-2.29 (Boyd et al.,
2003)
As-deposited, Amorphous CaP 1.42 (Boyd et al.,
post annealed at 2.47-1.82 2008)
500, 600 and 700 °C
As-deposited in an inert HA 1.4 (Socol et al.,
atmosphere 2010)
As-deposited HA 1.73 £0.08 (Hong et al.,
2010)
As-deposited HA 1.6-2.6 (Jansen and
Leon, 2009)
As-deposited and annealed HA 1.1-1.2and (Berezhnaya et
at 900-1000 °C ~1.2-2.3 al., 2010)
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As-deposited in Ar CaP ~1.15 (Toque et al.,

atmosphere 2009)

In situ annealed at 500, 600, CaP 1.43,1.53,2.01 (Boydetal.,

700 °C, respectively 2011)

As-deposited before and HA 1.67-1.75and  (Surmenev etal.,

after 0.9% NaCl exposure 1.56-1.65 2010)

As-deposited in Ar B-type 1.8 (Simaetal.,

atmosphere carbonated HA 2010)

As-deposited CaP, HA 1.53-3.88 (Surmenev et al.,
2011)

Like Ca/P ratio, the phase composition and structure influence the coating behavior in
vitro and in vivo (Klein et al., 1994; Sun et al., 2001). These phase compositions and the
structures of the coating also depend on the sputtering control parameters. Despite the
utilization of a partially crystalline target RF magnetron sputtering usually produce
amorphous coatings or CaP compounds (Jansen and Leon, 2009; Sima et al., 2010; Surmenev
et al., 2010; Zhao et al., 2006b). It is well known fact that the amorphous phase in CaP
coatings easily dissolves and hence loses long-term stability in clinical use (Surmenev,
2012). Though it is critical to maintain the integrity of HA coatings, controlling the heat-
treatment temperatures and heating environment (air, water vapor) results in conversion of
amorphous coatings to HA ones of different degrees of crystallinity (Jansen and Leon, 2009;
Johnson et al., 2006; Yonggang et al., 2007). Annealing in situ at 297-527 °C (Pichugin et
al., 2008; Surmenev et al., 2010; Surmenev et al., 2011) or after deposition usually at the
temperature of 320-700 °C in an inert gas, water vapor, air or vacuum enhances the films
crystallinity (Nelea et al., 2007; Porter et al., 2004; Thian et al., 2006b; Toque et al., 2009;
UEDA et al., 2009; Van Dijk et al., 1996).

Yoshinari et al. (1997) heat treated deposited coatings with infrared radiation at 300,
400, 500, 600 and 700 °C. Degradation was observed in SBF such that amorphous coatings
heat treated at 300 °C degraded within 1 day whilst 600 °C were deemed optimal as steady
degradation was observed. At 700 °C coatings did not degrade. Observation of the
diffraction data showed absence of any amorphous phase from 500 °C suggesting that
complete crystallization by 700 °C stabilized the coating layer. Prosolov et al. (2017) found

crystalline state after annealing the different as deposited quasi-amorphous BCP films at 700
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°C. On the other hand, Boyd et al. (2011) observed hybrid HA-TiO, crystalline state after
annealing of HA film deposited on Ti alloy. One of the main factors that influence the nature
of a growing coating is the substrate temperature during deposition. Nelea et al. (2004) found
that a substrate temperature of 550 °C gave a crystalline calcium phosphate. Similarly,
Pichugin et al. (2008) observed high intensity crystalline HA film at a substrate temperature
of 500 °C. The as-deposited HA coatings of a sufficient crystallinity were also prepared by
increasing the RF power (Pichugin et al., 2008; Surmenev et al., 2010; Surmenev et al.,
2011) without in situ and post annealing. Narushima et al. (2005) deposited CaP films as
amorphous at 75 W deposition power; however, formed crystallographic orientation of HA
thin films at higher RF power of 100 and 150 W. This was attributed to an increase in

thermal energy upon condensing at the substrate causing crystallization of the coating.

2.9 Mechanical performance

The adhesion strength of the CaP-based coatings determines the overall success of an implant
which mainly depend on different parameters such as phase and chemical composition, and
crystallinity of the coating (Pichugin et al., 2008; Snyders et al., 2008). The investigation of
the coating bond strength or adhesion strength is typically performed according to pull-off
test (Gadow et al., 2010), tensile adhesion test (Singh et al., 2011; Yang et al., 2009) or shear
strength (Gomes et al., 2010). The ISO 13779-2:2008 standard requirement for tensile
adhesion strength of HA coatings in the surgical implant application is 15 MPa (Huang et al.,
2010; 1SO, 2008; Xue et al., 2007). Vilotijevi¢ et al. (2011) found 33.0 MPa adhesion
strength during plasma spraying of HA coating which thickness varied between 250-300 pm.
According to Lopez-Heredia et al. (2008), the loading stress on the hip joint during the gait is
around 35 MPa. Hence, it should be more than 35 MPa. Another technique to study thin
films adhesion strength is the scratch test (Johnson et al., 2006; Mohseni et al., 2014; Rabiei
et al., 2006; Surmeneva et al., 2015; Toque et al., 2010). The CaP coatings produced by
sputtering have been reported to possess significantly higher coating-metal interfacial
bonding strength compared to plasma spraying coatings (Jansen and Leon, 2009; Pichugin et
al., 2008). A comprehensive review by Mohseni et al. (2014) of HA on Ti-6Al-4V concluded
that magnetron sputtering produced the greatest interfacial adhesion from nine

deposition methods of plasma spraying, hot isostatic pressing, thermal spray coating, dip
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coating, pulsed laser deposition, electrophoretic deposition, sol gel, ion beam assisted
deposition and sputtering.

Pichugin et al. (2008) using the scratch-test observed that the as-sputtered coatings of
the thickness less than 1.6 um on Ti did not delaminate until the indenter reached the
substrate-coating interface. The typical failure mechanisms of RF magnetron sputter
deposited coatings of different thicknesses are presented in Figure 2.4. The mode of
damaging the CaP coating with the thickness greater than 1.6 um differed from that of the
thinner CaP coatings. The destruction of the coatings with the thickness less than 1.6 um
occurred only after its perforation (Figure 2.4 (a)), whereas thicker coatings collapsed by
exfoliation, splits and chips along the scratching direction (Figure 2.4 (b)). According to the
results of acoustic emission and friction coefficient tests all coatings with a thickness up to
2.7 pm had high adhesion strength to Ti and NiTi. The reason for high adhesion strength is a
thin oxide layer of TiO, that promotes a formation of a strong covalent bond between the

substrate and CaP coating with the energy above 0.5 eV (Pichugin et al., 2008).

Figure 2. 4: Scratch tests on a CaP coating (thickness (a) 1.6 um and (b) 2.7 um) on Ti.
Scratch were made at (a) 2 N and (b) 0.66 N, respectively (Pichugin et al., 2008).

The adhesion behavior is highly dependent upon deposition parameters, coating
thickness and adhesion test parameters. Toque et al. (2010) conducted scratch test from 0.4 N
to 1 N at progressively increasing load on HA coatings applied to 316L stainless steel using
RF sputtering. The failure modes were recorded to indicate cohesive and adhesive failures
with increasing load. As deposited coatings initially failed by trackside cracking, then
trackside delamination as the tensile stresses built up behind the indenter with eventual
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steady delamination as the crack width was constant. The annealed coating failed by
progressive delamination whilst the signs of fracture associated with brittle failure
diminished. Annealing plays an important role on adhesion strength of HA coating on Ti
alloy. Rabiei et al. (2006) observed enhancement in adhesive and cohesive strength during
ion beam assisted deposition of functionally graded crystalline HA coating with in situ heat
treatment. The continuous atomic bombardment during deposition has the effect of
improving the atomic mobility, increasing film density, and improving film homogeneity,
which lead to increased adhesive and cohesive strength. This strength was found to be higher
than the HA films prepared by sputtering and post-deposition annealing. A comparison of ion
beam sputtered Ca:P coatings was conducted by Ong et al. (1992) via pull off strength for
amorphous, and heat treated coatings. As deposited amorphous, quenched and furnace cooled
coatings had pull of strengths of 38.0 + 8.2 MPa, 17.0 £ 6.5 MPa and 9.0 £ 9.0 MPa
respectively, with failure either occurring at the coating interface or cohesively. The sputter
coated HA films on metals were found to be of low crystallinity. The low crystallinity
increases the rate of dissolution of the coating in the living body. Post-treatment thermal
process can be used to crystallize the film, hence reducing the possibility of dissolution.
However, conventional thermal treatment in the electric furnace increases the likely
formation of cracks and may degrade the HA films (Mohseni et al., 2014; Ozeki et al., 2001).
With conducting the scratch test on HA and HA-1.2% Si coating, Surmeneva et al. (2015)
found different deformation behaviors of the films. In case of pure HA coatings, failure
occurred due to a low cohesion of the coating, whereas the crystalline Si-HA coating
containing 1.2 at.% Si deformed plastically without detaching from the titanium substrate.
Many authors reported that adhesion strength could still be enhanced during various
coating techniques using different interlayers such as HA/Ti bond coat (Rakngarm and
Mutoh, 2009; Roy et al., 2011a), TiO,/Ti/TiN (Berezhnaya et al., 2010; Boyd et al., 2011;
Mohseni et al., 2015; Quirama et al., 2017), ZrO, (Nelea et al., 2000), HA/SiO, (Morks,
2008), Al,O3 (Nelea et al., 2000), as well as Al,O3/TiO, (Singh et al., 2011). These
interlayers can reduce the mismatch of thermal expansion coefficients between HA and
substrates or increase the surface area of the material, wettability and heat conductivity, thus
increasing the coatings bonding strength without affecting biocompatibility. Sima et al.

(2010) reported that bond strength of the carbonated HA structures successfully increased by
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~24% when an intermediate CHATI;— (x=0-1) composite buffer layer was introduced. In
the case of annealed (550 °C/1 h) graded RF magnetron sputter deposited coatings, the
failure occurred within the glue layer at 84.80+0.78 MPa without damaging the film
integrity. Since this value represents the bonding limit of the epoxy adhesive as confirmed by
the manufacturer, the true coating-substrate adhesion strength could be even higher. A study
by Ding et al. (1999) investigated on a series of thin ( < 10 um), single layered HA/Ti
coatings deposited on Ti—6Al-4V substrate using an RF magnetron-assisted sputtering
system. For the experiments, six HA/Ti targets with different compositions (95HA/5TI,
90HA/10Ti, 85HA/15Ti, 75HA/25Ti, 50HA/50Ti, and 25HA/75Ti) were prepared.
Generally, it was found that the coating with higher Ti contents resulted higher adhesion
strengths. The highest adhesion strength (of the 25HA/75Ti coating), evaluated was even
higher than 80 MPa, which exceeded the maximum value achievable using the bonding resin
in the pull-out test. Mohseni et al. (2015) found 44.57% improvement in adhesion strength
between HA coating and Ti-6Al-4V substrate during sputtering by applying a Ti/TiN thin
film as an interfacial layer. The adhesion strength of calcium phosphate (CaPO,4) was
enhanced by 62% due to inclusion of TiN/TiO; intermediate layers, as reported by (Quirama
et al. (2017)). This was attributed to improvement in chemical and physical bonding between
the Ti-6Al-4V substrate and HA.

It was discussed that different oxide phases can be formed on Ti or Ti-6Al-4V prior
to the CaP film growth by pulse laser deposition in water vapor atmosphere (Dinda et al.,
2009; Saju et al., 2009), which can degrade the coating adhesion strength. Berezhnaya et al.
(2010) also reported that 0.2 pum thick TiO, interlayer in the HA/Ti system inhibited Ti
oxidation, and the reaction intermediates formed during high temperature heat treatment
(900-1000 °C) enhance the adhesion between the Ti and HA. However, reported about
enhancement of adhesion between HA and Ti-6Al-4V after sputtering and subsequent
annealing at 700 °C and 800 °C by forming HA/TiO, hybrid coatings. This HA/TiO, hybrid
coating was formed due to the thermal diffusion occurs between HA and oxide of substrate
formed during annealing in air (Boyd et al., 2011; Boyd et al., 2008). Since, the presence of
TiO, and annealing of CaP sputtering gives disparity in the adhesion behavior; therefore,
further investigations on the improvement in bond strength between implant surface and

coatings are needed.
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2.10 Biological performance

Along with mechanical properties, the biological behavior of new porous biomaterials is
another fundamental criterion to be considered for a material to become successful candidate
for implants. The commonly used biocompatibility test on biomaterials is the in-vitro cell
culture experiment using osteoblasts. In vitro investigations play a crucial role in the
biological assessment of new biomaterials and allow the estimation of several aspects of both
cell interactions with artificial materials and the behavior of implants in a biological
environment. Consequently, in vitro studies partly mimic some aspects of the cell function
and signaling activated after the implantation of a foreign material in vivo. After implantation
into the human body, the implant surface will immediately contact the physiological fluid,
which contains numerous ions and proteins that guide the adhesion of particular cell types to
the surface. Figure 2.5 shows the schematic diagram of different processes occurs at the
interface of biomaterials after implantation into a living system.

A number of biological assessments have been carried out by the researchers to test
the CaP-coated metallic material. Every dedicated biomaterial should be biocompatible and
show good bioactivity in order to achieve a long lasting performance as an implant. Hence, in
this study, the focus is given consideration to different aspects of in vitro bioactivity, cellular

behavior and protein adsorption of the CaP based metallic material.

2.10.1 Bioactivity of CaP coatings in biological fluids

In vitro bioactivity properties of any material or modified surface can be achieved by
evaluating the growth of apatite in simulated body fluid (SBF), which has ion concentrations
similar to human blood plasma for certain days (Arce et al., 2016). Bioactivity regulates the
formation of calcium phosphate apatite layer on a bio-implant surface, which indicates the
interaction between implant with surrounding bone and soft tissues (Surmenev et al., 2014).
Immersion into SBF or any other type of body fluid is widely considered as the first
indication of the bioactivity of a biomaterial in contact with bone (Surmenev, 2012;
Surmeneva et al., 2013). A significant number of bioactivity studies of CaP-based coatings
have been performed in vitro in SBF (Mello et al., 2007; Surmeneva et al., 2013; van der Wal
et al., 2006), Hanks’ solution (Tlotleng et al., 2014), and phosphate-buffered saline (UEDA
et al., 2009). Mello et al. (2007) carried out the SBF test by immersing the calcium phosphate
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film in the fluid for 10 days. A well-crystallized mineral phase composed of plate-like crystal
was formed. Similarly, Surmeneva et al. (2013) also observed plate-like structure of apatite
layer after immersing the Si-HA sputtered specimen in SBF for 14 days and the increase in
apatite layer was found after 28 days immersion in SBF. When the modified surface is
exposed to SBF, first the calcium ion deposits followed by formation of a phosphate layer on

the surface; like this the growth of bone-like apatite is initiated (YYang et al., 2009).

Sf CaP AT A
Low pH

, Dissolution 149 g U o
g ca®* XYV ]
PO, R MY

Reprecipitation
and
incorporation
of proteins

@
— P
Chemotaxia
7
Implant Interface Bone

Figure 2. 5: Schematic representation of osteoconduction induced by CaP coating. A
decrease in the local pH leads to the partial dissolution of the coating and subsequent
release of calcium and phosphate ions. The ions reprecipitate and incorporate into apatite
crystals with the collagen matrix. The increased concentrations of calcium and phosphate
ions stimulate chemotaxis (Cunningham et al., 2009).

Bioactivity also named as bio-mineralization is initiated by the electrostatic
interaction of the surface functional groups with the calcium and phosphate ions in the body
fluids, and is strongly controlled by the properties of the CaP coatings themselves (Lee et al.,
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2006a; Surmeneva et al., 2011). The dissolution of CaPs upon soaking in SBF is a process
that depends mainly on the following properties of the fluid: the phase content, crystallinity,
and the morphology (d'Haese et al., 2010; Surmenev et al., 2014). The CaP coatings are
degradable with the following order of relative solubility: CaO >> a-tricalcium phosphate
(TCP) > B-TCP > amorphous calcium phosphate (ACP) > tetracalcium phosphate (TTCP) >
oxyhydroxyapatite/oxyapatite (OHAp/OAp) > HA (Surmenev et al., 2014; Wang and
Zreigat, 2010). Thian et al. (2006a) found the enhancement of the kinetics of apatite
nucleation on the coated surface in SBF after annealing of magnetron sputtered silicon doped
HA film. It was suggested that a nanocrystalline structure can offer a higher number of
nucleation sites for the formation of apatite crystals because of the high surface energy of the
grain boundary, leading to a more rapid precipitation of apatite crystals. Hahn et al. (2011)
also obtained same result when studied the bioactivity of the as-deposited hydrothermally
treated HA coatings in SBF. The enhanced bioactivity of hydrothermally treated samples
compared with those of furnace-heated samples was explained by their smaller crystallite
size. The surface morphology of apatite layer on Ti and HA coated Ti after immersion in
SBF for 7 and 14 days are shown in Figure 2.6, where globular structure of apatite can be
seen.

Surface composition mainly affects the bioactivity when exposed to SBF.
Composition like HA, TCP, TiO, when immersed in SBF generates OH bond (Balla et al.,
2009; Paital and Dahotre, 2009). With presence of these negatively charged OH" ions on the
surface, Ca>* ions from the SBF are moved towards the sputtered surface and subsequently
the negatively charged PO, ions which lead to form apatite nuclei on the surface. Surface
roughness also plays an important role in apatite formation. Arce et al. (2016) observed
higher apatite formation on calcium titanate and HA film deposited by RF sputtering due to
higher surface roughness. It was explained that because a higher roughness surface implies a
greater amount of cavities where Ca®* and PO, ions penetrates and hence, more nucleation
of precipitation occurs. The effect of different factors on the bioactivity has been studied;
however, simultaneous acting of more than one factor makes complexity and hence leaves

the scope to explore the understanding of process-structure-property relationship.
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Figure 2. 6: Surface morphology of apatite layer formed on (a, ¢) Ti and (b, d)HA coating
after immersion in SBF for 7 and 14 days (Huang et al., 2018).

2.10.2 Cell-CaP surface interactions

The cellular behavior on the surface of biomaterial shows the biocompatibility of that
material, which can be performed by in vitro cell culture experiment using osteoblasts (Hasan
et al., 2018b; Surmenev et al., 2014). The behavior of osteoblast cells was determined by
investigating the number of adhering and proliferating cells. It has been revealed from the in
vitro cell culture of different cell lines that the CaP coating enhanced the cellular adhesion,
proliferation and differentiation, in order to promote bone regeneration when compared to
uncoated substrates (dos Santos et al., 2012; Mello et al., 2007; Socol et al., 2010; Surmeneyv,
2012). The cells like MC3T3-E1, MG63 and human bone-derived seeded on the surface of a
CaP coated material synthesize a number of osteoblastic phenotypic proteins and promote the
secretion of extracellular matrix (ECM) (Bachle and Kohal, 2004; Richard et al., 2006).
Every dedicated biomaterial should be biocompatible and show good bioactivity in order to

achieve a long lasting performance as an implant.
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The cellular response (attachment, spreading and differentiation) of various materials
such as Ti, magnesium alloys, stainless steel 316L, ceramics and polymers are significantly
improved with CaP coating, describing the cytocompatibility of those materials (Hong et al.,
2010; Ueda et al., 2007; Xue et al., 2007). Mello et al. (2007) investigated in vitro
experiments using murine osteoblasts on HA coated pure Ti and oriented silicon prepared by
RF magnetron sputtering. They showed that cells rapidly adhere, spread and proliferate and
the highest proliferation of human osteoblasts was achieved on HA coated Ti substrates. It
has been seen that the morphology of cells changed with the proliferated time and specific
morphological patterns obtained in the different surfaces and interfaces. Roy et al. (2011b)
fabricated HA coating on Ti using plasma spraying technique and studied the cytotoxicity by
culturing human fetal osteoblast cells (hFOB) on coated surfaces. In vitro studies indicated
that the HA coatings promoted hFOB cell attachment and proliferation. Socol et al. (2010)
synthesized HA thin films on PMMA substrates using pulsed laser deposition and magnetron
sputtering. Cell viability, proliferation and adhesion tests in osteosarcoma SaOs2 cell cultures
were performed to validate the bioactive behavior of the structures. Cells grown on these
coatings exhibit behavior similar to those grown on the standard borosilicate glass control:
increased viability, good proliferation, and optimal cell adhesion. Sima et al. (2010) used RF
sputtering to prepare highly adherent carbonated hydroxyapatite (CHA) thin films and
investigated cell adhesion and differentiation using human mesenchymal stem cells
(hMSCs). The results showed that bone cells were grown over the surface of CHA coatings
for periods between a few hours and 21 days. The results demonstrated the capacity of CHA

coating to support hMSCs adhesion and osteogenic differentiation ability.

2.10.2.1 Effect of surface topography

It has been reported that the different surface factors, such as chemistry, roughness energy,
and crystallinity influence the cellular response to a biomaterial (Berube et al., 2005; Cairns
et al., 2010; Surmenev et al., 2014; UEDA et al., 2009). Among these the surface roughness
and topography play a major role in the osteointegration of implants. Cairns et al. (2010)
deposited CaP thin films onto Ti substrates with varying topography in nanometer range such
that this is reflected in the CaP surface features. A fibronectin (FN) ad-layer was then
deposited from solution onto each surface and the response of MG63 osteoblast-like cells

38|Page
TH-2323_126103003



Literature Review

investigated. The results revealed that in all cases, the presence of the adsorbed FN layer on
the CaP thin films improved MG63 cell adhesion, proliferation and promoted early onset
differentiation. Moreover, the nature and scale of the response were shown to be influenced
by the underlying CaP surface topography. Specifically, MG63 cell on FN-coated CaP thin
films with regular topographical features in the nanometer range showed statistically
significant differences in focal adhesion assembly, osteocalcin expression and alkaline
phosphase activity compared to CaP thin films that lacked these topographical features.
Moura et al. (2010) evaluated the effect of a bioactive ceramic coating, in the nano thickness
range, onto a moderately rough surface on the osteogenic behavior of human bone cells. The
cells were cultured over Ti-6Al-4V disks of different surfaces: as-machined (M), alumina-
blasted/acid etched (AB/AE), and alumina-blasted/acid-etched 300-500 nm thickness
amorphous Ca- and P-based coating obtained by ion beam-assisted deposition (Nano). The
results revealed that at 1 day, AB/AE and Nano showed higher adhesion than the M surface
(p < 0.001). Higher adhesion was observed for the M than the Nano surface at 7 days (p <
0.005). The percentage of cells at day 1 was significantly higher for the Nano compared to M
surface (p < 0.03).

Like nano-surface topography, the microtopography also affects the cellular behavior.
Matsuzaka et al. (2003) investigated the attachment and growth of osteoblast-like cells on
Smooth and microgrooved (groove depth 0.5-1.5 um, groove- and ridge width 1-10 um)
polystyrene substrates. It was shown that on the smooth and wider grooved substrates, focal
adhesions were spread throughout the surface. However, on narrow grooves focal adhesions
were always positioned on the edges of surface ridges only. Apparently, most extracellular
matrix (ECM) was produced by the cells that directly adhered to the substrate. The
microtopography creates an environment, i.e. the so-called niches that are favorable for cells
and cell-ECM interactions and increases the production of growth factors (Lu and Leng,
2009; Matsuzaka et al., 2003). In addition, the microtopography provides increased
differentiation of osteogenic cells, which results in a high activity of alkaline phosphate
(ALP) and osteocalcin synthesis (Novaes Jr et al., 2010). Gittens et al. (2011) reported that
the osteoblast proliferation was regulated by nano-structure; however, the presence of
microstructure was mainly responsible for osteoblast differentiation. On the other hand,

Schwartz et al. (2009) reported that cell differentiation was promoted by micro-structure,
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whereas cell proliferation was reduced. Thereby, micro-/nano-hierarchical structure was
developed in order to accelerate both cell proliferation and differentiation (Zhao et al., 2010).

The surface roughness has not always been shown to be beneficial for the
proliferation of osteoblastic cells; in fact, there are reports that have described a negative
cellular response. It was shown that the proliferation of MG63 cells cultured on Ti, blasted Ti
and Ti plasma-coated with Ti hydride powder decreased with increasing surface roughness,
whereas differentiation increased (Schwartz et al.,, 2001). Garcia-Gareta et al. (2013)
compared mesenchymal stem cells (MSCs) proliferation and osteogenic differentiation
between calcium-phosphate (CaP) coatings on polished and sand blasted Ti-6Al-4V discs
prepared by biomimetic and electrochemical deposition. The results showed that MSCs
proliferated more when cultured on the nano-sized BioM coatings compared to uncoated and
electrochemically coated discs. Further, MSCs proliferated more on polished surfaces than
on sandblasted coatings. Both the coatings induced osteogenic differentiation, which was
greater on electrochemical coatings and SB discs. Influences of surface roughness in the
nanoscale range and chemical composition on osteoblast-like cell behavior was studied by
Lee et al. (2009). It was revealed that cell adhesion, spreading, proliferation and
differentiation appear to be partly dependent on surface roughness. These cellular responses
were more active on a smoother surface than on a rough surface, but were more pronounced
on a moderate surface. These contradictory results suggest that the cell responses may be
mediated not only by the surface roughness but also by other surface properties, i.e. chemical

composition.

2.10.2.2 Effect of surface chemistry

Chemical composition also plays a vital role on cellular behavior. Different compositions
have been added with the CaP coating either as dopant or composite coating. Many
researchers incorporated ions like strontium, silicon, fluoride, zinc, cobalt or silver into CaP
lattice and studied the different cellular behaviors (Surmenev et al., 2014; Surmeneva et al.,
2015; Surmeneva et al., 2017; Tirk et al., 2019). On the other hand, many researchers used
CaTi0g, ZrO,, Ti, graphene oxide, Al, Ta,0s, TiO; etc. with the HA as the composite coating
using different processes to study different behaviors (Arce et al., 2016; Boyd et al., 2008;
Karimi et al., 2016; Kumari and Majumdar, 2017; Sun and Huang, 2018; Surmeneva et al.,
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2016; Yilmaz et al., 2019). However, in this study the focus is given to TiO,-CaP composite
coating as TIO, provides the chemical as well as mechanical stability with corrosion
resistance to CaP coating as already described in the above section. In addition, TiO, can be
the potential material for bone implant, as it exhibits the biocompatibility properties, as
reported by Majeed et al. (2015). MC3T3-E1 osteoblast cells were used to investigate the cell
density and cell spreading on TiO, film fabricated by RF sputtering. It was found that, the
surface having higher roughness and higher wettability exhibited maximum cell density and
spreading. Since TiO, exhibits better mechanical as well as biocompatibility behavior, some
researchers used it with CaP as composite coating. Dimitrievska et al. (2011) investigated the
in vitro osteoinductive potential of plasma-sprayed 10% HA-TiO, coating using
mesenchymal stem cells (MSCs) culture. The TiO,—HA nanocomposite coatings
demonstrated three times higher hydrophilicity than HA coatings. It demonstrated increased
proliferation and osteoblastic differentiation on the nanostructured TiO,—HA coatings than
the current golden standard HA coating.

Kuwabara et al. (2012) studied the surface roughness and surface electric charge of a
HA-TiO, hybrid coating fabricated by dual sputtering deposition technique using
radiofrequency sputtering. Rat bone marrow-derived osteoblast-like cells were cultured on
HA/TIO, hybrid surfaces with different electric charges. The attachment and spreading
behavior of these cells were significantly increased on the hybrid surface and it was revealed
that the surface electric charge on a titanium surface is an important factor for enhancing
biological responses. Amaravathy et al. (2014) developed HA and HA/TIO, coatings on
magnesium alloys to increase the biocompatibility and reduce the corrosion rate. It was
observed that HA/TiO, coating exhibit higher hydrophilicity compared to HA coating. In
vitro studies showed that HA-TiO; coated alloy exhibited higher osteoinduction compared to
HA coated alloy. Cell culture studies proved higher cell attachment and proliferation on
composite coated alloy by controlling the release of magnesium ions into the surrounding

body tissue.

2.10.2.3 Effect of crystallinity

Besides the surface topography and surface chemistry, crystallinity of the CaP film also

affects the biological performance of the implant. Amorphous or less crystalline HA phases
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have been found to be more soluble in body fluids, and a high dissolution rate may have an
adverse effect on the long-term reliability of an implant (Roy et al., 2011b). In addition,
according to Hu et al. (2007), more cells are adsorbed and proliferate on a well crystallized
HA coating than on an amorphous HA coating with comparable particle size. Roy et al.
(2011b) reported the bioactivity of a highly crystalline (HA grains in the size range of 15-20
nm) nano-HA coating deposited on commercially pure Ti using an inductively coupled RF
plasma spray. This study revealed an improvement in cell attachment and spreading on HA-
coated Ti compared with uncoated Ti. Putkonen et al. (2009) found low adhesion strength of
MC3T3-E1 cells on as deposited HA coating compared with the cells on the annealed film at
500°C. The cytoskeleton structures of cells were assayed, and it was suggested that the
surface crystallinity may induce the appearance of focal adhesion points inside the filopodia
structures and influence cell migration and spreading (Figure 2.6). Round cells with no clear
organization of cytoskeleton can be seen on the as-deposited film; whereas, clear
lamellipodia and filopodia structures on the annealed, crystallized film. On contrary, dos
Santos et al. (2012) found that amorphous HA coatings (50 °C substrate temperature)
prepared by RF magnetron sputtering with a higher dissolution rate induced greater cell
spreading and less proliferation compared with carbonate-containing crystalline HA (500 °C
post annealing temperature) and a pure Ti surface. The cellular adhesion was studied through
the observation of the density of the actin fibre network, which is considered to be the result
of cell flattening and spreading. The well-developed actin fibres in SaOS-2 osteoblast cells
on the surface of both samples were examined. However, the cell spreading on the HA50°C
surface was higher than that obtained on HA500°C.

Some studies have shown that ionic products from the dissolution of the coating
stimulate osteoblast responses (Dos Santos et al., 2009; dos Santos et al., 2012; Gao et al.,
2014). A B-TCP coating exerts a positive effect on osteoblastic proliferation compared with a
Ti substrate. The Ca and P ions dissolved from the B-TCP ceramic might contribute to the
enhanced proliferation rate of osteoblasts cultured on this material (dos Santos et al., 2012).
Other studies have also reported that CaPs with poor crystallinity and high solubility can
induce very high osteoconduction i.e. more favorable for initial cell attachment and

proliferation (Gaasbeek et al., 2005; Wang et al., 2010). However, there are reports that low-
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crystallinity CaP coatings exhibit a negative cellular response i.e. reduced cell proliferation
and attachment (Hong et al., 2003; Lee et al., 2006b; Roguska et al., 2011).

Figure 2. 7: Cytoskeletal actin of MC 3T3 EL1 cells grown on (a) as-PLD-deposited and (b)
annealed HA films on silicon wafer. Cytoskeletal actin was stained by Alexa 488-labelled
phalloidin (green) with a monoclonal antibody followed by Alexa 546-labelled anti-mouse
antibody (red) (Putkonen et al., 2009).

From the above survey, it can be observed that the cellular behavior of CaP coating is
a complicated chemical and biological process. Besides the surface topography and
chemistry, crystallinity, surface charge, wettability and protein adsorption affect the
interaction between cells and interface. In addition, there is some disparity on the effect of
different factors on the cell adhesion and proliferation behavior which need to be find out

with the surface-property relationship.

2.11 Summary and Gaps in the Literature

Bone implant longevity with zero rate revision surgery is the ultimate goal for
researchers to continue pursuing efforts to improve biomaterials performances. This
literature review highlighted the various factors that contribute on the successful bone
implant performances.

Studies on the development of Ti-6Al-4V as bone implant materials gained a
substantial portion of research work amongst various types of metals due to their good
corrosion resistance and excellent strength. However, problems, such as adverse reactions
after implantations due to the release of toxic metal ions, implant-associated infections, and
biomechanical mismatch still persist. Development of CaP coated Ti-6Al-4V as bone implant
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materials have been growing since the last three decades due to their properties that enables
cell adhesion and spreading and also overcoming the aseptic loosening problem. Based on
the literature review, it is well understood that RF magnetron sputtering has been used as
preferable coating method for bioactive material due to formation of uniform, continuous,
well adhered thin film suitable for orthopedic applications.

Among the different CaP bioceramics, B-TCP has higher bioactivity due to its bio-
integration and rapid dissolution rate in the body fluid; whereas, it’s lower stability restricts
its use in orthopedic application. Hence, HA has been widely used as coating material for
orthopedic implant due to its higher stability with lower absorption rate, when contacted with
the body fluid. However, when fast bone remodeling is desired, BCP can be used as the
coating material for orthopedic implant due to the combined properties of HA and B-TCP
which regulate the rate of dissolution with the stability. Furthermore, BCP exhibits higher
hydrophobicity than HA. Thus, protein adsorption is more by BCP due to hydrophobic
interactions, resulting in better osteoinductivity than HA. Therefore, physical, mechanical
and biological characteristics of BCP coating on Ti-6Al-4V need to be researched.

The detachment of CaP coating is affected by many factors such as coating method,
processing parameters, coating thickness and coating structure. CaP particles might be
liberated from the coating due to the movement at the implant—bone interface, which can
ultimately lead to failure of the artificial implant. Therefore, adhesion strength of CaP
coating should be taken into account for prolong service life of the artificial implant. In order
to overcome these problems, biocompatible TiO, can be incorporated with the CaP as the
composite coating by various surface modification techniques as the composite possess
higher chemical stability compared to apatite. However, higher percentage of TiO, may
reduce the overall biological performance of implant. Hence, the different combination of
CaP-TiO, composite coating should be studied. In addition, RF magnetron sputtering has
been shown to produce thin and well adhered CaP films with the appropriate characteristics
for the cell surface interactions. However, the stability of as-deposited CaP coatings can limit
their application, in vivo, due to amorphous structure. Previous studies have shown that
highly crystalline CaP coatings are less likely to dissolve than amorphous layers. Annealing
has been used to convert the amorphous phase to crystalline structure. However, the

increasing time or temperature of annealing led to produce crack or decomposition of CaP
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layer into TCP and CaO. It is desirable that the annealing of these CaP surfaces is carefully
controlled so that the coating’s integrity and subsequent biofunctionality can be maintained.

The biological performances (protein adsorption and cell behavior) of CaP coated
metallic material are influenced by surface chemistry as well as surface topography. The
effect of surface topography on the biological performances are well studied but their effects
have still created disparity among the researchers, and hence leave scope to explore the
deepen understanding of the process-structure-property relationship. In addition, the
biological performances of the developed materials have been well investigated either
varying the surface chemistry or surface topography. The simultaneous effect of surface
chemistry as well as surface topography may obtain excellent biological performance of bone
implant materials, hence need to researched.

The objectives of the present study are already described in chapter 1. The plan of the

work carried out in this thesis is represented in Figure 2.8.
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Figure 2.8: Plan of work carried out in this thesis.
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Chapter 3

Mechano-Tribological Properties and In Vitro Bioactivity of
Biphasic Calcium Phosphate Deposition on Ti-6Al-4V

3.1 Theme of work

From the literature review it was found that many studies have been investigated on
magnetron sputtering of HA on Ti and its alloy; however, limited studies are available on
BCP coating on Ti-6Al-4V using sputtering. Since, BCP has the combined properties of HA
and B-TCP which regulate the rate of dissolution with the stability, it can be used as the
coating material for orthopedic implant when fast bone remodeling is desired. Furthermore,
BCP exhibits higher hydrophobicity than HA. Thus, protein adsorption is more by BCP due
to hydrophobic interactions, resulting in better osteoinductivity than HA. Hence, it is
essential to deposit the BCP films by magnetron sputtering and investigate the different
physical, mechanical and biological characteristics of BCP coating for better understanding
the process-structure-property inter-relationship that would provide guidelines for better
implant design.

This chapter describes the fabrication and characterization of BCP films on Ti-6Al-
4V along with the analysis of adhesion behavior and in vitro bioactivity of the films. Initially,
the HA powder was synthesized from the raw fish scale with the cutting and polishing of Ti-
6Al-4V substrate. BCP target was fabricated from the HA powder and used to coat the Ti-
6Al-4V. RF magnetron sputtering was used to deposit BCP films on the Ti-6Al-4V surface
for 4 h, 6 h and 8 h deposition time in order to obtain three different film thicknesses.
Subsequently, physicochemical, mechanical and biological properties of these films were
investigated using various characterization techniques. Structural and chemical analysis was
performed using field emission scanning electron microscopy (FESEM), energy dispersive
X-ray spectroscopy (EDS), x-ray diffraction (XRD) and RAMAN spectroscopy. The
thickness of the BCP films was measured using a stylus profilometer. The surface roughness
was evaluated using non-contact type profilometer. The surface wettability was examined
using a contact angle test through goniometer. The adhesion behavior of the coatings was

evaluated using a scratch test. To assess the in-vitro behavior of the films, an in vitro
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bioactivity analysis was conducted using the simulated body fluid (SBF) immersion test. The
primary objective of this chapter is to investigate the effect of film thickness on different

physio-chemical properties, adhesion behavior and in vitro bioactivity of BCP film.

3.2 Materials and methods

3.2.1 Materials

Ti alloy (Ti-6Al-4V) was used as the substrate for the current study. Table 3.1 represents the
mechanical properties of Ti-6Al-4V at room temperature whereas Table 3.2 shows the
elemental composition of Ti-6Al-4V, which was confirmed by energy dispersive
spectroscopy (EDS) analysis  (Figure 3.1). Tri-hydroxymethyl —aminomethane
[(CH,OH)3CNH,] powder was obtained from Merck, India. Hydrochloric acid (HCI), sodium
chloride (NaCl), sodium bicarbonate (NaHCO3), potassium chloride (KCI), dipotassium
hydrogen phosphate trihydrate (K;HPO4-3H,0), magnesium chloride hexahydrate
(MgCl,-6H,0), calcium chloride (CaCl,), disodium sulphate (Na,SO,4), and dimethyl
sulphoxide (DMSO) were procured from HiMedia, India. Double distilled water (Mili-Q, 18

mQ, Millipore systems) was used throughout the work.

Table 3. 1: Mechanical properties of Ti-6Al-4V at room temperature

Yield strength ~ Ultimate tensile Young’s . Hardness
(MPa) strength (MPa)  modulus (GPa) 0 €long (HV)
850 2o/ 113 11 298-302
Table 3. 2: Elemental composition of Ti-6Al-4V substrate
Element Al vV Ti
wit% 6.0 4.5 Balance

3.2.2 Substrate preparation

Ti-6Al-4V plates with 20x15x3 mm® dimension were cut by wire-electro discharge
machining (WEDM, M/S Fostex FDK 7735, Japan) process and used as the substrate for RF
magnetron sputtering. Ti-6Al-4V substrates were mechanically polished using SiC abrasive

papers from grade 220 to 2000 grit sequentially in order to obtain fine surface. The polished
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samples were further ultrasonically rinsed with acetone, deionized (DI) water and ethanol for
20 min each in order to remove oil as well as other residues from the surface of the substrate

and finally stored in a desiccator before used in RF magnetron sputtering.

Figure 3.8: Bare Ti-6Al-4V substrate (a) FESEM image and (b) corresponding elemental
analysis.

3.2.3 Synthesis of Hydroxyapatite (HA) powder

HA powder was used as the precursor to develop the target for sputtering process. HA
powder of nanoscale dimensions was synthesized from abundantly available raw fish scales
wastes using the method described previously with slight modifications (Chakraborty et al.,
2011; Kongsri et al., 2013). After calcinating at 800 °C, HA flakes were processed in high
energy ball mill (M/S Fritsch, pulverisette, Germany) for 10 h to get powder in the
nanometer range. The flowchart for the synthesis of HA powder from fish-scale is displayed
in Figure 3.2.

The synthesized nano-HA was characterized for particle morphology, elemental
composition, phase and particle size using field emission scanning electron microscopy
(FESEM, M/S Zeiss-Sigma, Germany), field emission transmission electron microscope
(FETEM, JEOL 2100F, Japan), energy dispersive spectroscopy (EDS) X-ray diffractometry
(XRD, M/S Rigaku TTRAX 3, Japan) and particle size analyzer (PSA, M/S Beckman
Coulter Delsa Nano, USA), respectively.
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Figure 3.9: The flowchart for the synthesis of HA powder from fish-scale and the images of
step-wise products.

3.2.4 Deposition of BCP films by RF magnetron sputtering

Coating of HA was carried out on Ti-6Al-4V substrate by RF magnetron sputtering (M/S
Advanced Process Technology, India) process. The photograph of RF magnetron sputtering
experimental set up is shown in Figure 3.3. A cylindrical target of 62 mm diameter and 4 mm
thickness was made by sintering the compressed HA powder at 1300 °C for 5 h. The
selection of sintering temperature and time was done to obtain BCP films consisting of j-
TCP and HA approximately in the same proportion. The depositions were carried at room
temperature. First, the coating chamber was pumped down to a base pressure of 3x10° mbar.
Then highly pure Argon gas (99.99%) was introduced into the chamber as sputtering gas
with a flow rate of 30 sccm (standard cubic centimeters per minute) during the entire
sputtering process. By maintaining the pressure of sputtering chamber at 3x102 mbar and
target to substrate distance approximately at 50 mm, the films were deposited at an RF power
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of 30 W. The target was pre-sputtered in the argon ambience for 15 min in order to remove
the impurities present on the target surface. Three sets of film thickness were considered in
the present study by varying the deposition times (4 h, 6 h and 8 h) and keeping all other
parameters constant. The sputtered substrates were taken out for further characterization.

Substrate rotator

Vent valve

_‘L Penning gauge head

Observation
window =5

Gatevalve

Substrate
Substrate

Figure 3.3: Photograph of RF magnetron sputtering experimental set up.

3.2.5 Characterization of films

3.2.5.1 Phase analysis

The thickness of sputtered films was evaluated by a stylus profilometer (M/S Vecco Dektak,
150). The phase composition and crystallite size of the sputtered films were analyzed by
XRD with Cu-Ka radiation of wavelength 1.54059 A°. The system was worked at 50 kV and
160 mA at room temperature. The XRD spectrums were acquired in a 20 range of 20-70°
using a scan speed of 3°%min and a step size of 0.03°. The database patterns of HA (JCPDS
no. 09-0432), B-TCP (JCPDS no. 09-0169) and Ti (JCPDS no. 441294) were used to identify
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the phases formed. A micro-Raman spectrometer (M/S Horiba Jobin Yvon - LabRAM,
Japan) was used to acquire Raman spectra of different coatings using a helium-neon laser
having a wavelength of 632.8 nm. A charged coupled device (CCD) detected the intensity of
Raman scattered light and processes the data by a computer. Laser power of 13.5 mW was
applied on the coated substrate. The surface morphology and elemental composition of BCP
based coatings were investigated by FESEM equipped with EDS operating in a high vacuum
with gold sputtered samples.

3.2.5.2 Surface roughness and wettability

The surface roughness of sputtered surfaces was evaluated using a non-contact type 3-D
surface profilometer (M/S Taylor Hobson, UK). The instrument was equipped with a 20X
lens having 4.7 mm focal length. 850 x 850 um?® area was initially scanned, and then a
particular line was drawn in any direction to measure the roughness of the sputtered surface.
Roughness parameter like center line average height (R,) was recorded. A total of five
random readings were taken for each sample, and the average one was considered as output
response.

The wettability of surface has a significant influence on bioactivity, protein
adsorption as well as cell adhesion, which generally depends upon the chemical phases and
roughness of surface (Bakhsheshi-Rad et al., 2016b; Paital and Dahotre, 2009). The
wettability of bare Ti-6Al-4V and BCP deposited substrates were evaluated by static sessile
drop technique with simulated body fluid (SBF) droplet using contact angle goniometer
(Model:HO-IAD-CAM-01B, Holmarc, India) at ambient temperature. SBF was prepared
using the protocol described previously by Oyane et al. (2003). Different reagent-grade
chemicals were dissolved in 700 ml distilled water in the following order: NaCl (8.026 g),
NaHCO; (0.352 g), KCI (0.225 g), K;HPO4.3H,0 (0.230 g), MgCl,.6H,0 (0.311 g), CaCl,
(0.293 g) and Na,SO4 (0.072 g). Then the solution was buffered to pH 7.4 at 37 °C with
trihydroxymethyl aminomethane (6.063 g) and hydrochloric acid (1 M, 40 ml). SBF droplets
of 2 ul volume were kept on the cleaned surface by a hypodermic syringe for a residence
time of 15 s, and the advancing angle was considered as a measure of wettability. The
average value of five contact angles taken at various positions was considered as the mean

contact angle for each surface.
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3.2.6 Mechano-tribological properties

Vickers hardness tester (M/S Buehler, USA) with a load of 100 gf (1 N) was used to
determine the micro-hardness of the coating surfaces. The adhesion behavior or surface
scratch resistance of sputtered substrates was investigated by using a micro scratch tester
(TR-101, M/S Ducom, India). A Rockwell C diamond indenter having a tip radius of ~200
um was equipped with this tester. In this study, a scratch test was performed in two ways by
applying two types of loads. First one was with linearly increasing load from 1.0 to 9.0 N to
determine the critical load (L) to evaluate the adhesion behavior of sputtering film with the
substrate using the coefficient of friction (COF) curve and microscopic observation. Other
parameters were as follows: scratch length of 8 mm, loading rate of 1 N/mm and scratch
speed of 0.2 mm/s. The second one was by applying different constant loads of 1, 4 and 7 N
to determine the scratch resistance of different thickness sputtered substrates by measuring
scratch width and depth. The other parameters for this were as follows: 3 mm scratch length
and 0.2 mm/s scratch speed. Three independent scratches were made on each different thick-
sputtered substrates, and the average one was taken as the response. Optical microscopy and
FESEM are used to analyze the scratches. The non-contact 3-D profilometer was utilized to

measure the width and depth of the scratch tracks.

3.2.7 In vitro bioactivity

In vitro bioactivity tests were carried out by immersing the BCP coated substrates in SBF
solution which has concentration and composition similar to human body fluid. To
investigate the bioactivity, triplicate samples of each BCP film and uncoated Ti-6Al-4V were
immersed in the SBF. Briefly, the samples were soaked separately in the 10 ml of SBF
solution in polypropylene (PP) bottles for 14 days. The containers were tightly closed and
incubated in a thermostatic chamber at 37 + 0.5 °C. In order to maintain a pH of 7.4, a fresh
solution of SBF was replaced in every 24 h. The samples following SBF immersion were
rinsed gently with ethanol as well as distilled water and then kept in a hot air oven at 80°C for
4 h to ensure complete removal of water. In order to evaluate the apatite formation on the
surface of BCP films after removing from SBF solution, different characterization such as
XRD, RAMAN, FESEM and EDS were carried out to evaluate the phases, surface
morphology and elemental composition at the surfaces of samples, respectively.
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3.3 Results and discussion

3.3.1 Characterizations of nano-HA powder

The particle morphology, elemental composition, phases and particle size of synthesized
nano-HA are shown in Figure 3.4. Agglomerated HA particles with the polygonal shape
having the size ranging from 100 nm to 600 nm were observed (Figure 3.4 (a)). The Ca/P
ratio of synthesized HA powder was found to be 1.65 which is approximately equal to the
stoichiometric Ca/P ratio of HA (Figure 3.4 (b)). The XRD pattern of synthesized HA is
matched with the standard XRD pattern of HA with JCPDS no. 09-0432 (Figure 3.4 (c)). The
average particle size of HA powder is found to be 357 nm (Figure 3.4 (d)). FETEM image
(Figure 3.4 (e)) of HA particles show the almost spherical shape and size less than 100 nm.
The typically selected area electron diffraction (SAED) pattern shows the concentric rings
indicating the polycrystalline nature of HA powder (inset, Figure 3.4 (e)). Figure 3.4 (f)
represents the HRTEM image of HA powder which shows easily distinguished orientation
plane correspond to HA. The inset of Figure 3.4 (f) consists the inverse fast Fourier
transform (IFFT) image having lattice spacing of 3.08 A which corresponds to (211) hkl

orientation plane of the respective sample.

3.3.2 Thickness of sputtered films

The thickness (T) of the sputtered film was found to be 400+20 nm, 700+40 nm and 1000+60
nm for deposition duration (t) of 4 h, 6 h and 8 h, respectively. The film thickness was
increased linearly with time of deposition (T = 118.9 t). A similar type of behavior was found
by Das et al. (2018) during RF magnetron sputtering of HA on Si. They found 1000 nm film
thickness in 3 h with 50 W RF power; however, in this study, 1000 nm thickness film was
obtained at 8 h with 30 W power, indicating less deposition rate at lower RF power.

3.3.3 Phase analysis of sputtered films

The compositional phases of the RF sputtered films are presented by XRD spectrum (Figure
3.5. Since the deposited films are grown from the vapor phase, they are amorphous in nature.
So to enhance the crystallinity of the films, the sputtered substrates were subjected to

annealing treatment at 700 °C for 2 h.
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Figure 3.4: Hydroxyapatite powder: (a) morphology, (b) elemental composition, (c) phase
composition (d) average particle size (¢) FETEM image (inset, SAED pattern), and (f)
HRTEM image (inset: IFFT image), showing orientation of plane.
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The phase analysis of the sputtered films revealed the peaks of HA as well as B-TCP.
Pure HA phase was found in the film without any secondary phase during RF sputtering
when the target was made by sintering of HA powder at 1100 °C for 1 h (Surmenev et al.,
2011; Surmeneva et al., 2017). However, in this study, the target was sintered at 1300 °C for
5 h. Hence, HA as well as B-TCP was obtained due to decomposition of HA at a higher
temperature. The same was expected as sputtering is known to deposit films of the same

stoichiometry as found in the target (Das et al., 2018).

Intensity (arb. units)

20 30 40 50 60 70
20 (Degree)

Figure 3.5: XRD spectra of sputtered samples at various film thickness: 400 nm, 700 nm and
1000 nm.
According to Pamu et al. (2008), the weight percentage (wt%) of individual phases

present on the surface of different coating films can be calculated according to Eq. 3.1.

1
:1+1.265( |yxco/ Vi

W .= ~1x100 (3.1)

Where, Wha, lg.1cp, and la denote the wt% of HA the intensity of strongest reflection
of B-TCP and HA, respectively. The calculated wt% of HA was found to be 43.41%, 43.53%
and 44.87% for the films thickness of 400 nm, 700 nm and 1000 nm, respectively. So, the
corresponding wt% of B-TCP was 56.59%, 56.47% and 55.13%. It was seen that the wt% of

HA is almost similar irrespective of the increase of film thickness. This might be due to an
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increase in the number of particles releasing from the target and then deposited on the
substrate. However, there was no variation in the weight ratio of HA and B-TCP with respect
to time. The apparent crystallite size of the films with different thickness was calculated
using Scherrer’s formula and was found to be 15+2 nm, 17+3 nm and 18+3 nm for films of
thickness 400nm, 700nm and 1000 nm, respectively. So with increasing film thickness, there
was an increase in the crystallite sizes. Probably with increasing deposition time large
numbers of sputtered atoms disembarked over the well-crystallized nuclei because the
already crystallized nuclei are thermodynamically most favorable sites for the incoming
atoms to settle down. This reason also reflected in the increasing intensity of the peaks with
increasing film thickness (Figure 3.5). The XRD results also clearly infer that with increasing
thickness of the films, there is a substantial reduction in intensity of the substrate peaks
which also indirectly hints at the increasing thickness of the coated layer. In such cases, the
incident X-rays encounter mostly the biphasic calcium phosphate (BCP) layers and less of
the substrate. The resultant reflected intensity thus produces more intense coating peaks. Das
et al. (2018) and Hamrit et al. (2016) observed similar variations with film thickness during
RF magnetron sputtering of HA and ZnO:Al thin film, respectively. Table 3.3 shows the wt%
of HA and B-TCP, as well as the crystallite size of the different sputtering film.
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Figure 3.6: RAMAN spectra of sputtered samples at various film thickness: 400 nm, 700 nm
and 1000 nm.
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Raman spectroscopy can provide us with valuable insights into the lattice disorder
and phase information due to molecular substitutions in the films. The Raman spectrum of
the sputtered films is compiled in Figure 3.6. The XRD analysis revealed that the sputtered
films are biphasic. Complementary results were also obtained from Raman spectra analysis
of the sputtered films. The vibrational spectra of both B-TCP and HA exhibit a strong
molecular character associated with the internal modes of the PO,*- tetrahedral. The
vibrational normal modes of the free tetrahedron are well known and give rise to four
different frequencies: vi, v2, vz and v4. The v; frequency corresponds to the symmetric
stretching of the PO bonds, whereas the vz frequency arises from the asymmetric P-O
stretching and also P motion. The v, frequency corresponds to the doubly degenerate O-P-O
bending mode, and the v4 frequency is due to the O-P-O bending character. According to
Koutsopoulos (2002), the Raman shift at 612 cm™ is primarily found for B-Cas(PO.), due to
O-P-O and O-P bending and stretching modes (v4) of the phosphate (PO4) group. Similarly,
the appearance of the band at 962 cm™ bears a strong signature of HA phase formation. In
pure HA this particular band appears with a very sharp intensity. However, in this case, it
was found the band is of very low intensity, and this indeed justifies the claim that the films
are biphasic. Prosolov et al. (2017) reported similar results from Raman spectra of biphasic
calcium phosphate films where the most intense peak at 962 cm™ was suppressed due to
presence of secondary phases like B-TCP. The PO, modes were noticed to have different
intensity at 450 and 610 cm™ for various films giving prominence for 1000 nm thick film. A
similar trend can also observe for the bands at 149 — 235 cm™ that can be assigned to Ca-PO,

lattice modes.

Table 3. 3: Wt% of HA and B-TCP, as well as crystallite size of the different sputtering film

Sputtering time  Film thickness Wit% of Wit% of Crystallite
(h) (nm) HA B-TCP size (nm)
4 40020 43.41% 56.59% 15+2
6 700+40 43.53% 56.47% 1743
8 100060 44.87% 55.13% 18+3
58P age
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3.3.4 Surface morphology and elemental analysis

The surface morphology and corresponding EDS spectrum for different thick films are
represented in Figure 3.7. All the coated samples exhibited dense, non-porous, regular grain
like morphology distributed uniformly throughout the surface. This shows the features of
uniform films deposited by RF magnetron sputtering. However, the average grain size,
measured by Image J software was found to increase with film thickness, as shown in Table
3.4. The BCP film with 400 nm thickness possessed well-distributed small and spherical
grains with an average diameter 489 nm (Figure 3.7 (a)). The 600 nm thick BCP film
surface exhibited well-refined and distributed bigger grains with mean diameter 121+45 nm.
This is in nucleation process of the crystallites with time as well as segregation of smaller
crystallites into bigger grains because of the kinetic energy imparted to the film during the
sputtering process (Figure 3.7 (b)). This observation is well supported by the analysis of the
XRD patterns also. The 1000 nm thick BCP film was well bonded, elongated with bigger
grains of 379+£75 nm due to coalescence of grains. Also, some islands of grains were seen
due to abrupt clustering of bigger grains (Figure 3.7 (c)). Uniformly distributed grains and
increase in the grain size with the film thickness was also found during calcium phosphate
sputtering on Mg alloy and Si wafer (Surmenev et al., 2011; Surmeneva and Surmenev,
2015b).

The EDS spectra characterizing the elements present in BCP films with different
thickness on Ti alloy is illustrated in Figure 3.7 (a, b, c). The atomic percentage of different
elements was found by scanning the full area taken at 5 KX magnifications. The presence of
Ca, P and O in all three films confirmed the proposed mechanism of sputtering. In this study,
the EDS spectrum was obtained by using electron beam energy of 20 keV; hence, a
significant amount of substrate material (Ti, Al and V) underneath the coating was detected
in the spectrum. It was observed that the percentage of Ca, P and O were increased with an
increase in film thickness; however, that of Ti, Al and V were decreased, as given in Table
3.4. Due to an increase in film thickness, the penetration of the electron beam entered into the
Ti-6Al-4V substrate decreased, and it detected more elements from the film. Surmenev et al.
(2017) also found an increase in % of Ca with an increase in HA film thickness during RF

magnetron sputtering of HA film on Ti substrate. It can be attributed to the lower binding
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energy of CaO group (~91 kcal/mol) as compared to PO,> group where the binding energy is
142 kcal/mol.

B Spectrum

B spectrum

0
Ti
Al
Ca
p
v

. Spectrum

Figure 3.7: Surface morphology and corresponding EDS analysis of different thick films: (a)
400 nm, (b) 700 nm and (c) 1000 nm.

This makes Ca relatively easy to sputter and hence with increasing deposition times,

the Ca content in the thin film increases (Prosolov et al., 2017). All these outcomes were in
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good agreement with XRD and RAMAN investigations. The EDS mapping spectra
confirmed the homogenous dispersion of each element on the investigated area of the

sputtered surface.

Table 3. 4: Grain size and different elements (at%) present on the surface of different
sputtering films

Film . Element (at%o)
thickness Grain size
(nm) Ca P O Ti Al \Y;
(nm)
400+20 48+9 1.0 0.8 50.4 41.7 4.3 1.8
700+40 121+45 1.9 1.6 56.0 35.1 3.7 1.6
1000+60 379+75 35 2.6 68.8 22.0 1.9 11

3.3.5 Surface roughness and wettability

The surface roughness of uncoated as well as coated films is represented in Figure 3.8. The

2-D surface profiles of uncoated Ti-6Al-4V and 1000 nm film are displayed in Figure 3.9.
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Figure 3.8: Surface roughness (Ra) of uncoated and coated samples with different film
thickness.
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Though the average surface roughness (R,) of all the substrates was in the nanometer
range, the coated substrates had higher R, values compared to uncoated Ti-6Al-4V (Figure
3.8). However, with increasing film thickness, surface roughness gradually enhanced from 94
nm to 153 nm as the nucleation of spherical grains increased on the rougher coated surface
compared to the uncoated Ti-6Al-4V substrate. Further improvement in R, value was
attributed to the presence of bigger grains and islands of grains due to coalescence as well as
abrupt clustering of grains on the surface with higher film thickness, as shown in Figure 3.7.
Higher surface roughness value for the thicker film was also obtained by Surmeneva and

Surmenev (2015b) during HA coating on Mg alloy.
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Figure 3.9: 2-D surface profiles of uncoated Ti-6Al-4V and 1000 nm film.

Surface roughness and surface chemistry play a crucial role in the wettability of that
surface (San Thian et al., 2011; Sun and Huang, 2018). Different materials deposited with
various CaP thin films are hydrophilic, as reported in many pieces of literature (Dulski et al.,
2018; San Thian et al., 2011; Xia et al., 2018). In this study, the SBF contact angle on the
uncoated substrate was found to be 89.6°(x2°), however, it was 73.7°(x£1°), 65.1°(+1°) and
61.2°(x2°) for 400 nm, 700 nm and 1000 nm thick BCP films, respectively, indicating
remarkable improvement of hydrophilicity (Figure 3.10). This was attributed to the presence
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of phosphate tetrahedral in HA and B-TCP lattice structure. Phosphate (PO4>) anions are
electro-negatively charged which attract the electro-positively-charged (H") ions strongly as
well as significantly from SBF molecules. Thus, BCP coated Ti-6Al-4V showed more

hydrophilicity as compared to uncoated Ti-6Al-4V.
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Figure 3.10: SBF contact angle of uncoated and coated samples with different film thickness.

On the other hand, it was revealed that the contact angle reduced with an increase in
film thickness. As surface roughness increases with film thickness, there is an increase in the
surface area of the films. So the SBF droplet tends to spread more that causes a decrease of
the contact angle values. Surmeneva and Surmenev (2015b) also obtained a lesser contact
angle with 1500 nm thick HA film on Mg alloy due to higher surface roughness compared to
700 nm thick film. The decrease in contact angle with an increase in surface roughness of
sputtered film satisfies Wenzel equation (Eg. 3.2) which state that with the increase in
surface roughness the wettability is enhanced when r > 1 and 6 < 90°, as also reported by
Quéré (2008).

Cos 0" =rCos 0 (3.2)

Where, r is the surface roughness factor, ¢ is the Young contact angle for an ideal surface

and 0 is the apparent contact angle.
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3.3.6 Micro-hardness

Micro-hardness is an important factor related to yield strength or resistance of the coated
substrate, which can determine the stability, and reliability of coated film on the substrate.
Figure 3.11 (a) shows the Vickers’s micro-hardness of uncoated Ti-6Al-4V, as well as BCP
coated substrates with different film thickness. The surface profile of a typical micro-indent
is illustrated in Figure 3.11 (b). All the sputtered substrates exhibited higher micro-hardness
compared to uncoated Ti-6Al-4V (324 HV). Ramesh et al. (2013) in their work revealed that
HA exhibit hardness of =5 GPa when sintered at 1300 °C. Similarly, Viswanath et al. (2008)
found that B-TCP has an average hardness of ~7.6 GPa; however, Ti-6Al-4V exhibit ~3.3
GPa hardness, as reported by Samanta et al. (2018).
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Figure 3.11: (a) Micro-hardness of uncoated and coated samples with different film
thickness and (b) surface profile of a typical micro-indent.

Thus, due to the presence of HA as well as B-TCP bio-ceramics on the substrate
surface, the depth of indentation was less as compared to uncoated Ti-6Al-4V. Hence, the
sputtered substrates had a higher hardness than Ti-6Al-4V. Moreover, the micro-hardness
was increased from 430+9 to 455+16 HV when BCP film thickness increased from 400 nm
to 1000 nm. However, the increase in micro-hardness was not significant. This may be due to
the presence of almost the same wt% of HA and B-TCP on the surface of all films
irrespective of film thickness. From this, it can be concluded that the strength or resistance to
indentation of BCP coated substrates is significantly higher than the uncoated Ti-6Al-4V. In
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addition, the substrate with higher film thickness has slightly higher resistance to indent;

hence, a little bit more stable than the substrate with lower film thickness.

3.3.7 Surface scratch resistance

The primary requisite for the long-term functioning of sputtered implants is the good
adhesion or bonding between the sputtering film and the substrate surface. Micro-scratch
tests are frequently performed to evaluate that adhesion of the sputtering film to the Ti-6Al-
4V substrate. The COF curve and microscopic observation are used to determine the critical
load (Lc) which is directly related to adhesion strength. The lower critical load, L; is the
minimum load at which cracking or chipping of coating starts, while the critical load, L.,
corresponds to exfoliation or delamination of coating (Cui et al., 2017; Mohseni et al., 2015;
Rabiei et al., 2006). Additionally, the force required to detach the coating layer from the
substrate is known as the scratch force (adhesion strength). Friction can be specified to be the
resistance tangential force to a relative motion between two surfaces in contact. Eqg. (3.3)
shows the formula for the friction force:
F=uN (3.3)

where N is the normal force and p is the coefficient of friction (COF). Figure 3.12 represents
COF as a function of the applied load as well as distance during the scratch test of BCP
sputtered substrates with 400, 700 and 1000 nm film thickness. A similar trend of COF was
obtained for all the BCP films. According to results obtained, the graph was divided into four
zones: Z1 (from 1.2 to 2.3 N), Z2 (from 2.3 to 4.8 N), Z3 (from 4.8 to 7.8 N) and Z4 (from
7.8 to 9 N). Figure 3.13 shows the FESEM images of scratch tracks corresponding to
different zones (as shown in Figure 3.12) on the BCP sputtered substrate with 1000 nm film
thickness. After the initial run period, a small oscillation of COF (= 0.10 to 0.13) was seen
for all the films when the applied load was varied between 1.2 to 2.3 N in Z1 zone. Because
of the initial surface morphology of deposited coatings, small oscillation occurred at very low
applied load. Surmeneva et al. (2015) also obtained strong oscillations of COF due to initial
surface morphology of as deposited HA coating having thickness of 690 nm on Ti substrate
using RF sputtering. There was no sign of disruption, chipping and cracking in the vicinity of
scratch. Only impression mark was seen in the films within the applied load of 2.3 N, as

shown in Figure 3.13 (a).
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Figure 3.12: Evolution of co-efficient of friction (COF) as a function of applied normal load
using a micro-scratch test on the BCP sputtered substrates with different film thickness: 400
nm, 700 nm and 1000 nm.

Similar types of behavior were observed for other thick films. After this zone, COF
changed abruptly from 0.17 to 0.4 for all the films for load ranges 2.3-4.8 N (Z2 zone). Some
localized chipping or detachment of coating was observed along the scratch path, as shown in
Figure 3.13 (b). L¢ is the lower critical load where chipping or cracking of coating
initialized. Therefore, L was 2.3 N for all the BCP films. After this zone, COF was
suddenly reduced to almost zero within the load range of 4.8-7.8 N (Z3 zone).

In this zone, regular cracks and sliding marks were observed along the scratch path
(Figure 3.13 (c)). Due to high load and movement of the indenter, periodic formation, as well
as removal of localized chips or particles, occurred at the contact interface. Thus sliding
occurred between indenter and substrate, which caused a reduction of COF in this region. In
Z4 zone, again COF was increased to 0.6 within a load range of 7.8-9.0 N. More deep cracks
were seen along the scratch path and worn material was observed at the scratch edges, as
shown in Figure 3.13 (d). So, exfoliation or delamination of coating occurred in this region.
Hence, L., was approximately 7.8 N. Hence, the BCP-based coating failure was started from

localized delamination, followed by sliding as well as cracking and finally by delamination at
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the edge of the scratch path. Surmeneva et al. (2015) found similar behavior of failure during
scratch test of HA-Si coating by RF sputtering.
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Figure 3.13: Different failures of scratch tracks corresponding to different zones (a) Z1, (b)
Z2, (c) Z3 and (d) Z4 (as shown in Figure 3.9) on the BCP sputtered substrate with 1000 nm
film thickness.

Due to the presence of same phases with the almost similar quantity of HA and B-
TCP on the surface, all films exhibited a similar trend of load vs COF curve as well as
critical load. During the scratch test of HA film up to 2 N loading force, Pichugin et al.
(2008) found neither any detachment nor cracks in the coating. They also reported that the
adhesion strength is more than 40 MPa and depends upon the sputtering film thickness and
above 1.6 um film thickness it decreases. Surmeneva et al. (2015) found delamination of 690
nm thick HA film as-deposited by RF sputtering at a scratch load of 5.85 N. The higher
critical load of 7.8 N for the as-deposited BCP film in this study may be the presence of
different phase B-TCP with HA. Since, the hardness of B-TCP is more than HA (Ramesh et
al., 2013; Viswanath et al., 2008) and according to Amaravathy et al. (2014) harder coating
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exhibits higher bonding strength. Hence, higher critical load of BCP film was obtained.
Therefore, BCP film exhibits higher bonding strength than HA film. Again, with the
thickness from 400 to 1000 nm, the first critical load of failure for BCP film to Ti-6Al-4V
occurs at 2.3 N. Up to 7.8 N, continuous cracking and sliding is observed. No significant
delamination or exfoliation of films was found, indicating good bonding or adhesion of BCP
film to Ti-6Al-4V substrate (Rabiei et al., 2006).

Figure 3.14: 3-D surface profiles of scratches made on sputtered samples with (a, d) 400 nm,
(b, €) 700 nm and (c, f) 2000 nm film thickness at different forces 1N and 7N, respectively.

Scratch test was also performed to determine the surface scratch resistance of the
different thick sputtered substrates by measuring scratch width and depth at different constant
loads (Samanta et al., 2018). Three different constant loads such as 1N, 4N and 7N were
applied to each of the substrates having 400, 700 and 1000 nm film thickness. Figure 3.14
show the 3-D profilometer and optical microscopy images of scratches made on 400, 700 and
1000 nm films at 1N and 7N scratch forces, respectively. It can be clearly indicated that both
the scratch width and depth were decreased with the rise in film thickness from 400 nm to
1000 nm. These indications were further verified by actual measurement of scratch width and
depth with plotting the bar graph as shown in Figure 3.15.

The average scratch width decreased from 35 um to 26 um with increase the film
thickness from 400 nm to 1000 nm when a constant normal load of 1 N was applied.

Similarly, the average scratch width decreased from 50 um to 39 um and 61 pm to 58 um,
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with a constant load of 4 N and 7 N, respectively. A similar type of observation was also seen
for the average scratch depth corresponding to film thickness and applied load. It can also be

confirmed by the FESEM images demonstrated in Figure 3.16.
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Figure 3.15: Effect of film thickness on (a) width and (b) depth of scratches made on coated
samples at different forces.

It can be clearly observed that for all the scratch forces, the scratch widths in 2000 nm
film (Figure 3.16 (a, c, e)) are slightly smaller than that made in 400 nm film (Figure 3.16 (b,
d, f)). Due to the increase of BCP film thickness, the surface hardening enhanced slightly
(Figure 3.11 (a)). Thus, this enhancing higher hardness provides slightly higher resistance to
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scratch, so less width and depth for substrate subjected to higher film thickness. In addition,
when a higher load was applied, the depth of penetration, as well as the contact area between
indenter and substrate, was larger. Thus, higher scratch width and depth was resulted due to
reduced surface resistance.
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Figure 3.16: Surface morphology of scratches made on sputtered samples with (a, c, €) 400
nm and (b, d, f) 2000 nm film thickness at different forces 1N, 4N and 7N, respectively.
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In addition, no crack was observed in the films, where 1 N scratch load was applied.
As the first critical load of failure is 2.3 N for all the films, so no sign of detachment was
obtained (as shown in Figure 3.16 (a and b)). However, many cracks were present in the
pathway of scratches, where 4 N and 7 N loads were applied due to the reduction of scratch
resistance. Also, the crack intensity increased with increase in load (Figure 3.16 (b, c, d, f)).
Only continuous cracks were observed at 4 N and 7 N loads, however, no sign of spalling,
chipping or delamination was found indicating good adhesion between film and substrate
(Rabiei et al., 2006). Thus, it can be concluded that the surface scratch resistance improves

with an increase in film thickness; however, deteriorates with increase in applied load.

3.3.8 In vitro bioactivity

In vitro bioactivity is the potential of an artificial implant to interact with the surrounding soft
tissues and bone. This can be estimated by checking the apatite layer formation after soaking
in SBF. In addition, it is regulated by properties of CaP coating (Surmenev et al., 2014).
Paital et al. (2010) described that the apatite layer provides the required surface chemistry for
cell adherence and its proliferation. In a previous study, Sun and Huang (2018) found apatite
formation on BCP coated Ta,Os/Ti specimen using electrochemical deposition after two
weeks of SBF immersion. In the present investigation, the apatite formation of BCP films
deposited by RF sputtering was evaluated. Different thickness BCP films were immersed for
14 days in SBF followed by XRD, RAMAN, FESEM and EDS analyses. The XRD patterns
after 14 days of SBF immersion were presented in Figure 3.17.

As compared to the sputtered films before SBF immersion (Figure 3.5), the films
after 14 days of SBF immersion exhibited a reduction of B-TCP phase (Figure 3.18). Along
with it, there was a significant improvement in the intensity of HA peaks. This clearly
depicted that the films deposited by sputtering provide favorable nucleation sites for the ions
of SBF to settle down and thereby assists in the growth of HA precipitation. Nimkerdphol et
al. (2014) also observed apatite precipitation with the decrease in B-TCP, TTCP and CaO
during immersion of HA-coated Ti (deposited by plasma spraying) in SBF solution. The wt%
of B-TCP and HA of sputtered substrates before and after soaking 14 days in SBF was

calculated using Eqg. (3.1) moreover, the values are plotted in Figure 3.18.
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Figure 3.17: XRD spectra of sputtered substrates with 400 nm, 700 nm and 1000 nm film
thickness after soaking 14 days in SBF.

Before SBF, all sputtered substrates had almost equal wt% HA = 44%. After 14 days
of SBF immersion, the wt% HA increased to 67.8 %, 69.3 % and 86.7% for 400 nm, 700 nm
and 1000 nm films, respectively (Table 3.5). The highest increase in wt% of HA was
observed for 1000 nm sputtered film. This was attributed to improvement in nucleation sites
with film thickness so that more apatite was deposited on the film with 1000 nm thickness.
As the surface roughness increased with BCP film thickness (Figure 3.8), the number of
cavities increased where penetrations of Ca?* and PO,* ions from SBF increased. Hence, the
nucleation sites increased where more apatite precipitation occurred (Arce et al., 2016).
Moreover, the phase analysis of the film deposited over Ti-6Al-4V revealed the presence of
pure HA peaks with no trace of B-TCP phases. Therefore, it can be inferred that BCP thin
film deposited on Ti-6Al-4V can be very effective in the growth of HA (apatite precipitation)
in SBF. Interestingly the intensity of (200) peak increases with the sputtering time showing
the highest intensity for 1000 nm thick film. However, for both 700 nm and 400 nm sputtered
film, the most intense peak is (211) similar to the standard JCPDS pattern (09-0432) for HA.
This indicates that for the 1000 nm thick film there is a preferential growth of HA along

(200) direction.
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Figure 3.18: Weight percentage of (a) f-TCP and (b) HA of sputtered film with different
thickness: 400 nm, 700 nm and 1000 nm, before and after 14 days of SBF immersion.

Therefore, it is evident that the film thickness has a remarkable influence on the
growth of HA in SBF. Besides, the peaks were broad and of low intensity implying that the
HA film was nano-crystalline. According to Surmenev et al. (2014), a higher number of
nucleation sites were generated for a nano-crystalline structure due to high surface energy at
the grain boundary. Hence, more apatite was precipitated for nano-crystalline BCP film.
Sarma et al. (2016) revealed that the bone-like apatite found in living beings also bears a

signature of nano-crystallinity. The apparent crystallite size of the films was calculated and
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was found to be 32+2 nm, 33+2 nm and 353 nm for sputtered films with 400 nm, 700 nm
and 1000 nm thickness, respectively, as provided in Table 3.5. The values suggest an
increase in the crystallinity for higher film thickness. Surmeneva and Surmenev (2015b)
found similar behavior of increase in crystallinity and crystallite size with the increase in HA
film thickness during RF sputtering. In addition, as compared to pure HA film SBF
immersion, BCP film is expected to provide higher apatite formation, as B-TCP in the BCP
film soluble more which enrich the SBF with higher Ca?* and PO, ions (Surmeneva 2012,
2014). Hence, higher apatite will be formed in BCP film in SBF immersion after 14 days
compared to pure HA film.

The Raman spectra of the sputtered films after 14 days of SBF immersion are
presented in Figure 3.19. It is interesting to see that the effect of sputtered BCP coatings on
the deposition of HA by SBF. Since the sputtered films have the crystallite size in the
nanometer domain, the enhanced surface area play an important role in promoting the growth
of HA films from SBF.
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Figure 3.19: RAMAN spectra of sputtered substrates with 400 nm, 700 nm and 1000 nm film
thickness after soaking 14 days in SBF.

In general, all the bands show an enhancement in intensity showing prominence for
the sputtered film with 1000 nm thickness. The band near 600 cm™ and 574 cm™ are allotted
to the triply degenerate bending mode via and vg4, Of O-P-O bonds of the PO, group,
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respectively. The appearance of these bands proves that the synthesized apatite is indeed HA.
Koutsopoulos (2002) reported that the band appearing at 1112 cm™ is a characteristic of
COs? ions in apatite. This band confirms that the synthesized apatite is non-stoichiometric. It
is well known that the naturally occurring apatite is calcium deficient carbonated apatite,
which is evidently non-stoichiometric. These results complement the findings of XRD
analysis and therefore leads to the conclusion that BCP sputtered films enhance the bone-like
apatite growth on their surface. In fact, with increased thickness of the sputtered films, the
intensity of bone-like apatite was significantly improved which was apparent from the XRD

and Raman spectra studies.
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Figure 3.21: Surface morphologies and corresponding EDS analysis of sputtered samples at
film thickness: (a) 400 nm, (b) 700 nm and (c) 1000 nm after 14 days of SBF immersion.

Figure 3.20 represents the surface morphologies as well as elemental analysis of all
sputtered films after 14 days of SBF immersion. Since there was no significant amount of
apatite layer on uncoated substrates even after 14 days of SBF immersion; hence, the surface
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morphology and elemental analysis related to it are not provided herein. For all sputtered
films, after 14 days of SBF immersion, small globular and elliptical like precipitate layer
were nucleated and grew on the surface of sputtered substrates (lower magnification, Figure
3.20 (&, b, c)). In addition, the bone like structure is also seen in all the sputtered substrates
after 14 days of SBF immersion (higher magnification, Figure 3.20 (a, b, ¢)). Li et al. (2015d)
revealed that the presence of globular-like morphologies, as well as bone-like structure, is the
characteristics of apatite formation, which is beneficial for osseous connection. However, the
globular-elliptical as well as bone-like structure is enhanced from 400 nm to 1000 nm
sputtered film. It indicates that more apatite formation occurs for the sputtered substrates
with higher film thickness due to the presence of a higher number of nuclei sites.

The elements present in the deposited films at different thickness after 14 days of
SBF immersion are represented in Figure 3.20 (a, b, ). It can be revealed that the individual
amount of Ca and P increased for all sputtered substrates after 14 days of SBF immersion.
Therefore, it can be confirmed that all the three sputtered substrates immersed in SBF had the
potential to produce calcium phosphate layer more effectively as compared to uncoated
substrates. In addition, the individual percentage of Ca and P is more for 1000 nm sputtered
substrate as compared to other sputtered substrate, as shown in Table 3.5. This proved that
more apatite formation occurs for sputtered substrates with higher film thickness. Na and CI

in the EDS spectrum reveal the presence of other compositions of SBF.

Table 3. 5: Wt% of HA and B-TCP, as well as crystallite size and elements (at%) of the
different sputtering film after 14 days immersion in SBF

Film Wit% of Wit% of Crystallite size Element (at%)

thickness )

(nm) HA B-TCP Ca p
400420 67.86 32.14 3242 1.8 1.7
700+40 69.28 30.72 33+2 2.4 2.3
1000460 86.76 10.24 3543 3.1 2.8

The calcium phosphate apatite formation on sputtered surface after SBF immersion is

a process of heterogeneous nucleation and growth. Paital et al. (2010) described that HA and
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B-TCP are the crucial biomaterial components, which cause bonding with the bone tissue.
Due to the presence of these phases in the sputtered surface, the coating immersed in SBF
solution has the potential to form apatite. Figure 3.21 shows the schematic diagram for
formation of apatite layer on the sputtered surface in SBF. Paital and Dahotre (2009) reported
that when sputtered substrates are immersed in SBF, O-H bonds are easily formed by B-TCP,

as it resorbs with water present in SBF (Eq. 3.4).
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Figure 3.21: Schematic diagram of apatite formation on sputtered substrate in SBF

According to Kim et al. (2004), HA is extremely less soluble in SBF, however, it
exposes it’s hydroxyl and phosphate units in SBF, hence the surface potential becomes
highly negative immediately after exposure to SBF. With presence of these negatively
charged OH- ions on the surface, Ca®* ions from the SBF are moved towards the sputtered
surface and get accumulated there. Bakhsheshi-Rad et al. (2016b) described that the
negatively charged PO,> ions present in the SBF are attracted towards the surface and
reacted, which leads to form apatite nuclei on the surface as per equation (Eq. 3.5):

20H™ 4+ 10Ca?* + 6P0,>™ — Ca;o(P0,)s(0OH), (3.5)
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With an increase in soaking time, large amount Ca** and PO, ions are precipitated
on the negatively charged OH" surface and finally a thick layer of apatite is generated on the
coating surface. In presence of B-TCP in the coating, BCP film can precipitate more apatite
than pure HA coated substrate. This is due to solubility of B-TCP in water, the SBF solution
is supersaturated with Ca** and PO,*, which come from B-TCP. In addition, as compared to
400 nm and 700 nm sputtered film, higher apatite was precipitated on 1000 nm sputtered
film. This improvement in bioactivity is attributed to the presence of more nucleation sites as
well as higher wettability with SBF. This improved wettability enhances the reaction
between B-TCP and water molecules present in SBF solution leads to better apatite formation
for higher film thickness. This ability of BCP film to improve hydrophilicity as well as to
form apatite layer can enhance the adhesion, proliferation as well as differentiation of cells
which promotes osteointegration (Hasan et al., 2018b; Surmenev et al., 2014).

3.4 Findings from the research work

Biphasic calcium phosphate films were successfully deposited on Ti-6Al-4V substrate using
RF magnetron sputtering process. The sputtering was carried out at room temperature and a
constant RF power of 30 W, sputtering pressure of 3x102 mbar, and target to substrate
distance of 5 cm. BCP films of 400 nm, 700 nm and 1000 nm thickness were obtained with 4
h, 6 h and 8 h sputtering time, respectively. The results showed that all the BCP films consist
of a similar proportion of HA and B-TCP. In addition, all films were distributed uniformly,
and the average grain size increases from 48 nm to 379 nm with the film thickness due to
coalescence and clustering of particles. The wettability of Ti-6Al-4V significantly improved
with the deposition of BCP film on it, due to the hydrophilic nature of BCP. Furthermore, the
hydrophilicity enhanced from 73.7+1° to 61.2+1° with the film thickness as surface
roughness increased from 112 nm to 153 nm, satisfying the Wenzel relation. The surface
scratch resistance was also improved with the increase in film thickness as the micro-
hardness of the coated substrates was enhanced from 4309 to 455+16 HV. Excellent
adhesion strength of all the BCP films to Ti-6Al-4V substrate was found, as no cracking of
film up to the scratch load of 2.3 N and no significant delamination up to 7.8 N were
observed. It was found that, BCP film exhibited with higher bonding strength compared to
HA film. The in vitro bioactivity resulted in small globular and elliptical like structures on
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the surface of all BCP films after 14 days of SBF immersion, which indicates the coating
films possess bioactivity. Besides, there is a notable enhancement in wt% apatite on all the
film surfaces compared to before immersion. The highest wt% of apatite was found to be
86.7% for 1000 nm thick BCP film after 14 days of SBF immersion. Hence, these results
conclude that the sputtering of BCP films with sound adhesion strength improves the

bioactivity of Ti-6Al-4V, which can be applied for artificial bone and tooth applications.
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Effect of TiO, Addition on Adhesion and Biological Behaviour of
BCP-TiO, Composite Films Deposited by RF Sputtering

4.1 Theme of work

In chapter 3, it was revealed that BCP film with the thickness varying from 400 — 1000 nm
exhibit good bioactivity compared to bare Ti-6Al-4V. Furthermore, these films have good
adherence with the Ti-6Al-4V substrate. However, it is always advisable to improve the
quality of the implant in terms of its functionality and durability. From the literature review,
it was found that TiO; on the surface of the implant plays a crucial role in chemical stability
as well as bio-functionality of CaP coating. To the best of our knowledge, many researchers
have used TiO; as intermediate layer to Ti-6Al-4V and HA coating or composite coating
using different surface modification techniques. However, very few studies focused on BCP-
TiO, composite coating on Ti-6Al-4V by RF magnetron sputtering. Also, less study was
addressed their adhesion as well as different biological behavior. So, it is desirable to study
the effect of TiO, addition with BCP film on the adhesion as well as biological performance
for better understanding the process-structure-property inter-relationship that would provide
direction to design the orthopedic implant with better functionality and longevity.

In this chapter, the fabrication and characterization of TiO,-BCP films on Ti-6Al-4V
is described along with the analysis of adhesion behavior, protein adsorption, cell
proliferation and in vitro bioactivity of the films. Initially, two different TiO,-BCP targets
were fabricated by mixing 25 wt% and 50 wt% TiO, powder individually with the HA
powder followed by sintering. 25 TiO,-BCP and 50 TiO,-BCP films were fabricated using
RF magnetron sputtering along with 100 BCP film. The deposition was carried out with the
same parameters as described in chapter 3, except the substrate temperature at 400 °C and
deposition time for 7 h. Post deposition, half of these samples were annealed at 700 °C for 2
h. Subsequently, physicochemical, mechanical and biological properties of these films were
investigated using various characterization techniques. Surface morphology, elemental
analysis and phase composition of different films were studied using FESEM, EDS and

XRD, respectively. The surface roughness, wettability as well as adhesion behavior of

8l|Page
TH-2323_ 126103003



Chapter 4

different films were investigated using atomic force microscopy (AFM), goniometer and
scratch tester, respectively. In addition, different biological performancec like protein
adsorption, cell adhesion and proliferation, in vitro bioactivity of different films were
investigated and compared. Fetal brovine serum (FBS) was used as the protein to conduct
protein adsorption test; whereas, MG63 cells were used for the study of cellular behavior on
the different modified surfaces. The primary objective of this chapter is to investigate and
compare the effect of TiO, addition and annealing on adhesion behavior as well as different

biological properties.

4.2 Materials and methods

4.2.1 Materials

HA used in RF magnetron sputtering (chapter 3) was also employed for this study. TiO,
powder having anatase phase was purchased from Merck (Cat. No. 1.93803.0521). Three
cylindrical targets with same dimension and procedure as mentioned in section 3.2.3, chapter
3 were prepared by compressing (1) 100 wt% HA, (2) 25 wt% TiO, — 75 wt% HA and (3) 50
wt% TiO, — 50 wt% HA powders followed by sintering at 1300 °C for 5 h. The time and
temperature of sintering were chosen in order to obtain BCP films containing HA and B-TCP
(section 3.2.3, chapter 3). The targets were further characterized using FESEM and EDS for
determination of surface morphology and elemental composition, respectively.

Ti-6Al-4V specimens with a dimension of 10 mm x 10 mm x 3 mm thickness were cut,

polished and cleaned by the same procedure as described in section 3.2.2, chapter 3.

4.2.2 RF magnetron sputtering of BCP and BCP-TiO; films

The deposition of different films on polished Ti-6Al-4V was accomplished from different
targets using RF magnetron sputtering. Same sputtering parameters and procedure (as
mentioned in section 3.2.4, chapter 3) were used to deposit BCP as well as the BCP-TiO,
film on Ti-6Al-4V in this study. However, the depositions on polished samples were carried
out at a substrate temperature of 400 °C. Different conditions used for deposition are shown
in Table 4.1. The films deposited from 100wt% HA, 25wt% TiO, — 75wt% HA and 50wt%
TiO, — 50wt% HA targets were renamed as 100 BCP, 25 TiO, — BCP and 50 TiO, — BCP,

respectively throughout the study. Further, some sputtered samples were annealed at 700 °C
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for 2 h under atmospheric conditions in order to enhance the crystallinity (Prosolov et al.,
2017) as well as to study the effect of annealing on different properties. The substrates were

used for further characterization.

4.2.3 Characterization of modified surfaces

The thickness, phase composition, surface morphology and elemental composition of
different films such as 100 BCP, 25 TiO,-BCP and 50 TiO,—BCP (before and after
annealing) were analyzed by stylus profilometer, XRD, FESEM and EDS respectively, as
described previously in section 3.2.5.1, chapter 3. The XRD results were interpreted with the
database of crystallographic structures (HA - JCPDS 09-0432, B-TCP - JCPDS 09-0169),
TiO, (rutile) - JCPDS 211276 and Ti - JCPDS 441294).

Table 4. 1: Deposition conditions used in present RF magnetron sputtering process

RF sputtering component Present study
100 BCP
Target 25 TiO, — BCP
50 TiO, — BCP
Base pressure 3x10°® mbar
Working pressure 3x107 mbar
Sputtering gas Ar (30 sccm)
Target to substrate distance 50 mm
RF power 30 W
Deposition time 7h
Substrate temperature 400 °C

4.2.4 Surface roughness and wettability

The surface roughness and topography of 100 BCP, 25 TiO,—BCP and 50 TiO,—BCP films
on Ti-6Al-4V surfaces (before and after annealing) were determined using atomic force
microscopy (AFM, Oxford-Cypher, UK) analysis. The instrument equipped with a silicon
nitride tip of <10 nm radius was used to scan over a surface area of 5 x 5 pm? for analysis.
Gwyddion software found from GNU General Public License was used for evaluating the
surface roughness parameter as described previously by Hasan and Pandey (2016). Different
roughness parameters such as centerline average (Ra), root mean square (Rq) and skewness

(Skew) Were analyzed in this study.
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The wettability of different films such as 100 BCP, 25 TiO,—BCP and 50 TiO,—BCP on
polished Ti-6Al-4V (before and after annealing) was measured with goniometer using sessile
drop technique reported previously in section 3.2.5.2, chapter 3. Minimum three different

locations were considered to measure the contact angle on the same surface.

4.2.5 Adhesion behaviour of the films

The adhesion behavior of 100 BCP, 25 TiO,—BCP and 50 TiO,—BCP films (before and after
annealing) was studied by using a micro scratch tester using the same procedure as illustrated
section 3.2.6, chapter 3. However, the linearly increasing load range taken in this study was
from 1.0 to 19.0 N, and the scratch length was 18 mm. All other parameters were the same as
considered in chapter 3. Using the coefficient of friction (COF) curve and microscopic image
analysis, the critical load (L) was evaluated which determine the adhesion strength of the
films to the substrate. Minimum three scratches were done on each of the films to check the
repeatability. FESEM image of the scratch was used to see the various failures at different

points to analyze the adhesion behavior of different films.

4.2.6 Biological studies
4.2.6.1 Protein adsorption

Protein adsorption on surfaces is an important process which regulates cells adhesion and
cyto-compatibility in tissue repair or formation (Bajpai et al., 2015). Adsorbed mass of
protein on the surfaces of 100 BCP, 25 TiO,—BCP and 50 TiO,—BCP films (before and after
annealing) was investigated using bicinchoninic acid (BCA, Sigma, India) protocol reported
previously by Hasan et al. (2017) and Pandey et al. (2012). Each substrate with the known
area was incubated in 10% fetal bovine serum (FBS, Gibco) prepared in phosphate buffered
saline (PBS) at room temperature for 2 h. Post incubation, substrates were rinsed properly
with PBS and water respectively, to remove the unbound proteins. Adsorbed proteins were
desorbed using 5% sodium dodecyl sulphate (SDS, prepared in PBS, pH 7.4) for 1 h at 37 °C
and total protein estimation was carried out using BCA Kkit. Each experiment was carried out

in triplicate (n=3) for calculating the standard deviation.
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4.2.6.2 Cell morphology and adhesion

Cell culture assays were conducted using the human osteoblast-like cell line MG-63 (NCCS,
Pune, India). Cells were cultured in high glucose Dulbecco modified essential medium
(DMEM, Gibco) supplemented with 10% FBS and 1% antibiotic (Pen-Strep, Gibco) at 37 °C
in a 5% CO, atmosphere. The culture medium was replaced every 2 days and cells were
trypsinized (trypsin-EDTA, HiMedia, India) at 70-80% confluency and reseeded to tissue
culture flasks (T25, Nunc) to maintain the cell line.

Cell morphology and adhesion study were conducted using MG63 cell line on 100
BCP, 25 TiO,-BCP and 50 TiO,-BCP film surfaces (before and after annealing) were
investigated using FESEM after 24 h of incubation. Unattached cells were removed from
samples by washing with PBS (pH 7.4), and adhered cells were fixed using 2.5%
glutaraldehyde for 2 h. Post fixation, samples were washed twice with PBS followed by
graded dehydration with 40%, 50%, 60%, 70%, 80%, 90% ethanol for 10 min, respectively
and with 95% as well as 100% ethanol for 30 min each. Samples were then critical point
dried using hexamethyl disilazane (Sigma, India) for 10 min, gold sputtered and examined
using FESEM.

Cell adhesion studies on different different modified surfaces were also investigated
by fluorescent imaging. For this, MG-63 cells were seeded at density 1.5x10* cells/cm? on
different samples and incubated for 12 h. Post incubation, surfaces were washed with PBS
(pH 7.4) to remove non-adhered cells. Adherent cells were fixed with 4% (v/v)
paraformaldehyde solution (HiMedia, India) overnight at 4°C. Cells were later washed and
treated with 2% (w/v) BSA and 0.2% (v/v) triton X100 for 6 h followed by fluorescent
staining of actin filaments with FITC-Phalloidin (Sigma, India) for 12 h. Cells nuclei were
stained by incubating substrates in 20 pg/ml of propidium iodide (PI, Sigma, India) for 1 h at
room temperature. Post-staining, samples were washed with PBS and imaging was done

using a fluorescent microscope (Nikon Eclipse Ti-S).
4.2.6.3 Cell proliferation

Cell proliferation was performed to determine the cytotoxicity of the prepared samples using
the procedure described previously (Hasan et al., 2018c; Hasan et al., 2017; Jeevitha and
Amarnath, 2013). Briefly, uncoated Ti alloy, 100 BCP, 25 TiO,—BCP and 50 TiO,—BCP film
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(before and after annealing) samples were steam sterilized at 121°C and 15 psi pressure for
20 min. Sterilized samples were transferred to 24 wells tissue culture plate (Nunc) and
seeded with MG-63 cells at a concentration of 1.0x10° cells/cm? in complete DMEM media
for 2, 4 and 6 days. After the specified time of incubation, the culture media was discarded,
and the samples were transferred to fresh wells. Samples were later incubated in 400 pl of
DMEM containing 40 pl of MTT (3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium
Bromide) solution (5 mg/ml in PBS, pH 7.4). After 4 h of incubation at 37°C and 5% CO,,
media was discarded, and 300 pl of DMSO was added to dissolve formazan crystals for 10
min. The optical density of the obtained purple color solution was measured at 570 nm using

Infinite 200 Pro, Tecan instrument.
4.2.6.4 In vitro bioactivity

In vitro bioactivity test was carried out by immersing the 100 BCP, 25 TiO,—BCP and 50
TiO,—BCP films in SBF solution. The same protocol was considered, as described previously
in section 3.2.7, chapter 3. To study this behavior, triplicate samples of each modified
surfaces were soaked in SBF separately, for 7 days. In order to analyze the formation of
apatite layer, these samples were investigated with XRD, FESEM and EDS for analyzing the

phase, surface morphology and elemental composition of apatite, respectively.

4.3 Results and discussion

4.3.1 Characterizations of BCP and BCP-TiO; targets

The surface morphology and corresponding elemental analysis of 100 BCP, 25 TiO,-BCP
and 50 TiO,-BCP targets are shown in Figure 4.1. The particles were well bonded with each
other; however, the surface became rougher when more TiO, was added in the target due to
the increase of larger TiO, particle size. The EDS analysis confirmed the presence of Ca, P
and O which were attributed to BCP. Again, the presence of Ti in the targets confirmed the
addition of TiO, in the BCP-TiO; targets, and this increased with the increase of TiO, wt%.

4.3.2 Characterizations of BCP and BCP-TiO; films

4.3.2.1 Thickness of films

The film thicknesses were found to be 540 + 19 nm, 918 + 33 nm and 1320 £+ 56 nm for 100
BCP, 25 TiO,-BCP and 50 TiO,-BCP, respectively. It was found that the film thickness
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increased with increase in the amount of TiO; in the target. In general, bonding is improved if
any constituent of the coating material matches with the substrate material (Zheng et al.,
2008). In this case, although the substrates were stored in a desiccator to prevent oxidation,
the exposure of the substrates to atmospheric conditions during the process of loading the
substrates in the sputtering chamber, partial oxidation occurs on the surface, which leads to
the development of a thin TiO, layer on the surface. This results a higher chemical affinity
between the coating and substrate. Also, TiO; is a relatively easier material to sputter in
comparison to BCP as have been proven in the earlier reports (Majeed et al., 2015; Pradhan
et al., 2010). Therefore, the film thickness was found to be highest in case of 50 TiO,-BCP in
this study.

Figure 4.1: Surface morphology and elemental analysis of (a) 100 BCP, (b) 25 TiO,-BCP
and (c) 50 TiO,-BCP targets.

4.3.2.2 Phase compositions and elemental analysis

The compositional phases of different films sputtered on Ti-6Al-4V are demonstrated in
Figure 4.2. The deposited films before annealing were found to have less intensity peaks as
compared to the films annealed at 700 °C for 2 h (Figure 4.3). It is a well-known fact that the
film deposited at room temperature are amorphous in nature, as the films were grown from
the vapor phase in RF sputtering (Majeed et al., 2015). However, in this study the films were
deposited at 400 °C substrate temperature. Hence, low intensity crystalized peaks were
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obtained because of the mobility of the deposited particles by the substrate heating

(Bramowicz et al., 2016).
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Figure 4.2: Phases found in 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films after annealing.

The crystallinity was further enhanced after thermal treatment of the films at 700 °C
for 2 h (Figure 4.3). The high-intensity peaks for all the films (after annealing) are shown in
Figure 4.2. Availability of HA and B-TCP peaks in the spectra confirmed the deposition of
BCP film, whereas the presence of TiO; (rutile) peaks in two spectra indicated the deposition
of BCP-TIiO, films. TiO, (anatase) phase present in the green target converted into TiO,
(rutile) in the fabricated BCP-TiO, target due to a sintering temperature of 1300 °C, which
reflected in the BCP-TiO; films. The rutile phase of TiO; is the most stable high temperature
polymorph of TiO; and is known to known to undergo a transformation from anatase to rutile
at a temperature of 900 °C. The presence of Ti peaks in all spectrums is attributed to the
substrate material.

The EDS analyses for all the films before and after annealing are represented in Table
4.2. The presence of Ca, P and O in all the films confirms the deposition of CaP coating on
Ti-6Al-4V. Although the presence of Ti, Al and V are referred to the substrate; however, the
percentage of Ti increased with the reduction of Ca and P, when wt.% of TiO, was increased.
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This confirmed the formation of BCP-TiO, films on Ti-6Al-4V. Compared to the non-
annealed films, annealed films consist of higher percentage of O, indicating oxide layer

formation in the films after annealing. In addition, the Ca/P ratio is reduced after annealing of

the films.
¢ «HA cpTCP oTi R-Rutile (TiO,) ¢ eHA °P-TCP o Ti
z| @ N
.E S
= 'S
S 100 BCP (after ¢ cali =
';E . L e = 50 TiOZ—BCP(after annealing)
~1 *, . 0 ® [
) ° ° =
E o (] » ‘E;
= 5
£ s
— Lmﬂ BCP (before annealing) = |30 TiO,-BCP(before annealing
[t
Y | * e S W
20 30 40 50 60 70 20 30 40 50 60 70
20 (degree) 20 (degree)

Figure 4.3: Phases found in (a) 100 BCP and (b) 50 TiO,-BCP film before and after
annealing

Table 4. 2: Elemental concentration (at%) of different films before and after annealing

Elemental concentration (at%)

Eilms on Before annealing After annealing
Ti-6Al-4V - Cal : Cal
substratt  ca P O Ti Al Ca P O Ti Al
P P
100BCP 43 29 588 296 31 148 |38 27 66.7 245 13 141
25 TiO,-
33 24 585 310 29 13734 26 633 265 29 131
BCP
50 TiO,-
BCP 22 17 573 338 36 129|128 24 604 301 28 1.17

The average crystallite size of all the films before and after annealing was determined
using Scherrer equation in XRD spectrum, shown in Table 4.3. The apparent crystallite size
of 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films before annealing were found to be 6.64+1
nm, 8.55+1 nm and 10.75£2 nm; whereas, after annealing the size was significantly increased
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to 15.61+1 nm, 17.17+2 nm and 20.39£3 nm, respectively. The thermal energy provided in
the post annealing treatment causes the crystallites to coalesce resulting in larger crystallites
and hence improved crystallinity (Ungula et al., 2017). Ungula et al. (2017) found similar
response to the improvement in crystallite size with annealing temperature. Due to the
thermal energy created by annealing, the mobility of active sites enhances and with the
increase in annealing temperature the process is repeated, resulting the diffraction line in a

preferred orientation (Jafari et al., 2014).

Table 4. 3: Crystallite as well as particle size of the different films at different conditions

Crystallite size  Crystallite size Particle size Particle size
Films before annealing after annealing before annealing after annealing
(nm) (nm) (nm) (nm)
100 BCP 6.6x1 15.6x1 164+55 244151
25 TiO,-
8.5+1 17.2+2 259+49 327443
BCP
50 TiO,-
10.742 20.4+3 374+69 412487
BCP
4.3.2.3 Surface morphology

The surface morphology of 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films before and after
annealing are shown in Figure 4.4. All the films before annealing (Figure 4.4 (a, c, €)) were
non-porous, dense and homogeneous with uniformly distributed grains, which are features of
films deposited by sputtering (Surmeneva et al., 2015). Furthermore, all the films comprised
of regular grain like morphology. The BCP films are found to have irregular elongated grain
like morphology. The addition of TiO; leads to the development of spherical granules which
tends to increase in size with more wt.% of TiO,. The average particle size increased from
164455 nm to 374+69 nm with the increase in TiO, wt.% in the sputtering targets (Table
4.3). Hence, it can be concluded that the addition of TiO, significantly affects the
microstructure of BCP film. The surface morphology of all the films after annealing at 700
°C for 2 h is shown in Figure 4.4 (b, d, f). After thermal treatment, irregular shaped nano-
crystals were observed in all the specimens. Thermal treated BCP film had rectangular plate-
like crystal structure (244+51 nm average particle size, (Figure 4.4 (b)) whereas, 25 TiO,-

0|Page
TH-2323_126103003



Effect of TiO, addition on adhesion and biological behaviour of BCP-TiO, composite films...

BCP and 50 TiO,-BCP films exhibited polygonal crystal structure with average particle size
327143 nm and 412+97 nm, respectively (Figure 4.4 (d, f)).

Mag= 1000KX Time :12:41:56
Signal A = InLens
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Figure 4.4: Surface morphology 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films before (a, c,
e) and after (b, d, f) annealing, respectively.

It was observed that the particle size increased after annealing the films. This is
attributed to thermal energy supplied by the annealing process, which resulted the
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coalescence of small grains and abnormal grain growth (Du and Li, 2015; Jafari et al., 2014;
Qietal., 2017).

4.3.2.4 Surface roughness and wettability

AFM images of all films before and after annealing are demonstrated in Figure 4.5 in order
to estimate the surface roughness and topography. Before annealing, AFM image of 100 BCP
film exhibited grain like morphology with small spherical grains (Figure 4.5 (a)). However,
both 25 TiO,-BCP and 50 TiO,-BCP films had spherical grains with larger grain size. Also,
agglomerated grains were seen in these films (Figure 4.5 (b, c)). On the other hand, after
annealing, islands like topography were observed in all the films (Figure 4.5 (d, e, f)) due to
coalescence and clustering of particles. At high thermal energy, diffusion of atoms occurs at
the grain boundary and results in significant grain growth and island-like morphology (Du
and Li, 2015; Jafari et al., 2014; Qi et al., 2017). These results complemented with the
FESEM results (Figure 4.4).

The values of different roughness parameters such as R,, Rf and Sy, for each of the
film before and after annealing are listed in Table 4.4. The R, value of uncoated Ti-6Al-4V
was found to be 2.2+0.4 nm. After sputtering, the roughness value increased due to the
variation of topologies of the coated surfaces. Prior to annealing, 50 TiO,-BCP film showed
highest R, value of 7.2+1.6 nm. Addition of TiO; increased the roughness of BCP film. After
annealing, the roughness values of all the films increased, which corresponded to surface
morphology (Figure 4.5). This is attributed to the formation of a number of irregular islands
due to coalescence and clustering of grains, resulting in higher roughness (Surmeneva et al.,
2016). Ry is the frequency of texture on the surface, which defined as the ratio of actual area
to projected area of surface. The Rt value of the uncoated Ti-6Al-4V was found to be
1.00079. The R¢ value of the modified surfaces are closed to 1, indicating smooth surface
topographies. In similar to R,, the Rt value increased with the addition of TiO, with the BCP
film. The maximum value of 1.00796 is observed for 100 BCP film. Furthermore, this value
increased after annealing of the films (Table 4.4). Skew is another roughness parameter which
is related to high peaks or deep valleys. Surfaces with high spikes have positive Syew,
whereas surfaces with deep valleys have negative Syen. Flat polished surfaces have
approximately zero Syew (Surmeneva et al., 2016). 100 BCP film exhibited Syey of higher
positive value, indicating the presence of tall sharp spikes (Figure 4.6 (a)). Similar to that,
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after annealing, the 100 BCP and 25 TiO,-BCP films had positive Skew, Showing more
prominent peaks with a larger area on the surface (Figure 4.6 (d, €)). On the other hand, 25
TiO,-BCP and 50 TiO,-BCP films before annealing had Sye almost equal to zero, indicating

almost flat surface (Figure 4.6 (b, c)).

- 0.0 nm . 0.0 nm .
2290 25 TiO-BCP 245.4 50 TiO,-BCP 3181 .

100 BCP- 00MM o5 Tio,-BCP-ann %™ 50 TiO,~BCP-ann 0"

Figure 4.5: AFM images of 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films before (a, b, c)
and after (d, e, f) annealing (scan area 5 X 5).

Table 4. 4: Roughness of parameters of the sputtered films before and after annealing

Ra (nm) Rf (nm) Skew

Films before after before after before after

annealing annealing annealing annealing annealing annealing

100 BCP 5.7£15 6.5+1.8 1.00632 1.00706 0.292 0.112
25TiO,-BCP  6.8+1.4  8.0t1.7 1.00750 1.00852 0.068 0.168
50TiO,-BCP  7.2+1.6  8.6%x2.0 1.00796 1.01068 -0.023 -0.383
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Before annealing

(a) 100BCP () 25 TiO,-BCP (¢) 50TiO,-BCP

After annealing

(d) 100 BCP-ann (¢) 25 TiO,-BCP-ann (f) 50 TiO-BCP-ann

Figure 4.6: 3-D surface topography (AFM images) of 100 BCP, 25 TiO,-BCP and 50 TiO,-
BCP films before (a, b, c) and after (d, e, f) annealing.

Figure 4.7 shows the SBF contact angles of different sputtered surfaces before and
after annealing. The contact angle on bare Ti-6Al-4V was found to be 90°(£1°) which
increased to 95°(x3°) after BCP sputtering. San Thian et al. (2011) reported that the
hydrophilicity of the Ti surface with HA film was due to the presence of phosphate (PO,*)
and hydroxyl (OH") ions, which significantly attract the electro-positively-charged (H") ions
from SBF. However, the hydrophobicity of BCP film in the present study is attributed to
nano-patterning of the surface with positive Skew (Figure 4.6 (a)), which prevent the SBF
droplet to spread (Surmeneva et al., 2016). With the addition of TiO, in the BCP film, the
contact angle decreased to 73°(x2°) for 25 TiO,-BCP film, and it further reduced to 35°(x1°)
for 50 TiO,-BCP film. As TiO; is hydrophilic in nature, the SBF droplets spread more on it
(Balla et al., 2009; Majeed et al., 2015). Furthermore, the surface roughness enhanced with
the addition of TiO, (Table 4.4), hence, the contacts between SBF droplet and the surface
was larger due to higher surface area available, resulting in an improvement in the
wettability. On the other hand, abnormal grain growth occurs by coalescence and clustering
of small grains during annealing. Thus, surface void defects increase resulting in higher
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surface roughness. The increase in roughness reduced the contact angle of all the films after
annealing (Dinu et al., 2014; Du and Li, 2015; Qi et al., 2017). The reduction of contact
angle with rise in roughness value of modified surfaces satisfies Wenzel equation (Eq. 4.1)
which states that, the wettability is enhanced with the increase in surface roughness, when R¢
> 1 and 0 < 90°, as also reported by Queéré (2008).

Cos 0" = Ry Cos 6 (4.1)

where 6" is the apparent contact angle, @ is the Young contact angle for an ideal surface and

Ry s the surface roughness factor.
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Figure 4.7: Wettability of 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films before and after
annealing.

4.3.3 Adhesion behaviour

For developing implants with long-lasting, strong bonding or adhesion should develop in
between the film and substrate. Scratch test provides a comprehensive measure of the
bonding strength of a film to substrate. The microscopic images and coefficient of friction
(COF) curve are typically used to evaluate the critical load (L.), which is essential for
determining the adhesion strength. L, is the minimum load at which the crack generation in

the film starts, and L, is the minimum load at which delamination of film initiates (Cui et al.,
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2017; Mohseni et al., 2015). Figure 4.8 represents the FESEM images of the scratches of 100
BCP film before and after annealing. It can be clearly observed that delamination of the films
occurred at the edge of the scratch, when 4 N and 7 N loads were applied to the 100 BCP
film (without annealing). On the other hand, after annealing, there was no failure at 4 N as
well as 7 N. This revealed that annealing provides better bonding of the films with the

substrate.

Before annealing

11111

After annealing

T RS

Micro-erateh,

-

T 200w Mege M0X WO 30 m- Bgreld e 352

Figure 4.3: Behavior of film after scratches made on 100 BCP film (before and after
annealing) at different loads 4 N and 7 N.

During annealing, diffusion occurs between the lower surface of the film and the
upper surface of the substrate due to high thermal energy supplied. So, an interlocking
between the materials of film and substrate occurs, making the bond much more strong
(Mohseni et al., 2014). Hence, all other studies related to adhesion were carried out with film
after annealing. Figure 4.9 illustrates the COF curves of 100 BCP, 25 TiO,-BCP and 50
TiO,-BCP films with respect to applied load and distance travelled by the indenter during the
scratch test. In our previous study, a similar trend of COF was found for BCP films having
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different thickness (Figure 3.12, chapter 3). COF with different trends were obtained for
different films in the present study. For 100 BCP film, L; and L., were found at 3.4 N and
8.7 N, respectively, which is higher than previous reported data of 2.3 N and 7.8, respectively
(section 3.3.7, chapter 3). However, for 25 TiO,-BCP film, the critical load (L.; and L) was
increased to 4.8 N and 14.8 N, respectively. Further L.; was enhanced to 5.3 N for 50 TiO,-
BCP film, whereas, L., was beyond the maximum limit (19N). Moreover, the COF value also

increased with the addition of TiO,% with the BCP film.
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Figure 4.4: Co-efficient of friction (COF) during dynamic micro-scratch test on different
modified films after annealing.

The FESEM images of scratch tracks at different loads for 100 BCP, 25 TiO,-BCP
and 50 TiO,-BCP films are shown in Figure 4.10. It was observed that for 100 BCP film, no
delamination was observed at 7 N load, whereas delamination was seen at the edges of the
scratch track when 11 N load was applied. At 15 N load, full penetration occurred, i.e.
complete delamination of the film was seen (Figure 4.10), and that has been demonstrated in
the corresponding text of Figure 4.11 and 4.12. Furthermore, no delamination was observed
at 11 N for 25 TiO,-BCP film; however, exfoliation or delamination and full penetration
appeared at 15 N and 19N, respectively (Figure 4.10). Again, it can be clearly seen that no
delamination at the edges or at the path of the scratch, when 11 N and 15 N loads were

applied to 50 TiO,-BCP film (Figure 4.10). However, very less ejected particles were
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observed on the edges of the scratches at 19 N. It indicated that, with the addition of
25%TiO, in the BCP film, the bonding strength of the coating enhance. The failures further
reduced even at higher loads when 50%TiO, was added in the BCP film. Since the sputtering
Is an atom bombarding process, the atomic diffusion and mixing occur at the interface of the
substrate and the deposited film (Mohseni et al., 2014). The chemical affinity between film
and surface of Ti-6Al-4V substrate improved due to the presence of TiO,. Hence, the
mechanical interlocking effect between them enhanced, resulting in higher bonding strength
(Albayrak and Altintas, 2010; Mohseni et al., 2014). Therefore, for 50 TiO,-BCP film the

bonding was much stronger as compared to other films.
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Figure 4.5: Adhesion behavior of 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films (annealed)
at different scratch loads.

Pichugin et al. (2008) obtained no coating failure up to 2 N load during scratch test of
HA film; whereas, Surmeneva et al. (2015) found no delamination of HA film up to 5.85 N.
However, Surmeneva et al. (2017) enhanced the bonding of HA film by putting multilayer
HA/Ag nanoparticle/CaP coating with Ti alloy. In the present study, up to 19 N, no
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delamination of the coating was found for the 50 TiO,-BCP films after annealing. Hence, it
can be concluded that the bonding strength of the BCP film can be enhanced with an increase

in TiO,% in the film as well as annealing of the same.
Ca Kal

P Kal

Ti Kal

M100um" M100um"

100um’"
Figure 4.6: Elemental mapping of 25 TiO,-BCP film after scratch test at 11 N.
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Figure 4.7: Elemental mapping of 25 TiO,-BCP film after scratch test at 19 N.
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Figure 4.11 and 4.12 illustrate the elemental mapping of 25 TiO,-BCP films after the
scratch test at 11 N and 19 N, respectively. It can be clearly observed that all the elements
(Ca, P, O, Ti, Al, and V) were uniformly distributed even in the scratch area as well as in the
vicinity of the scratch and other areas of the film (Figure 4.11). This indicated that there was
no delamination of the film in the vicinity of the scratch at 11 N. On the other hand, when 19
N load was applied, only Ti, Al and V were present in the scratch area and the vicinity of
scratch. Rest of the area was distributed with Ca, P and O also (Figure 4.12). This revealed
that there was total delamination of the film or in other words, the load indenter had totally

penetrated to the film.

4.3.4 Biological studies

4.3.4.1 Protein adsorption

During bone tissue regeneration the protein adsorption plays a crucial role, as protein from
the surrounding fluids rapidly adsorb onto the surface of a bio-implant when it is implanted
into a living body. Then cells get attached to the implant followed by cell proliferation
and migration (Arima and lwata, 2007; Wang et al., 2012). In the present study, 10% FBS
solution was used for protein adsorption to mimic the cell culture conditions. Figure 4.13
represents the effect of contact angle as well as roughness factor on the mass of protein

adsorbed on different films before and after annealing.
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Figure 4.13: Effect of (a) contact angle and (b) roughness factor on the mass of protein
adsorbed on different films.
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The adsorbed protein mass was found to be minimum for bare Ti-6Al-4V (2.83 +
0.15 pg/cm?). The adsorbed protein mass was higher for other modified surfaces as compared
to bare Ti-6Al-4V and increased from 4.42 + 0.17 to 7.11 + 0.25 pg/cm?® with an increase in
surface hydrophobicity (Figure 4.13 (a)). The protein adsorption is found to be related with
contact angle (R® = 0.81) as shown in Figure 4.13 (a). A similar pattern of FBS adsorption
with respect to contact angle was also observed by Hasan et al. (2018a) in self-assembled
monolayers (SAM) functionalized silicon surfaces. Since FBS contains albumin as its major
constituent, it shows albumin like adsorption behavior with respect to hydrophobicity, as
previously reported by Hasan et al. (2018a), Pandey et al. (2013) and Pandey and Pattanayek
(2013a). Higher adsorption of FBS on all the films compared to bare Ti-6Al-4V is due to the
electrostatic hydrophobic interactions and hydrogen bonding between protein and surface.
The highest protein adsorption was observed for BCP film (7.11 + 0.25 ug/cm?), due to the
presence of protein binding sites such as Ca?*, PO, and OH", which provide the major
driving force for protein adsorption. Ca** binds with negative carboxylate groups and PO,*
/OH" bind positive amino groups of protein (Wang et al., 2012). In addition, proteins
generally tend to adsorb on the hydrophobic surface due to hydrophobic patches present in its
structure. Due to hydrophobic interaction, protein unfolds and spreads its hydrophobic cores
over the surface; hence, more protein adsorption occurred on hydrophobic BCP film (Wang
etal., 2012).

Furthermore, with the addition of TiO,, protein adsorption decreased to 5.94 + 0.21
ng/cm? for 25 TiO,-BCP and 4.72 + 0.18 pg/cm? for 50 TiO,-BCP film. TiO, being
hydrophilic in nature induces hydrophilicity to the composite films which result in water
layer formation at the interface and further prevents protein molecules to adsorb onto the
surfaces (Wang et al., 2012). On the other hand, after annealing, the protein adsorption
decreased corresponding to the films prior to annealing. This can also be attributed to the
lesser contact angle of the film as compared to the corresponding film before annealing
(Figure 4.7). dos Santos et al. (2012) found a similar quantity of proteins adsorbed on the
surface of both amorphous CaP and carbonate-substituted crystalline HA coatings in culture
medium containing proteins. However, in this study, the protein adsorption is somewhat less
after annealing. After annealing crystallinity improves with deteriorates the solubility. Due to

lower solubility, the dissolution of Ca** and PO,> and other ions from the film reduces. This
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leads to decreasing ionic strength of the solution. Lower ionic strength in the solution induces
the protein to expose less polar-ionized residues to the solvent (Yongli et al., 1999). Hence,
the amount protein adsorbed after annealing decreased by the lesser interaction between
protein and surface binding sites of the film (Wang et al., 2012).

Figure 4.13 (b) represents the protein adsorption as function of the roughness factor
of the modified films. It can be noticed that there is negative correlation between adsorbed
protein mass and roughness factor (R? = 0.63). Although the surface roughness provides a
significant spatial effect to the protein adsorption by increasing surface area (Hovgaard et al.,
2008); however, may not be universally true for all the surfaces as other factors such as
surface wettability also regulate the adsorption. Pisarek et al. (2011) found higher protein
adsorption on smaller roughness H3PO4/H,0,-treated surface as compared to higher
roughness NaOH-treated surface. Therefore, it can be concluded that FBS protein adsorption
is significantly influenced by surface hydrophobicity as well as surface compositions rather

than surface roughness and topography.

4.3.4.2 Cell adhesion and morphology

FESEM was used to monitor the morphology and adhesion behavior of attached MG63 cells
on 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films (with and without annealing). The lower
magnification images are intended to exhibit the cell morphology and cell density (Figure
4.14), whereas the higher magnification images represent the adhesion behavior of cells
(Figure 4.15) on different modified surfaces. After 24 h of incubation, it was observed that all
the modified surfaces had cells prominently adhered and distributed throughout the surfaces,
as seen in Figure 4.14. However, two types of cell morphologies were noticed: (1) round
shape and (2) polygonal shape. The polygonal shape represents the cells which were well
spread and flattened, whereas, round shape shows the cells were less spread and pronounced.
All the films (100 BCP, 25 TiO,-BCP and 50 TiO,-BCP) before annealing exhibited
flattened polygonal shapes cells on the surfaces with higher cell spreading and cell density
(Figure 4.14 (a, b, c)). On the other hand, round as well as polygonal shape cells are observed
on the surface of annealed BCP and BCP-TiO; film (Figure 4.14 (d, e, f)). Non-spread and
smaller sized cells with less density are seen on these annealed films. The polygonal shape
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cells do not spread much as compared to that on the modified surfaces without annealing

(Figure 4.14 (a, b, c)).
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Figure 4.8: FESEM images for MG63 cells (lower magnification) adhered after 24 h of
proliferation on 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films (a, b, ¢) before annealing

and (d, e, f) after annealing.
Figure 4.15 shows the higher magnification morphology of MG63 cells on different
modified surfaces in order to study to cell adhesion behavior with respect to the
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corresponding surfaces. Elongated cell with longer filopodial extension (Figure 4.15 (a)),
highly proliferated cell with filopodial extension (Figure 4.15 (b)) and cell-to-cell
connectivity with extracellular matrix (ECM (Figure 4.15 (c)) are observed on the surface of
100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films (without annealing), respectively.
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Figure 4.9: FESEM images for MG63 cells (higher magnification) adhered after 24 h of
proliferation on 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films (a, b, c) before annealing
and (d, e, f) after annealing.
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However, round non-spread cells with very short filopodial extension are noticed on
the surface of annealed 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films (Figure 4.15 (d, e,
)). The presence of these filopodial extensions suggests spreading and strong adherence of
cells, hence, indicating a contact intimacy with the modified surface (Li et al., 2012). Cell-to-
cell connectivity, the highly proliferated and elongated cells indicate synergy of

reinforcements (Pandey et al., 2018).

Actin Nuclei Merged

25 TiO,-BCP 100 BCP Uncoated

50 TiO,-BCP

Figure 4.10: Fluorescent images for MG63 cells adhered after 12 h of proliferation on 100
BCP, 25 TiO,-BCP and 50 TiO,-BCP films (before annealing), showing actin filaments
(green, stained by FITC-Phalloidin), and the nucleus (red, stained by PI dye).
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Furthermore, the ECM is formed due to filopodia formation and extension on the
vicinity, and interaction of the cells in the surrounding to facilitate cell-to-cell interactions
(Pandey et al., 2018). Thus, the presence of larger filopodia extensions, cell-to-cell
connectivity, ECM formation with higher cell density indicates that the 100 BCP, 25 TiO,-
BCP and 50 TiO,-BCP films without annealing are superior bio-compatible. On the other
hand, lesser cell density with shorter filopodial extension reveals that these surfaces after
annealing have not so much strong adherence of cells with slower cell growth and hence,

lesser biocompatibility in nature.

Actin Nuclei

25 TiO,-BCP-ann 100 BCP-ann

50 TiO,-BCP-ann

Figure 4.11: Fluorescent images for MG63 cells adhered after 12 h of proliferation on 100
BCP, 25 TiO,-BCP and 50 TiO,-BCP films (after annealing), showing actin filaments (green,
stained by FITC-Phalloidin), and the nucleus (red, stained by red, PI dye).

The difference between 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films regarding
biocompatibility cannot be analyzed from these figures, as all these have well-flattened cells

spread entirely on the surfaces (Figure 4.14 (a, b, c)). Hence, quantitative analysis was
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conducted by fluorescence microscopy to find out the effect of TiO, addition with the BCP
film on cell adhesion, which is discussed in the following section.

Figure 4.16 and 4.17 display the fluorescent imaging of MG63 osteoblast cells
cultured for 12 h on different sputtered surfaces before and after annealing, respectively. The
green parts represent the actin filament, whereas the red ones show the nuclei, and the
merged images show the combined actin filaments and nuclei of osteoblast cells (Figure 4.16
and 4.17). Actin filaments form the cytoskeleton, which helps the cells to spread by
connecting the focal adhesion at the cell-materials sites. The adherence of cells is influenced
by surface functional groups, wettability, roughness, protein adsorption and types of protein
etc. (Hasan et al., 2018a; Hasan et al., 2018b).

The influence of surface modification on cell adhesion and spreading is illustrated in
this study. The cell adherence and spreading on various modified surfaces are evaluated in
terms of percentage of cell adherence, average cell area, nuclei area and circularity as already
described in section 2.3.7. These cell features were determined from fluorescence
microscopy images using image processing (ImageJ) software (Figure 4.18 and 4.19). As
compared to uncoated Ti-6Al-4V, which shows spherical non-spread cells, RF sputtered
samples showed higher % cells adhered as well as better spreading (Figure 4.16). 50 TiO,-
BCP (79+10%) exhibited a maximum % of cell adherence followed by 25 TiO,-BCP
(72£7%) and 100 BCP (66£6%). The minimum number of cells were seen on uncoated Ti-
6Al-4V (54+4%), as presented in Figure 4.18 (a). In addition, the maximum cell spreading
area was found on 50 TiO,-BCP (20124437 pm?) followed by 25 TiO,-BCP (1809+352 pm?)
and 100 BCP (1663+252 pm?). The minimum cell spreading area was observed on uncoated
Ti-6Al-4V (1365+230 pm?) indicating poor focal adhesions as compared to sputtered
samples (Figure 4.18 (a)). This clearly depicts that all the sputtered samples had an excellent
affinity towards MG-63 cell adhesion than uncoated substrate. This is directly attributed to
the presence of biocompatible functional groups such as HA, B-TCP and TiO, (rutile) on the
substrate, resulting in the higher mass of proteins adsorbed on the sputtered surfaces (4.42 +
0.12 to 7.23 + 0.14 pg/cm?) compared to uncoated Ti-6Al-4V (1.21 + 0.05 pug/cm?).

This higher adsorbed protein concentration is responsible for better adhesion and

spreading of cells as proteins act as a cushion for upcoming and adhering cells. Therefore,
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higher osteoblast cells adhere and spread on the sputtered substrates as compared to uncoated

Ti-6Al-4V.
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Figure 4.12: Effect of different coated surfaces (before annealing) on (a) % cells adhered
and average cell area, (b) average nuclei area and circularity of adhered cells.

In addition, with the increase in the TiO, concentration in the BCP film, the
wettability improved as the contact angle decreased from 95.3° to 34.6°. Due to the increase
in wettability, the surface energy increases lead to higher interaction between the cells and
surface. Furthermore, the surface roughness increased with increase in TiO, concentration in
the BCP film, resulting in higher cell spreading area due to an increase in the surface area

(Arima and Iwata, 2007; Surmenev et al., 2014). Hence, much more spreading of cells
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occurred in super-hydrophilic 50 TiO,-BCP film. It can be concluded that the wettability and

surface roughness play a vital role on the adhesion and spreading of osteoblast cells.
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Figure 4.13: Effect of different coated surfaces (after annealing) on (a) % cells adhered and
average cell area, (b) average nuclei area and circularity of adhered cells.

Similar trend as that of average cell area was also followed for average nuclei area of
the adhered cells: 50 TiO,-BCP > 25 TiO,-BCP > 100 BCP > un-coated Ti-6Al-4V (Figure
4.16 and 4.18 (b)). Nuclei size plays a significant role during cell differentiation and
proliferation, as larger nucleus size leads to higher division rate, indicating higher cyto-
compatibility rate (Tutak et al., 2017). Circularity of the cells is defined in the scale range of

0 to 1. Generally better spreading of the cells is observed when the circularity value is less
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and has been reported previously by Hasan et al. (2018b). The cell circularity value on 50
TiO,-BCP (0.50+0.08), 25 TiO,-BCP (0.53+0.09) and 100 BCP (0.57+0.09), showed smaller
values indicating better spreading of the osteoblasts as compared to the uncoated substrate
(0.72+0.12), as shown in Figure 4.18 (b).

Similar trends of % of cell adherence, average cell area, nuclei area as well as
circularity were also seen for the 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films after
annealing as found in those before annealing (Figure 4.19). However, the values for these
cell features are less in case of the films after annealing as compared to those before
annealing. i.e. the cell adherence and spreading are less in case of the annealed films, as
confirmed by the fluorescence images (Figure 4.16 and 4.17). Furthermore, some spherical
non-spread cells can be seen in annealed films (Figure 4.17). Though the annealed surfaces
had higher wettability, larger surface roughness and higher protein adsorption compared to
corresponding non-annealed films, still these annealed surfaces exhibited lesser cell adhesion
and spreading. It has been previously reported by dos Santos et al. (2012) that higher
dissolution of HA film takes place prior to annealing, which enriches the culture medium
with the Ca?* ions. This generates the mature actin filaments with larger cell spreading
compared to annealed surfaces. However, in the present study, very less spreading of cells
observed compared to as-deposited film. This may be due to the subsequent annealing of 700
°C after deposition of the film at 400 °C substrate temperature. This may enhance the
crystallinity with very less dissolution of the film in the cell media. Hence, better cell
behavior was observed on the composite surfaces before annealing as compared to the
surface after annealing.

It can be concluded that the cellular adhesion of Ti-6Al-4V is enhanced by BCP as
well as BCP-TiO, composite deposition on it. Higher cell spreading and adhesion was
observed on 50 TiO,-BCP film. However, the annealing of all these films deteriorates the cell

adhesion and spreading.

4.3.4.3 Cell proliferation

In order to perform the cell proliferation on different modified surfaces with respect to
uncoated Ti-6Al-4V, MTT assay was performed for 2, 4, and 6 days, as shown in Figure
4.20. The proliferation rate of different surfaces before and after annealing is displayed in
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Figure 4.20 (a) and (b), respectively. It is clearly depicted that, for all the modified and
uncoated surfaces also, the proliferation rate increased with an increase in the incubation
period. This shows the cyto-compatibility of all the tested samples. Compared to bare Ti-
6Al-4V, all modified surfaces exhibited higher cyto-compatibility rate for all the incubation
time durations. At day 6, the proliferation rate of 50 TiO,-BCP film (210.1+6.5%) was
significantly higher than 25 TiO,-BCP (196.8+5.8%) and 100 BCP (169.3+£2.8%). On the
other hand, the proliferation rate for annealed samples was substantially lower than that of
films without annealing for all the incubation periods. For day 6, the proliferation rate of 100
BCP-ann, 25 TiO,-BCP-ann and 50 TiO,-BCP-ann films were 108.5+4.7%, 125.1+8.5% and
139.248.1%, respectively.
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Figure 4.20: Proliferation rate of MG63 cells after 2, 4 and 6 days on bare Ti-6Al-4V, 100
BCP, 25 TiO,-BCP and 50 TiO,-BCP films: (a) before annealing and (b) after annealing

The enhancement of cyto-compatibility rate in all the modified surfaces can be
attributed to the presence of biocompatible phases (HA, B-TCP and TiO, (rutile)) and higher
protein adsorption, higher wettability as well as higher surface roughness as compared to
uncoated Ti-6Al-4V. Furthermore, due to the increase in wettability and the surface
roughness with the increase in TiO, concentration, the surface free energy and the surface
area enhanced. This results in higher adhesion and spreading of osteoblast cells, which
finally exhibiting larger % of adhered cells. In addition, because of larger nuclei area, a
higher number of cells divided, resulting in higher cyto-compatibility in 50 TiO,-BCP as
compared to 25 TiO,-BCP and 100 BCP film. Similarly, Kuwabara et al. (2012) found higher
number of cell attachment and larger diameter of cell nucleus on the HA-TiO, hybrid coating
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fabricated by dual sputtering technique and reported that the charge intensity of 0.5 to 1.0 nC
for the optimum conditions of cell attachment. In this study, the higher surface roughness and
higher wettability leads to higher cell proliferation. On the other hand, due to the less
dissolution of the film, the culture medium could not be enriched with Ca** ions; hence, less
cell adhesion and proliferation resulted. Similar behavior i.e. less adhesion and proliferation
of cells was reported by dos Santos et al. (2012) in crystalline CaP coating compared to
amorphous CaP film. On contradiction, Hu et al. (2007) found higher cell adhesion and
proliferation of bone marrow mesenchymal stem cells on crystalized HA film as compared to
amorphous CaP film of same crystal size and reported that size effect of nano-crystal plays
an important role on cell adhesion and proliferation. In this study, the crystal size of the film
before annealing is less compared to that after annealing. This could be a reason for the
higher cell adhesion and proliferation in the film before annealing compared to the film after

annealing.

4.3.4.4 In vitro bioactivity

Bioactivity is achieved by immersion of modified surfaces in SBF solution for certain days
that results in bone-like apatite globules or layer formation on the modified surfaces.
Moreover, the rapid generation of apatite layer is correlated to superior bioactivity (Sun et
al.,, 2013). As the sputtered films before annealing were found to have Dbetter
biocompatibility; hence, in the current study, the apatite formation was evaluated only on 100
BCP, 25 TiO,-BCP and 50 TiO,-BCP films without annealing. Figure 4.21 represents the
XRD patterns of 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films (without annealing) after 7
days of SBF immersion. It can be seen that all the modified surfaces exhibited significantly
improved apatite peaks with reduction of B-TCP peaks as compared to that in the surfaces
before SBF immersion (Figure 4.2).

However, the intensity of the apatite peaks significantly enhanced with the increase in
TiO,% in the BCP film. The formation of apatite layer on BCP film is attributed to the
formation of nucleation sites due to bioactive HA and S-TCP phases. When these phases
came into contact with SBF, the hydroxyl (OH’) and phosphate (PO4*) units make the
surface potential highly negative (Kim et al., 2004; Paital and Dahotre, 2009). The formation
of negatively charged OH™ ions on the surface attracts Ca’* ions from the SBF, followed by
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PO, ions and reaction occur, and apatite nuclei are formed on the surface (Bakhsheshi-Rad
et al., 2016a). Because of solubility of f-TCP, SBF gets supersaturated with Ca** and PO,™;
thus, more apatite can be precipitated by BCP film than pure HA deposited substrate. The
apatite formation was observed on BCP deposited Ti-6Al-4V having different film

thicknesses when soaked in SBF for 14 days, as already described in section 3.3.8, chapter 3.
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Figure 4.21: Phases found in 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP films after 7 days
immersion in SBF.

On the other hand, the high amount of precipitate deposited on 50 TiO,-BCP films
was due to the formation of OH" group from both BCP as well as TiO,, when they came to
contact with SBF. Hence, more OH™ group attracted Ca’* ions from the SBF, followed by
PO, ions, resulting apatite layer on the surface of the film. In addition, due to the higher
wettability of 50 TiO,-BCP films more probability of reaction exists between surface and
SBF ions. Therefore, more nucleation sites formed for the ions of SBF solution to come to
the substrate and settle down on the surface. Again, due to the high surface roughness of 50
TiO,-BCP film, surface area increased causing more amount of Ca?* and PO, penetration
from SBF (Arce et al., 2016). Hence, it can be concluded that, with the addition of TiO; in
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BCP film, the bioactivity of the film is improved significantly with the enhancement of
wettability.

The surface morphologies of different modified surfaces after 7 days of SBF
immersion is demonstrated in Figure 4.22. After 7 days of SBF soaking, apatite layer in the
form of globules was nucleated and grew on the surface of all BCP films (lower
magnification, Figure 4.22 (a—c)). The higher magnification FESEM images clearly show the
globular apatite on the films (Figure 4.22 (d, e)). Plate-like crystals were observed in the
globules at higher magnification (Figure 4.22 (f)). The appearance of globular morphologies

and plate-like crystals are the characteristics of bone-like apatite formation, which is

Tiene 124529

Figure 4.22: Surface morphologies of (a) 100 BCP, (b) 25 TiO,-BCP, (c) 50 TiO,-BCP after
7 days immersion in SBF: (d, e) corresponding magnified views, (f) higher magnified view
and (g, h, i) corresponding EDS spectra taken full area of (a, b, c).

The EDS analysis of the globular particles precipitated on all the films showed a

higher percentage of Ca, P and O with Ca/P atomic ratio of 1.5 -1.58 (nearly equal to 1.67).
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This confirmed that the apatite grown on the substrate surfaces were calcium deficient apatite
similar to that found in bones. The similar type of results was also reported by Mello et al.
(2007) during HA deposition on Ti-6Al-4V using RF sputtering. From XRD, FESEM and
EDS results, it was clearly confirmed that the apatite precipitated effectively from the SBF
solution on the sputtered surface. The addition of TiO, with BCP deposition can enhance the
wettability and apatite layer formation which stimulates osteointegration (Hasan et al.,
2018b; Surmenev et al., 2014).

4.4 Findings from the research work

In the present study, 100 BCP, 25 TiO,-BCP and 50 TiO,-BCP composite films were
successfully deposited on Ti-6Al-4V by RF magnetron sputtering. Annealing was performed
on sputtered specimens at 700 °C for 2 h to investigate the effect of thermal energy on
different physical, adhesion and biological properties of the coated surface. The main
findings reveal that R, of film increased with the increase in wt.% of TiO, and was found to
be maximum (7.2+1.6 nm) for 50 TiO,-BCP film. The contact angle was found 95°(+3°) for
100 BCP film, 73°(£2° for 25 TiO,-BCP and 35°(+1°) for 50 TiO,-BCP film, indicating
improvement in wettability with increase of wt.% of TiO,. The R, value for all the films
increased after annealing due to abnormal grain growth, resulting in a decrease of contact
angle. The adhesion bonding between BCP film to Ti-6Al-4V substrate enhanced due to the
addition of TiO, as well as annealing of the sputtered specimens. The value of L., and L,
was found to be maximum for 50 TiO,-BCP film (5.3 N and more than 19 N, respectively).
The FBS adsorption increased from 4.42+0.17 to 7.11+0.25 pg/cm? with increase in contact
angle. After annealing, the protein adsorption decreased for corresponding films. All films
before annealing exhibited significantly higher cell adhesion and proliferation compared to
bare Ti-6Al-4V. With the addition of TiO, with the BCP film, the cell adhesion and
proliferation improved, indicating better cytocompatibility. However, the cell adhesion and
proliferation reduced for the coated samples after annealing. Presence of filopodial extension,
cell-to-cell connectivity and ECM indicated the good cytocompatibility of all the films before
annealing. After 7 days of SBF immersion, globular bone-like apatite formed on all modified
surfaces, making the surfaces more suitable to osteo-integration. Furthermore, the addition of

TiO; in the BCP film improved the bioactivity.
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The present study concludes that the TiO, addition in BCP film is beneficial for
improving wettability, adhesion strength, bioactivity and cytocompatibility of the implants.
Thermal annealing enhances the bonding strength of the films with the substrate; however, it
deteriorates the biological properties. Hence, TiO, addition with the BCP film (without
annealing) can be beneficial for the long duration use of implants for artificial tooth and bone

applications.
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Deposition of Biphasic Calcium Phosphate Film on Laser Surface
Textured Ti-6Al-4V and its Effect on Different Biological

Properties

5.1 Theme of work

In chapter 3, good bioactivity as well as well adherence was found for all the BCP film
having surface roughness varying from 112 — 153 nm. Enhancement in the functionality of
the implant is always recommendable for the researchers. From the literature review, it was
found that cell and tissue responses not only affect by surface chemistry, but also by surface
topography as well as roughness of the implant surface. Many researches have been carried
out to improve the biological performances of the implant either modifying the surface
chemistry or varying the surface topography. However, very less research is available on
simultaneous application of surface chemistry and surface topography for the improvement
of implant functionality. Thereby, it is essential to develop an implant having different
surface chemistry as well as surface topography to investigate the simultaneous effect of both
on the bio-functionality of the implant.

This chapter illustrates the fabrication and characterization of BCP film deposited on
different micro-dimpled textured Ti-6Al-4V along with the analysis of protein adsorption,
cellular behavior and in vitro bioactivity. Initially, the surface micro-topography on Ti-6Al-
4V metallic implants was obtained by laser surface texturing with various pulse overlapping
factors such as 0%, 25% and 50%. Post texturing, BCP film was deposited on all the textured
Ti-6Al-4V which can the nano-topography to the surface of implant. Hence, the surface with
micro-/nano-hierarchical structure was developed. The deposition was carried out using RF
magnetron sputtering with the same parameters as described in chapter 4. Subsequently,
physicochemical, mechanical and biological properties of these films were investigated using
various characterization techniques. Surface morphology, elemental analysis and phase
composition of different films were studied using FESEM, EDS and XRD, respectively. The

surface roughness as well as wettability of different films were investigated using 3-D

117|Page
TH-2323_ 126103003



Chapter 5

surface profilometer and goniometer, respectively. Furthermore, different biological
performancec like protein adsorption, cell adhesion and proliferation, in vitro bioactivity of
different films were investigated. The primary objective of this chapter is to investigate the
effect of micro/nano-topography with the BCP film on cellular behavior of the Ti-6Al-4V
implant and compared with those on BCP deposited bare Ti-6Al-4V.

5.2 Materials and methods

5.2.1 Materials

BCP target used for RF magnetron sputtering in chapter 3 and 4 was also utilized for this
study. Ti-6Al-4V specimens with the same dimension were polished and cleaned with the

same procedure as described in section 3.2.2, chapter 3.

5.2.2 Surface modifications

The polished Ti-6Al-4V substrates were first subjected to laser surface texturing followed by

RF magnetron sputtering.

5.2.2.1 Laser surface texturing of Ti-6Al-4V

The polished Ti-6Al-4V samples were subjected to pulsed millisecond Nd-YAG laser (M/s
Suresh Indu, Accucut-500) having wavelength of 1064 nm and 200 pum focused spot
diameter (D) in order to fabricate micro-textures on the surface. The laser surface texturing
(LST) system used in the study is shown in Figure 5.1. The laser beam with Gaussian
intensity distribution was perpendicularly focused on the substrate by using a convex lens of
100 mm focal length. Argon (Ar) gas having pressure of 0.2 MPa was used as assist gas to
discard the molten layer from the surface of the specimens. Initially, the influence of main
laser parameter such as laser irradiance on the micro-machined geometry was investigated by
varying input current (I) from 60-80 A and pulse duration (PD) from 1.2-1.5 ms. Pulse
repetition frequency (f) was fixed at 30 Hz and the laser irradiance was determined according
to Eq 5.1, (Behera et al., 2017; Behera et al., 2018b).

Laser irradiance(W /mm?) = Favg (W) (5.1)
(1/4) x D2(mm?) '
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Pavg = Ipeak X PD x f (5.2)

Ppear =N XV X1 (5.3)

Where, Payq is the average power determined by Eq. 5.2. Pyeak iS the peak power
evaluated by Eq. 5.3, where V is the applied voltage of 600 V and 7 is the efficiency of laser
(4%). These experiments were carried out at higher scanning speed (SS = 22 mm/s), so that
there was no overlapping between two consecutive laser pulses in a single track. The
diameter and depth of the micro-machined hole was measured with non-contact 3D surface
profilometer (M/s Taylor Hobson, Talysurf Cclite-6000). In the second stage, LST was
carried out with selected laser parameters varying the scanning speed and overlapping
distance between two consecutive laser tracks. Scanning speed and overlapping distance
were chosen in such a way that the OF such as 0%, 25% and 50% were obtained between
two consecutive laser spots as well as lines. The required scanning speed for different
overlapping factor was evaluated according to Eq. 5.4 (Sahoo and Masanta, 2015). All these
parameters were selected to obtain surface roughness of textured Ti-6Al-4V in between 1-2
pum and to study the effect of surface roughness and topography on protein adsorption as well

as cell adhesion. Different parameters used for LST are shown in Table 5.1.

Textured
surface

Figure 5.1: (a) Experimental set up and (b) schematic diagram for laser surface texturing
process.
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SS (mm/s) = f(1/s) x d(mm) x (1 - OF/100) (5.4)

Where, d is the diameter of selected micro-hole and OF is the overlapping factor. After
fabrication of micro-textures having different overlapping factor, all the textured specimens
were ultrasonically rinsed with acetone, ethanol and DI water in order to remove the dust
particles. The cleaned substrates were used for the further experiments and characterizations.

Table 5. 1: Input process parameters used for laser surface texturing

Input current (1), A 60
Pulse duration (PD), ms 1.5
Pulse repetition frequency (f), Hz 30
Ar gas pressure, MPa 0.2
Stand-off distance, mm 2
Focused spot diameter (D), um 200
Diameter of selected micro-hole (Dia), pm 400
Overlapping factor (OF), % 0, 25,50

5.2.2.2 RF magnetron sputtering of BCP film

The deposition of BCP film on polished as well as micro-textured Ti-6Al-4V was
accomplished by RF magnetron sputtering with the same procedure as described in chapter 4.
Same parameters used for sputtering in chapter 4 were also used for this study, and these are
shown in Table 5.2. The BCP film deposited on bare and different textured Ti-6Al-4V (0%
OF, 25% OF and 50% OF) substrates were renamed as BCP-bare Ti-6Al-4V, BCP-(0%
OF)Ti-6Al-4V, BCP-(25% OF)Ti-6Al-4V and BCP-(50% OF)Ti-6Al-4V films, respectively
throughout the study. Further, some sputtered samples were annealed at 700 °C for 2 h under
atmospheric conditions in order to enhance the crystallinity (Prosolov et al., 2017) as well as
to study the effect of annealing on different properties. Then the substrates were used for

further characterization.

120|Page
TH-2323_ 126103003



Deposition of BCP film on laser surface textured Ti-6Al-47V...

Table 5. 2: Deposition conditions used in present RF magnetron sputtering process

RF sputtering component Present study
Bare Ti-6Al-4V
Substrate (0% OF)Ti-6Al-4V
(25% OF)Ti-6Al-4V
(50% OF)Ti-6Al-4V
Target BCP
Base pressure 3x10°® mbar
Working pressure 3x107 mbar
Sputtering gas Ar (30 sccm)
Target to substrate distance 50 mm
RF power 30 W
Deposition time 7h
Substrate temperature 400 °C

5.2.3 Characterization of modified surfaces

5.2.3.1 Measurement of surface topography

Different surface features (surface roughness, cross-sectional profile and 3-D topography) of
polished as well as textured Ti-6Al-4V were analyzed using non-contact 3-D surface
profilometer. The instrument was equipped with a 20X lens having 4.7 mm focal length. 850
x 850 um? area was initially scanned and then a particular line was drawn in a direction along
the laser scanned line to estimate the roughness (R,) of the surface. The geometrical
parameters such as pitch (P), depth (h) and diameter (d) were measured from the surface
profile of the micro-dimpled texture. The average of three different values was considered as
final output in the study. These parameters were further used for determining the aspect ratio
(A) and roughness factor (R;), which are related to wettability of the surface. Aspect ratio (1)
is defined to be the ratio of micro-texture depth to diameter of micro-texture; whereas,
roughness factor (Ry) is the ratio of actual surface area and projected area of micro-dimpled
texture. A and Ry are calculated using Eq. 5.5 and 5.6, respectively (Pratap and Patra, 2018b;
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Wang and Bai, 2015). Since the laser beam had distributed with Gaussian intensity; hence,
conical shaped micro-structure produced which can be seen in Figure 5.3.

A=- (5.5)

P2 —nmr? 4+ nrvr2 + h2 5.6

Where, r is the radius of micro-dimpled texture.

5.2.3.2 Phase, elemental analysis and surface morphology

The phase compositions present on the surface of the samples were investigated by XRD
analysis. The results were interpreted with the database of crystallographic structures (HA -
JCPDS 09-0432, B-TCP - JCPDS 09-0169), TiO; (rutile) - JCPDS 211276 and Ti - JCPDS
441294). The surface morphology of BCP film deposited on polished and textured Ti-6Al-
4V was distinguished by FESEM instrument with the magnification of 5-50 kX. EDS was
used to analyze the elements present in the BCP film deposited on the polished and textured
Ti-6Al-4V. The roughness and wettability of BCP film deposited on polished as well as
textured surfaces were evaluated using non-contact 3-D surface profilometer and goniometer

as reported previously in section 3.2.5.2, chapter 3.

5.2.4 Biological studies

Protein adsorption, cell adhesion, cell proliferation and in vitro bioactivity of BCP deposited
bare and textured Ti-6Al-4V were performed by same protocol illustrated in section 4.2.6.1 -
4.2.6.4, chapter 4.

Statistical analysis

The experiments were conducted in triplicate and the results have been reported as the mean
+ standard deviation for n = 3 at least. To determine the statistically significant differences (p
< 0.05 (#) and p < 0.005 (##)) SigmaPlot version 14.0 was used with one-way analysis of
variance (ANOVA).

122 |Page
TH-2323_ 126103003



Deposition of BCP film on laser surface textured Ti-6Al-47V...

5.3 Results and discussion

5.3.1 Surface modification of Ti-6Al-4V

5.3.1.1 Surface topography of micro-dimpled textures
The 3-D topography and 2-D cross-sectional view of non-textured and micro-dimpled
textures are represented in Figure 5.2. The different geometrical features of the micro-
dimpled texture such as pitch (P, horizontal distance between the centers of two consecutive
micro-dimples), diameter (d, maximum horizontal distance at the top of micro-dimple) and
depth (h, vertical distance between the bottom and top of the micro-dimple) are measured
from the cross-sectional images, shown in the Figure 5.2. The average value of all the
dimensions is reported in Table 5.3. The aspect ratio (A) and roughness factor (Ry) are
calculated using Eq. 5.5 and 5.6, respectively (Table 5.3). It was clearly observed from
Figure 5.2 and Table 5.3 that with the increase in percentage overlapping, the P, h and d
decreased. It is obvious that with increase in overlapping of micro-dimple, the center of
micro-dimples come closer to each other, decreasing the P and d. Again, the overlapping
portions of the adjacent micro-dimples got remelted, resulting decrease in the height of the
micro-dimple. The X increased with the increase in overlapping percentage of the micro-
dimpled texture due to significant decrease of the diameter of the micro-dimple compared to
decrease of depth with the overlapping.

It was also seen from Table 5.3 that the Ry is higher for micro-dimpled texture having
50% OF compared to others textured surfaces. Pratap and Patra (2018a) also found increase
in Rt with increasing overlapping percentages in parallel micro-textured surfaces fabricated
by ball end micro-milling process due to decrease in P as well as with increase in h,
individually. Though h decreased in the present study with increase in OF%; however, R;
increased due to increase in P, indicating dominancy effect of pitch compared to the depth on
the R; of the micro-dimpled texture surface. The surface roughness (R,) of the bare and laser
textured specimens are represented in Figure 5.2 and Table 5.3. Though the average surface
roughness of bare Ti-6Al-4V was in nanometer range, i.e. 94 nm, the textured substrate had
Ra in micrometer range, and this R, was increased from 0.98 pum to 1.84 pum with an increase
in OF from 0% to 50%. Due to an increase of OF, the frequency of laser interaction
increases, this generates waves and pits on the surface of molten Ti-6Al-4V after

123|Page
TH-2323_ 126103003



Chapter 5

solidification. This caused attachment as well as the incursion of other molecules to the
surface of metal easily. Hence, the R, increased, which may enhance the grip to retain the

BCP particles deposited on the textured surface.
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Figure 5.2. 3-D topography and corresponding 2-D surface profiles of bare and LST
specimens with different overlapping factors 0%, 25% and 50%.

Higher R, value for the textured surface with higher overlapping factor was also

found by Stango et al. (2018) during texturing of metal specimens. It was also observed that
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the Ry also follows similar trend with R, due to decrease in pitch values. Similar observations
of increasing surface roughness with decreasing in pitch was also found by Pratap and Patra
(2018a) for staggered and parallel textured surfaces fabricated using ball end micro-milling
process. In addition, the micro-dimple density (number of micro-dimples per unit area) is

increased with increasing the overlapping factor.

Table 5. 3: Geometry of the micro-dimple textured surfaces

Surface ) F .

o Micro-dimple textured surface geometrical parameters
condition
of P h d A=h/d Ry Ra
Ti-6Al- (Lm) (Lm) (Hm) (um)
4V
Bare - - - - - 0.09+0.02

0% OF 360.78+8.49 12.77+0.39 338.89+11.15 0.037 1.001965 0.98+0.09
25% OF  288.64+4.31 10.89+0.31 272.17+5.40 0.040 1.002232 1.35+0.13

50% OF  204.13+2.76  9.36+0.44  203.41+4.01  0.046  1.003295 1.84+0.17

5.3.1.2 Phase and elemental composition of micro-dimpled texture surfaces after BCP
sputtering

The thickness of the BCP film was found to be 540 £ 19 nm on the bare Ti-6Al-4V, as
measured using a stylus profilometer (M/s Vecco Dektak 150). The compositional phases of
RF sputtered film on laser textured Ti-6Al-4V at different OF (0%, 25% and 50%) are
demonstrated in Figure 5.3 (a). The XRD spectra of sputtered film on different textured Ti-
6AIl-4V find peaks of B-TCP, HA and TiO, (rutile). The presence of HA and B-TCP peaks in
all the textured substrates confirms the deposition of BCP films on the textured substrates.
This is attributed to the sputtering technique that usually deposits a film of the same
stoichiometry as the target (Das et al., 2018). However, TiO, (rutile) phase formed in all the
textured substrates due to entrapping of oxygen into molten Ti-6Al-4V during LST. TiO,
(rutile) phase is generated instead of TiO, (anatase) due to the high-temperature laser beam.

Moreover, the TiO; (rutile) phase improved with an increase in OF. Increased interaction of
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laser beam occurred at a higher OF, which resulted more melting and entrapped larger
oxygen content into the molten Ti-6Al-4V and in-turn more TiO, formation. The apparent
crystallite sizes of the BCP films deposited on textured Ti-6Al-4V having 0%, 25% and 50%
OF were determined using Scherrer equation in XRD spectrum and are found to be 24.96 +1
nm, 27.21 £1 nm and 26.76 £1 nm, respectively. It indicates that surface texturing has no

significant effect on the crystallite size.

°B-TCP R- Rutile (TiO,) DR\ W 5 CP-Textured-Ti-6Al-4V |
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Figure 5.3. Phases found in (a) BCP films deposited on laser textured Ti-6Al-4V specimens
at different overlapping factors; elemental analysis of (b) bare Ti-6Al-4V, (c) textured Ti-
6Al-4V and (d) BCP-coated-textured Ti-6Al-4V.

The EDS analyses of bare, textured and BCP-coated-textured Ti-6Al-4V specimens
are shown in Figure 5.3 (b), (c) and (d), respectively. There was no oxygen present in the

bare specimen (Figure 5.3 (b)); however, a significant amount of oxygen content was
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observed in all laser textured Ti-6Al-4V (Figure 5.3 (c)). The oxygen content was 32.6% in
the laser textured sample with 0% OF, and it further enhanced to 35.7% and 38.5% for
textured samples with 25% and 50% OF, respectively (Figure 5.4). This complemented the
above discussed XRD data. A similar observation was also seen in laser peened stainless
steel and Ti alloy (Stango et al., 2018). The presence of Ca, O and P with the Ti, Al and V
confirms deposition of calcium phosphate film on the textured Ti-6Al-4V (Figure 5.3 (d)).
However, there was no effect of different OF on different elements can be seen, as the same

BCP deposited on all the textured specimens.

Ti

Bare-Ti-6Al-4V (b) 0%OF-Ti-6Al-4V

25%0F-Ti-6Al-4V _

Ti i Ti

Figure 5.4. Elemental analysis of (a) bare Ti-6Al-4V and laser textured specimens at
different overlapping factor (b) 0%, (c) 25% and (d) 50%.

5.3.1.3 Surface morphology of micro-dimpled texture surfaces after BCP sputtering
The surface morphology of BCP sputtered textured and non-textured Ti-6Al-4V specimens

are shown in Figure 5.5. Clear patterns of mico-dimpled textures with 0%, 25% and 50%

spot overlapping are seen in Figure 5.5 (b), (c) and (d), respectively. It was observed that at a
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lower magnification (macro level) that, the patterns of micro-dimple textures were not
changed after sputtering (120X zoom images of Figure 5.5). The micro-dimple dimensions
were in hundreds of microns and the coating thickness was in nanometers range. Hence, the
pattern dimensions remained almost same after BCP film deposition. Furthermore, it was
seen at a higher magnification (micro level) that the BCP film on the bare Ti-6Al-4V had
smooth and uniform surface; however, rough and non-uniform surface was observed in the
BCP-coated-textured Ti-6Al-4V (5 kX zoom images of Figure 5.5).

(a) BCP-bare-Ti-6Al-4V

e . N
Patches of BCP depgsition

Vage BOOKX  DewAs e

Vi r - - .
=~ ENT=2000kv  Mape 19X WOsAimm  Sgwassis (IR fiher] DAe 0w M B30KK : Mage SOKX  SgmaAs e
wor 4tmm

Figure 5.5. Surface morphology of BCP film sputtered on (a) bare Ti-6Al-4V, (b) 0% OF-Ti-
6AIl-4V, (c) 25% OF-Ti-6Al-4V and (d) 50% OF-Ti-6Al-4V specimens.
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BCP films were deposited in small patches throughout the surface of textured Ti-6Al-
4V. This can be attributed to the textured surface, which causes the distance between the
substrate and target to be non-uniform, and hence, particles from the target could not be
deposited uniformly on the substrate surface during sputtering. Again, at the higher
magnification (nano level), bigger as well as smaller nano-particles were seen, which were
uniformly distributed over the surface of BCP deposited textured as well as non-textured Ti-
6AIl-4V (50 kX zoom images of Figure 5.5). Similar types of surface morphology (uniformly
distributed grains) was also observed by Surmenev et al. (2011) and Behera et al. (2018a).
After BCP sputtering, the R, of the bare-Ti-6Al-4V, 0%O0F-Ti-6Al-4V, 25%O0F-Ti-6Al-4V
and 50%O0F-Ti-6Al-4V was found to be 0.14+0.03 pm, 1.12+0.08 um, 1.61+0.20 um and
2.07+0.22 pm, respectively. It can be observed that the roughness increases after deposition
BCP film on the textured surfaces. This is attributed to presence of non-uniformly distributed

BCP patches on the textured surfaces (5 kX zoom images of Figure 5.5).

5.3.1.4 Wettability of the micro-dimpled texture surfaces

The wettability of bio-implant surface exhibits a vital role in protein adsorption, bioactivity,
cell adhesion and proliferation (Sun and Huang, 2018; Xia et al., 2018). Further, the
wettability of the surface mainly depends upon chemistry and topography of that surface
(San Thian et al., 2011; Sun and Huang, 2018). The wettability at different surface conditions
of Ti-6Al-4V is manifested in Figure 5.6. The SBF contact angle on bare Ti-6Al-4V was
observed to be 89°(x1°); however, for textured substrates it decreased to 77°(x2°), 74°(x1°)
and 71°(x2°) for 0%, 25% and 50% OF, respectively indicating enhancement of
hydrophilicity with micro-dimpled surface texturing. This is attributed to the surface
texturing, which formed micro-dimples on Ti-6Al-4V surface. So, the overall R¢ increases
compared to non-textured Ti-6Al-4V causing improvement in hydrophilicity. In addition, it
was found that the contact angle further reduces with an increase in OF from 0% to 50%. As
the Ry is determined by the different geometry of the micro-texture; hence, these dimensions
play a crucial role on the wettability. The reduction of pitch and depth of micro-dimpled
textures with the increase in OF decreased the contact angle. Pratap and Patra (2018a) also
found decrease of contact angle with the reduction of pitch and increase of the depth of the
micro-dimpled texture. Instead of lower depth of 50% OF textured substrate, the wettability
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was better among all the different configurations of textured Ti-6Al-4V, as shown in Figure
5.6. This is attributed to higher R, which allows the SBF droplet to interact more with the
textured substrates and hence decreases the contact angle by increasing the drop width and
reducing the drop height. As per Wenzel’s equation is concerned, the increase in roughness
factor results in reduction of contact angle and improves the hydrophilicity of surfaces
(Queré, 2008).
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Figure 5.6. SBF contact angles on different surface conditions of Ti-6Al-4V.

Furthermore, it was also found that the wettability improves with the increase in the
Ra. This is believed that the higher R, value provides extra contacting area to interact with the
droplet to spread more (Hosseinabadi et al., 2018; Majeed et al., 2015; Pratap and Patra,
2018a). Hence, wettability improves with the enhancement in surface roughness, which
increases with the OF of micro-dimpled texture. Moreover, the formation of surface oxide
(TiO,) during laser texturing process, and the increment of oxide with the OF (Figure 5.4)
improve the wettability of the surface. The improvement of wettability with the TiO,-

containing layer fabricated by laser process was reported by Sadeghi et al. (2019). In
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addition, with the BCP film deposition, the textured Ti-6Al-4V behaved as super hydrophilic
surface as the range of contact angle of surfaces decreased from 70-77° to 17-21°, indicating
a significant improvement of hydrophilicity, after BCP film deposition.

This can be due to the presence of phosphate (PO,*) and hydroxyl (OH) negative
ions in BCP, which significantly attract the electro-positively-charged (H") ions from the
SBF solution (Thian et al., 2005). Hence, BCP film deposited on textured surface exhibited
super-hydrophilicity due to simultaneous involvement of surface chemistry and surface
topography on Ti-6Al-4V. On the other hand, instead of hydrophilic BCP deposition on non-
textured Ti-6Al-4V, the surface showed hydrophobicity with contact angle of 95°(x3°). This
is attributed to deposition of nano-sized grains with nano-roughness of the film (R, = 142 nm)
and positive skewness (0.292) (Figure 4.5 (a), 4.6 (a), chapter 4), which prevent the SBF
droplet to spread (Surmeneva et al., 2016). All the results indicate that the wettability of the
surface is directly influenced by chemical composition, surface roughness and topography, as

reported in previous studies (Mirhosseini et al., 2007; Sadeghi et al., 2019).

5.3.3 Biological studies
5.3.3.1 Protein adsorption

In the present study, BCP film on bare and textured Ti-6Al-4V was explored to understand
the role of wettability and surface topography on FBS protein adsorption. Figure 5.7
represents the adsorbed mass of protein on different surface conditions, determined by BCA
assay. Higher mass of adsorbed protein (5.32 + 0.14 - 7.11 + 0.30 pg/cm?) was obtained for
all the modified surfaces compared to bare Ti-6Al-4V (2.83 + 0.15 pg/cm?), which is because
of the protein binding groups such as Ca®*, PO, and OH in BCP film. PO,>/OH" bind
positive amino groups, whereas Ca®* binds with negative carboxylates groups of protein
(Wang et al., 2012). Thus, hydrogen bonding as well as electrostatic interaction occurs
between protein and surface, resulting in higher adsorbed mass on BCP-bare Ti-6Al-4V. It
was further noticed from Figure 5.7 that the adsorbed protein mass directly varies with
surface hydrophobicity. Hasan et al. (2018a) also reported the increase of FBS adsorbed
amount with increase in hydrophobicity. As albumin is the major constituent of FBS, it
exhibits albumin-like adsorption behavior with respect to hydrophobicity (Hasan et al.,
2018a; Pandey and Pattanayek, 2013a; Pandey et al., 2013). It is a well-known fact that
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proteins have a very high tendency to adsorb on hydrophobic surfaces due to the availability
of hydrophobic patches in its structure. Therefore, due to hydrophobic interaction protein
unfolds and spreads its hydrophobic cores over the surface causes higher protein adsorption
(Wang et al., 2012). Hence, the FBS adsorption was found to be higher for BCP-bare-Ti-6Al-
4V due to the hydrophobicity (CA=95°). In addition, FBS is a mixture of serum proteins
having the size in nanometer domain; hence the nano-roughness of the BCP-bare-Ti-6Al-4V
(Ra = 142 nm) provides a significant spatial effect to the protein adsorption, which results in
a higher mass of FBS protein.
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Figure 5.7. Adsorbed protein mass as a function of (a) contact angle and (b) surface
roughness.

On the other hand, the adsorbed protein mass on the surface of BCP-textured-Ti-6Al-
4V was found lesser as compared to BCP-bare-Ti-6Al-4V. Due to hydrophilic behavior of
BCP-textured-Ti-6Al-4V (CA = 17°-21°), these surfaces showed lesser FBS adsorption. In
addition, the micro-roughness of BCP-textured-Ti-6Al-4V (R, = 1.12 - 2.07 um) exhibited
the smooth topography to the nano-sized protein, thus comparatively less effect on protein
adsorption (Wang et al., 2012). With the increase in OF of micro-dimpled textures, the
protein adsorption decreases in spite of increasing surface roughness. This may be due to an
increase in micro-surface roughness with OF; the surface became more smooth for the
proteins to adsorb.

Table 5.4 represents the SBF contact angles on BCP sputtered bare as well as textured
Ti-6Al-4V surfaces prior to and after FBS protein adsorption. Post FBS adsorption, the
hydrophobic BCP-bare-Ti-6Al-4V became super-hydrophilic (CA = 29°); whereas, the
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contact angle of BCP-textured-Ti-6Al-4V surfaces increased to moderately hydrophobic
(CA = 50-80°), indicating the formation of protein layer (Sharma and Pattanayek, 2017).
Protein adsorption occurs due to electrostatic as well as the hydrophobic interaction between
surfaces and proteins. The macroscopic properties (surface energy) and microscopic
topographies vary after protein adsorption, due to the different chemico-physical properties
of various modified surfaces, which regulate the protein packing and their behavior (Sharma
and Pattanayek, 2017). Therefore, different surfaces showed the different SBF contact angle
after protein adsorption.

Table 5. 4: SBF contact angles on the surface of BCP films sputtered on non-textured and
textured Ti-6Al-4V without and with FBS protein adsorption.

Contact angle, CA (°)

Surface condition Without FBS With FBS
BCP — bare Ti-6Al-4V 95+3 291
BCP-(0% OF)Ti-6Al-4V 21+1 552
BCP-(25% OF)Ti-6Al-4V 19+1 53+ 1
BCP-(50% OF)Ti-6Al-4V 17+1 59 + 2

5.3.3.2 Cell adhesion and proliferation

Osteoblast-like cells (MG63) were used to analyze cellular responses of different modified
surface for bone tissue regeneration. FESEM images were acquired after 24 h of incubation
to study the morphology, and adhesion behavior of attached MG63 cells on BCP film
sputtered on bare as well as textured Ti-6Al-4V. The cell morphology and cell density are
shown by the lower magnification images (Figure 5.8 (a-c)), whereas the adhesion behavior
of cells is displayed in the higher magnification images (Figure 5.8 (d-f)) on different
modified surfaces. It was observed that bare Ti-6Al-4V exhibits with very less number of
round shaped cells, indicating less spreading on the surface (Figure 5.8 (a)). Polygonal-
shaped cells with high numbers are observed on the surface of BCP-bare Ti-6Al-4V,
indicating well spreading of the cells (Figure 5.8 (b)). Furthermore, well-flattened cells with
high cell density are prominently distributed throughout the surface of BCP-textured Ti-6Al-
4V (Figure 5.8 (c)). This indicates strong adherence of cells with BCP film deposited on bare
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as well as textured Ti-6Al-4V compared to non-textured non-coated Ti-6Al-4V. The cell
adhesion behavior of MG63 cells on bare Ti-6Al-4V as well as different modified surfaces

was studied by analyzing the higher magnification FESEM images (Figure 5.8 (d-f)).

() 77 Bare Ti-6A1-4V.
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Figure 5.8. Morphology of MG63 cells after 24 h of proliferation on bare Ti-6Al-4V, BCP -
bare Ti-6Al-4V and BCP-(50% OF)Ti-6Al-4V surfaces: (a, b, ¢) lower magnification and (d,
e, f).higher magnification.
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The groups of round cells on bare Ti-6Al-4V indicate less spreading and adhesion
(Figure 5.8 (d)). As shown in Figure 5.8 (e), elongated cell with longer filopodial extensions
Is observed on BCP sputtered bare Ti-6Al-4V, indicating spreading and intimacy of the
osteoblast to the surface (Li et al., 2012). Highly proliferated cells with extracellular matrix
(ECM) is manifested on BCP-(50% OF)Ti-6Al-4V (Figure 5.8 (f)), revealing the synergy of
reinforcements with the surface (Pandey et al., 2018). Due to the formation of filopodial
extension and interaction with the cells in the surrounding ECM formation occurs (Pandey et
al., 2018). All these features such as filopodial extensions, cell-to-cell connectivity and ECM

formation indicate the superior cyto-compatibility of the modified surfaces.
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Figure 5.9: Fluorescent images of MG63 cells adhered on the surface of (a) BCP-bare Ti-
6Al-4V, (b) BCP-(0% OF)Ti-6Al-4V, (c¢) BCP-(25% OF)Ti-6Al-4V and (d) BCP-(50%
OF)Ti-6Al-4V after 12 h, showing the nucleus (red) and actin filaments (green).

The above findings were also confirmed by fluorescence microscopy study and

quantitative analysis of different cell features such as percentage of cell adhered, nuclei area,
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average cell spreading area and circularity. The fluorescent imaging of MG63 osteoblast cells
after culturing for 12 h on different sputtered surfaces are presented in Figure 5.9. Actin
filaments (green color) and nuclei (red color) are used for analyzing the adhesion behavior of
the osteoblast cells on the modified surfaces, as previously reported by our group (Behera et
al., 2018b; Hasan et al., 2018b). The effect of surface texturing with BCP film on regulation
of cell adhesion and spreading for better osteointegration is illustrated in this study.

Lesser number of spherical cells with less spreading was seen on the surface of bare
Ti-6Al-4V (Figure 4.16, chapter 4). However, well spread-flattened cells are seen on the
surface of BCP-bare-Ti-6Al-4V (Figure 5.9 (a)) as well as BCP-textured-Ti-6Al-4V (Figure
5.9 (b-d)). These observations complemented FESEM data (Figure 5.8). This phenomenon is
due to the presence of biocompatible phases like HA and B-TCP on Ti alloy surface,
enhances the protein adsorption on the modified surfaces (5.32 + 0.14 - 7.11 + 0.30 pg/cm?)
in comparison to the bare Ti-6Al-4V surface (2.83 + 0.15 pg/cm?). These protein acts as a
cushion for the cells to be adhered, resulting in more spreading and adherence of osteoblasts
(Hasan et al., 2018a). Furthermore, it is noticed that all the BCP-textured-Ti-6Al-4V surfaces
exhibited with larger actin filaments (Figure 5.9 (b-d)) than that of BCP-bare-Ti-6Al-4V
(Figure 5.9 (a)), indicating higher cell adhesion and growth capability.

The super-hydrophilic (17-20°), as well as the highly roughened (1.12 - 2.07 um)
surfaces of the BCP deposited textured film provide a more compatible structure to the
osteoblasts to spread and adhere (Ahn et al., 2012). An improvement in adhesion and
proliferation of fibroblast with the enhancement of surface wettability was also observed by
Altankov et al. (1996) and Sadeghi et al. (2019). The increase in surface energy and surface
roughness also enhanced the cell attachment and proliferation, as reported by Mirhosseini et
al. (2007). Moreover, the size of MG63 cells varied in the range of 50-200 um which was
less than the size of the micro-dimples in the micro-textured surface (Figure 5.8). Thus, the
number of cells adhered to the substrate increased. Again, these micro-dimples provided
higher surface area to avail more serum proteins and medium for the cell spreading and
growth compared to nano-rough hydrophobic BCP-bare-Ti-6Al-4V film (Li et al., 2012).
Hence, higher cells spreading and growth occurred in BCP-textured-Ti-6Al-4V than BCP-
bare-Ti-6Al-4V. Furthermore, it can be noticed that, among the BCP-textured-Ti-6Al-4V
specimens, BCP-(50% OF)-Ti-6Al-4V had higher number of cell with larger cell spreading.
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This increased with increase in the OF. Because of increase in R, and R with the rise in OF,
more interaction occurs between the cells and surface because of enhanced surface area.
Hence, better cell behavior was observed on the BCP-(50% OF)-Ti-6Al-4V in comparison to
the other textured surfaces.

Figure 5.10: Distribution of MG63 cells on the BCP sputtered micro-dimpled texture
surfaces: (a) BCP-(0% OF)Ti-6Al-4V, () BCP-(25% OF)Ti-6Al-4V and (c) BCP-(50%
OF)Ti-6Al-4V after 12 h of cell culture.

Figure 5.10 shows the distribution of MG63 cells on the BCP deposited micro-

dimpled texture Ti-6Al-4V having different OFs. It could be clearly seen that the cell
adhered percentages increased with the enhancement in OF of the micro-dimpled texture
surfaces. Higher count of cells were observed on the BCP-(50% OF)Ti-6Al-4V due to higher
roughness R, and R¢ values with higher hydrophilicity. In addition, the cells were distributed
on both the central part as well as the periphery of the micro-dimples. However, higher
numbers of cells were aligned on the central portion of the micro-dimples in all three
textured surfaces. This may be due to the micro-dimple which acts as the micro-reservoir to
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supply extra amount of medium and proteins to cells for growth. Similarly, Hu et al. (2014)
found most of the cells at the throughs of the micro-wavy patterned surfaces. Ishizaki et al.
(2010) also observed higher amount of cell adhesion and proliferation on the hydrophilic
grooves; whereas, lesser amount of cells were found on the adjacent hydrophobic ridges of
micro-patterned surfaces. In addition, when the OF increased, the micro-dimple density
(number of micro-dimples per unit area) increased. This provided more number of micro-
reservoirs for availability of mediums and proteins to cells attachment and spreading. Hence,
BCP-(50% OF)Ti-6Al-4V exhibited the highest number of cells with well spreading
compared to BCP-(25% OF)Ti-6Al-4V and BCP-(0% OF)Ti-6Al-4V.

In addition, to determine the cell adhesion behavior quantitatively, image processing
(ImageJ) software was used to evaluate different cell features from the fluorescence
microscopy images, as reported previously by our group (Behera et al., 2018b; Hasan et al.,
2018b). The different cell features such as percentage of cell adherence, nuclei area, average
cell area and circularity were analyzed (Figure 5.11). It was clearly observed that BCP-(50%
OF)Ti-6Al-4V exhibited the maximum cell adherence of 84.8+5.1% followed by BCP-(25%
OF)Ti-6Al-4V (74.1+1.8%), and BCP-(0% OF)Ti-6Al-4V (69.1+5.6%). The hydrophobic
BCP-bare Ti-6Al-4V film showed 61.4+4.5% adhered cells, while the least number of cells
(52.0+4.8%) was observed on bare Ti-6Al-4V (Figure 5.11 (a)). Furthermore, it was noticed
that the average cell area is maximum for BCP-(50% OF)Ti-6Al-4V film (2864484 pm?)
(Figure 5.11 (a)). The higher cell area indicates excellent focal adhesion of cells with the
BCP-(50% OF)Ti-6Al-4V surface; whereas, the lower value confirms the poor focal
adhesion of osteoblast with the bare Ti-6Al-4V surface.

Furthermore, Figure 5.11 (b) shows the circularity and the average nuclei area of the
adhered cells on various modified surfaces. Nuclei size plays a significant role during cell
differentiation and proliferation; whereas, circularity defines the degree of polarization in a
scale range of 0 to 1. Larger nucleus size leads to higher division rate, while the lesser value
of circularity results in better spreading of cells, indicating higher cyto-compatibility rate
(Tutak et al., 2017). The trend obtained for the average nuclei area was found similar to the
trend of average cell area of the adhered cells: BCP-(50% OF)Ti-6Al-4V > BCP-(25%
OF)Ti-6Al-4V > BCP-(0% OF)Ti-6Al-4V > BCP-bare Ti-6Al-4V > bare Ti-6Al-4V. On the

138|Page
TH-2323_ 126103003



Deposition of BCP film on laser surface textured Ti-6Al-47V...

other hand, the opposite trend was obtained for the circularity of adhered cells (Figure 5.11

(b)).
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Figure 5.11: Influence of various modified surfaces on (a) average cell area and % cells
adhered, (b) circularity and average nuclei area of adhered cells.

This clearly depicts that compared to BCP-bare Ti-6Al-4V and bare Ti-6Al-4V, MG-
63 cells exhibited good affinity towards BCP sputtered micro-textured surface. Furthermore,
among the textured substrates, the cell adhesion improved with the increase in overlapping
rate. This is attributed to increase in surface roughness from 1.12-2.07 um, which provides
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greater surface area to avail more serum proteins and medium for cell growth, making the
implant with improved osteointegration (Li et al., 2012).

Figure 5.12 shows the co-relation between % cells adhered and average cell area with
the R,. Both the cell adhered % and average cell area were found to be linearly increase with
Ra, having R? = 0.91 and R? = 0.93, respectively. This confirmed that for the same surface
chemistry, increase in surface area (roughness) improves cellular behavior, which can be
explored to design a biocompatible surface. In addition, it is clear that with the wettability,
the surface roughness and protein adsorption also cooperatively regulate the cell spreading

and adhesion.
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Figure 5.12. Relationship between cells adhered % and average cell area with the surface
roughness (Ry)

The proliferation rate of MG63 cells grown on different modified surfaces as a
function of incubation time (days) is demonstrated in Figure 5.13. Compared to bare Ti-6Al-
4V surfaces, all other modified surfaces exhibited higher proliferation rate for all the
incubation periods, suggesting better cyto-compatibility for bone tissue regeneration
applications. This is attributed to the availability of biocompatible phases (B-TCP and HA),
higher protein adsorption, higher wettability as well as higher surface roughness as compared
to bare Ti-6Al-4V. At day 6, the proliferation rate of BCP-(50% OF)Ti-6Al-4V surface
(298.4+12.5%) was significantly higher than BCP-bare Ti-6Al-4V (169.5+6.5%) and other
textured surfaces, BCP-(25% OF)Ti-6Al-4V (271.7+£10.3%), and BCP-(0% OF)Ti-6Al-4V
(234.7+8.1%). Due to the higher surface roughness of 50% Ti-6Al-4V, the average cell area
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and cell adherence percentage were higher (Figure 5.12). Furthermore, due to larger nuclei
area (Figure 5.11 (b)), higher number of cells divided, resulting in a better proliferation in
case of BCP-(50% OF)Ti-6Al-4V film in comparison to other modified surfaces. Costa et al.
(2013) found greater osteoblast attachment and proliferation on more complex, micro-rough
HA surfaces (Ra ~2 um) than on smoother topographies (Ra ~1 um). The microtopography
creates an environment, i.e. the so-called niches, which are favourable for cells and cell-
ECM interactions and increases the production of growth factors. In addition,
nanotopography also improves the HOS cell attachment and adhesion in CaP coating surface,
as reported by (Lee et al., 2009). In this study, a hierarchical structure of micro/nano
topography surface provides more surface area for protein and cell medium as well as
adsorbed mass of protein to adhere and proliferate higher number of cells as compared to
nanotopogarphy BCP film surface. Hence, BCP-textured surfaces exhibited higher cell
proliferation compared to BCP-bare Ti-6Al-4V.
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Figure 5.13. MG63 cells proliferation on bare Ti-6Al-4V, BCP-bare Ti-6Al-4V, BCP-(0%
OF)Ti-6Al-4V, BCP(25% OF)Ti-6Al-4V and BCP-(50% OF)Ti-6Al-4V films after 2, 4 and 6
days of incubation. Values represent the mean £ SD. # denotes p < 0.05 and ## denotes p <
0.005.

5.3.3.3 In vitro bioactivity

In section 3.3.7, chapter 3, the apatite formation was observed on BCP deposited Ti-6Al-4V
having different film thicknesses when soaked in SBF for 14 days. In the current study, the
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apatite formation was evaluated on BCP films deposited on different textured Ti-6Al-4V.
Different modified surfaces were soaked in SBF for 7 days followed by XRD, FESEM and
EDS analyses. Figure 5.14 represents the XRD patterns of BCP films on bare and textured
Ti-6Al-4V, after 7 days of SBF immersion. All the modified surfaces had significantly
improved HA peaks with a decrease of B-TCP peaks compared to that in the surfaces before
SBF immersion (Figure 5.3). Owing to the presence of bioactive HA and B-TCP phases,
nucleation sites generate when these phases immerse in the SBF, resulting in the apatite layer
formation on BCP film (Paital et al., 2010). When BCP is exposed to SBF, the hydroxyl (OH"
) and phosphate (PO,¥) units make the surface potential highly negative (Kim et al., 2004;
Paital and Dahotre, 2009). The formation of OH" ions on the surface attracts positively
charged Ca** ions from the SBF, followed by PO4> ions and reaction occur, leads to
formation of apatite nuclei on the surface (Bakhsheshi-Rad et al., 2016a). Because of the
higher solubility rate of B-TCP (Ogose et al., 2005), SBF gets supersaturated with Ca®* and
PO, thus, more apatite can be precipitated by BCP film than pure HA deposited substrate.

° B-TCP . *HA  R-Rutile (TiO,)

. =n |BCP-(50% OF)Ti-6Al-4V
° . .

[ o {oo R )

BCP(0%:OF)Ti-0Al-4V
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BCP-bare Ti-6A1-4V

—
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Figure 5.14. Phases found in BCP film deposited on laser textured Ti-6Al-4V specimens at
different overlapping factors after 7 days immersion in SBF.
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Furthermore, compared to BCP film sputtered on bare Ti-6Al-4V, BCP-textured Ti-
6Al-4V exhibited more intense HA peaks. It indicates that the films deposited on the textured
surface provide more nucleation sites for the ions present in SBF solution to come to the
substrate and settle down on the surface. As the surface area and roughness enhanced with
micro-texturing, the number of cavities increased, causing more amount of Ca®* and PO,>
deposition from SBF (Arce et al., 2016). Moreover, the super-hydrophilicity causes more
reaction between the coating surface ions and SBF ions. Thereby, higher apatite precipitated
on the surface of BCP film deposited textured Ti-6Al-4V than that on bare Ti-6Al-4V. The
presence of Ti in the XRD spectrum is attributed to the base material, whereas, TiO, (rutile)
formation was due to laser surface texturing. In addition, it was noticed that, the apatite peaks
are more intense for BCP-(50%0F)-Ti-6Al-4V compared to BCP-(0%OF)-Ti-6Al-4V. This
is due to higher overall R;and wettability of BCP-(50%0F)-Ti-6Al-4V, more interactions of
SBF with the surface, and more apatite generation.

Figure 5.15 shows the surface morphologies of different modified surfaces after
incubating the samples in SBF for 7 days. Globular structures can be found on the surface of
all BCP films (lower magnification, Figure 5.15 (a—c)). Bridges were formed to connect the
globular apatite (Figure 5.15 (d)). Plate-like crystals were observed in the globules at higher
magnification (Figure 5.15 (e)). The appearance of globular morphologies and plate-like
crystals is the characteristic of apatite formation, which is favorable for osteoconductivity, as
reported by Li et al. (2015c) and Surmeneva et al. (2013). However, a higher amount of
globules was seen in the BCP-textured Ti-6Al-4V (Figure 5.15 (b, ¢)) compared to BCP-bare
Ti-6Al-4V (Figure 5.15 (a)), due to higher nucleation sites available for the textured
substrate.

The elemental analysis of the globular particles exhibited a higher percentage of Ca,
O and P with Ca/P atomic ratio of 1.58 (close to 1.67) (Figure 5.15 (f)). This confirmed that
those crystals were corresponding to calcium deficient carbonated apatite similar to that
found in bones. Mello et al. (2007) observed similar behavior on Ti surface during sputtering
of HA coating on Ti-6Al-4V. The ability of surface micro-texturing with BCP deposition to
enhance the wettability and to generate apatite layer can improve cell adhesion, proliferation
and differentiation which stimulate osteointegration (Hasan et al., 2018b; Surmenev et al.,
2014).
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Figure 5.15. Surface morphologies of (a) BCP — bare Ti-6Al-4V, (b) BCP-(0% OF)Ti-6Al-
4V, (c) BCP-(50% OF)Ti-6Al-4V after 7 days immersion in SBF: (d) magnified view, (e)
higher magnified view and (f) EDS spectra taken full area of (c).

5.4 Findings from the research work

The present study deals with the surface modification of Ti-6Al-4V carried out by both laser
surface micro-texturing followed by RF sputtering. Micro-dimpled texturing was fabricated
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using Nd:YAG laser with three different OF such as 0%, 25% and 50% between two
consecutive dimples to obtain three different micro-rough surfaces. Later, BCP film was
sputtered on the different micro-dimpled textured surface for 7 h in order to modify its
surface chemistry. The effect of surface texturing with the BCP film deposition on physical
and biological properties were explored and compared with the bare Ti-6Al-4V as well as
BCP deposited bare Ti-6Al-4V. The main findings show that the surface of nano-rough, bare
Ti-6Al-4V (Ra = 94 nm) becomes micro-rough (R, = 0.98-1.84 um) after laser surface micro-
texturing. In addition, the R; improves with the OF due to variation of different geometrical
features such as pitch, diameter and depth of the textured surface. The wettability of bare Ti-
6AIl-4V (89°) enhances after micro-dimpled texturing as contact angle decreased to 71°-77°
for different overlapping factor. Post depositions of BCP film, the textured surfaces behave
as super-hydrophilic as the contact angle further reduced to 17°-21°. The dimensions of
micro-dimpled textured are not changed after BCP deposition; however, a non-uniform film
is deposited with increase in surface roughness. The FBS adsorption increased from 5.3 to
7.11 pg/lem?® with a rise in hydrophobicity of the surface; hence, it was higher for BCP
deposited bare Ti-6Al-4V than that deposited on the textured specimen. As compared to bare
Ti-6Al-4V as well as BCP-bare-Ti-6Al-4V surfaces, the BCP deposited textured surfaces
exhibit higher number of well spread MG63 osteoblast cells. In addition, % cell adhered and
the average cell area increased with increasing the OF, and BCP-(50% OF)-Ti-6Al-4V is
found to have the maximum cell adhesion and proliferation. After 7 days of SBF immersion,
carbonated apatite layer formed on all modified surfaces, making the surfaces more suitable
to osteointegration.

The current study reveals that the texturing of Ti-6Al-4V with BCP film deposition
on it, which is beneficial for improving surface roughness, wettability, cell adhesion and
proliferation of the implants. Hence, this strategy can be advantageous for the implants being

used for bone and dental applications.
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Conclusion and Future Scope

6.1 Conclusion

From the findings of the different works done in the present study, the following conclusion
Is withdrawn. In chapter 3, RF magnetron sputtering was used to deposit BCP (HA+BTCP)
with three different film thicknesses on Ti-6Al-4V. Uniform films with no crack and thermal
decomposition were obtained. Scratch test revealed that all the BCP films were well bonded
with the Ti-6Al-4V substrate. Moreover, all the BCP films exhibited high-intensity apatite
peaks after immersion in 14 days in SBF immersion, indicating better bioactivity. Among
these, 1000 nm film thickness exhibited maximum wettability and bioactivity. Increase in
BCP film thickness enhances the hydrophilicity of the film, which ultimately improves the
bioactivity of the film.

In chapter 4, BCP-TiO, composite coatings with two different compositions were
deposited on Ti-6Al-4V by RF sputtering. In addition, post annealing was carried out in order
to investigate the effect of heat treatment on adhesion and biological behavior of the
modified surface. It was found that TiO, addition with BCP film significantly enhances the
adhesion between the coating and substrate due to physical and chemical stability of TiO,
with Ti-6Al-4V substrate. Furthermore, the biological performance also improved with
addition of TiO, concentration in the BCP film. Among these, 50 TiO,-BCP film exhibits
highest cyto-compatibility as well as maximum adhesion strength compared to 50 TiO,-BCP
and 100 BCP films. On the other hand, annealing improves the adhesion strength; however, it
significantly degrades the biological performances.

Afterwards, in chapter 5, surface texturing (0%, 25%, 50% overlapping factor) on Ti-
6Al-4V was performed by Nd:YAG laser followed by BCP film deposition using RF
magnetron sputtering. A micro/nano hierarchical structure was generated using the
combination of laser surface texturing followed by BCP film deposition. It was observed that
all the textured substrates exhibited higher wettability than bare Ti-6Al-4V, and the
hydrophilicity significantly improved after BCP film deposition for all the textured Ti-6Al-4.
The BCP deposited textured substrates exhibited higher bioactivity, cell adhesion and
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proliferation compared to BCP deposited bare Ti-6Al-4V. Among these, BCP deposited on
50% overlapping factor Ti-6Al-4V (BCP-50% Ti-6Al-4V) exhibited maximum cell adhesion
and proliferation due to higher roughness factor and wettability.

Finally, it can be summarized that RF magnetron sputtering is a better technique for
deposition of BCP bio-ceramic on Ti-6Al-4V implant. TiO, addition with BCP film enhances
the biological performance of implant compared to BCP film. Furthermore, due to increase in
bonding strength due to addition of TiO, in BCP film, TiO,-BCP composite can be a good
choice for the long-term application of orthopedic and dental implants. In addition, surface
texturing on Ti-6Al-4V with 1-2 um roughness followed by BCP film deposition, which
forms micro/nano hierarchical structure is a better option for the orthopedic as well as dental
applications due to higher cell adhesion and proliferation. Again, with the surface chemistry,
surface roughness and wettability plays an important role, as with the increase in surface

roughness and wettability, cell adhesion and proliferation improves.

6.2 Future scope

There is a lot of scope for further bio-ceramic coating research work as briefly stated in the

following section.

6.2.1 RF magnetron sputtering for bio-ceramic coating

e Effect of BCP film with different ratios of HA and B-TCP can be investigated for
different structural, mechanical and biological properties.

e Influence of different annealing temperatures can be explored on adhesion behavior
as well as biological properties of BCP film.

e Simultaneous effect of micro and nano-texturing as well as TiO, addition can be
studied on the adhesion as well as biological properties.

e In order to enhance the biological properties, hydrothermal treatment of the sputtering
film can be carried out.

e Osteointegration of BCP sputtering film can be investigated by considering different

cell lines.
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APPENDIX

APPENDIX-A

Specification of field emission scanning electron microscope (FESEM)

Make

Model

Chamber

Specimen weight
Movement

Stage

Detector
Magnification range

Zeiss

Sigma

330 mm inner diameter, 270 mm height
upto 200 g
X=125mm, Y =125 mm, Z =50 mm
5-axis Motorized Cartesian

In lens, SE-2, BSD

100 X to 2000 kX

Specification of optical microscope

Make

Model

Chamber
Specimen weight

Stage movement

Lens

Magnification range

Carl Zeiss

Axiotech-100 HD, 3D

330 mm inner diameter, 270 mm height

up to 200g

3 axis measuring system, reflect light measuring
X=75mm, Y =50 mm, Z=50 mm

Binocular photo tube

5 X to 200 X

Software Axio-Cam and Axiovision 4.8.2 (in built)
Specification of Raman spectrometer
Make Horiba Jobin Vyon
Model LabRAM HR
Wavelength 632.8 nm
Laser power 13.5 mW
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Specification of non-contact 3-D profilometer

Make

Model
Magnification range
Precision

Power supply

Focal distance

Taylor Hobson
CClI-Lite

20 X

1 megapixel
220V

4.7 mm

Field of view 0.825 mm x 0.825 mm
Specification of X-ray Diffractometer (XRD)
Make Rigaku
Model TTRAX 3
Radiation Cu-Ka
Wavelength 1.54059 A°
Voltage 50 kV
Current 160 mA
speed 3°/min

Specification of Fourier-transform infrared spectroscopy (FTIR)

Make Perkin Elmer

Model Spectrum BXI1I

Mode Reflectance

Scanning rate 12 scan/sec

Resolution 4cm™

Wavenumber 400 to 4000 cm™
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APPENDIX

APPENDIX-B

Laser Cladding with HA and Functionally Graded TiO,-HA
Precursors on Ti-6Al-4V for Enhancing Bioactivity as well as

Cyto-compatibility

A.1 Theme of work

Laser cladding (LC) process was developed to fabricate Ca-P coatings due to its ability to
form a strong metallurgical bonding between the coated material and Ti-6Al-4V substrate.
Also, LC has the potential to obtain suitable surface chemistry and surface textures to
enhance the biocompatibility as well as bioactivity of metallic surfaces at tissue—implant
interface (Paital et al., 2010). Though LC is superior to other surface modification treatment,
there indeed are some defects, such as cracks and pores in the laser cladded layer. Due to a
significant mismatch in elastic moduli, thermal coefficient of expansion and hardness
between CaP based bioceramic and Ti alloy, a sharp interface is generated between coating
and base material. i.e. no gradual change in microstructure between coating and substrate.
This leads to a reduction of bond strength and crack formation (Weng et al., 2014). To
control the cracks and improve the bonding strength, many researchers mixed a certain
percentage of pure Ti powders with CaP based bioceramic due to similar thermal expansion
coefficient of Ti with that of the substrate (Mansur et al., 2013). Furthermore, to enhance
metallurgical bonding at the interface and bioactivity on the surface of coating, a functionally
graded coating (consisting CaP and Ti) was designed and fabricated with laser cladding
(Weidong et al., 2008; Zhang et al., 2011b; Zheng et al., 2008).

Instead of pure Ti powder, Titania (TiO;) powder was mixed with CaP-based
bioceramic to enhance the adhesion between bioceramic and Ti substrate as its coefficient of
thermal expansion is nearly equal to Ti substrate (Araghi and Hadianfard, 2015a). Also, TiO,
promotes calcium and phosphate precipitation and has the chemical affinity for both Ti
substrates as well as CaP based bioceramic (Balla et al., 2009; He et al., 2008).

Even though CaP-TiO, coatings have been carried out successfully on Ti alloy by
various processes, however, there is limited reported literature regarding LC of CaP-TiO, on
Ti alloy. Besides, less attention has been paid for observing different biological responses
during LC of CaP-TiO, on Ti alloy. Hence, in the present study, a pulsed Nd:YAG laser was
used during LC of CaP based bio-ceramic coating on Ti-6Al-4V with different precursors:
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100 wt.% HA and functionally graded HA-TiO, material (FGM) in order to obtain
multiphase, micro-textured coating with better metallurgical bonding at the interface. The
coating characterisation such as surface morphology, elemental composition, phases and
wettability of produced coatings were studied in this study. In vitro bioactivity, protein
adsorption as well as in vitro biocompatibility consisting cell adhesion and cyto-compatibility

were also investigated and compared with that in bare Ti-6Al-4V.

A.2.Materials and methods

A.2.1 Substrate preparation and preplacing of coating

Ti-6Al-4V plates with 40x30x3 mm® dimension were cut by wire-electro discharge
machining process and used as the substrate. In order to remove the oxide layer from the
surface, the cut substrates were polished with 80 pum grit silicon carbide emery papers and
then rinsed with acetone. The substrate surface was immediately preplaced by the mixture of
precursor and PVA in order to prevent oxidation after sandpaper grinding. HA and TiO2 was
used as the cladding material. Two different compositions of preplaced powders were used
for LC: (1) 100% HA and (2) functionally graded TiO,-HA material (FGM). The
composition design for preplacing of 100% HA and FGM consisting of five layers are shown
in Figure A.1. PVA, a water-based organic solvent was used as the binder material in the
current investigation. PVA binder was prepared in the laboratory according to the procedure

described previously (Tlotleng et al., 2014).
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Figure A.1: Composition design for preplacing of 100% HA and FGM precursor on Ti-6Al-
4V.

The precursor powders were mixed with PVA binder with a ratio of 50:50 in wt.%
and then well blended for 20 min to obtain a viscous slurry which was painted with a brush
onto the preheated (50 °C) Ti—-6AI-4V substrate. The preplaced powder beds were dried in a
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fume cupboard for 6 h to remove moisture. The thickness of each preplaced layer was
controlled to 100 um, as measured using a digital micrometre. The same procedure was
repeated for each layer of preplacing to make the pre-coating sample as the functionally
graded composite of 500 pm thickness.

A.2.2 Experimental set-up and procedure

LC was carried out by scanning the already prepared pre-placed powder beds using pulsed
Nd:YAG laser (Model: Accucut-500, Suresh Indu Pvt. Ltd., India) with 500 W maximum
power and wavelength of 1.064 um to obtain a textured surface with metallurgical bonding
between the Ti-6Al-4V and coating material. Figure A.2 represents the LC system consisting

of central laser source unit, gas supply and cooling unit was used in the present investigation.

Gas Supply Chiller unit
Laser head Ar gas
Cladded Preplaced powder
surface
Fixture

Figure A.2: Experimental set up for laser cladding process.

The laser beam had a Gaussian intensity distribution. Using a 100 mm focal length
convex lens, the laser beam was focused on the preplaced substrate surface, giving a spot
diameter of approximately 200 um. The spot size was maintained at 1 mm approximately on
the substrate surface by keeping the defocused laser beam 10 mm above the workpiece
surface. Different parameters of laser beam such as current (which determines average
power), pulse width and pulse repetition rate were regulated by the control panel of laser
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system. In order to protect the surface from oxidization, experiments were carried out in an
argon (Ar) gas shielded atmosphere with a minimum flow rate of 10 lit/min. This Ar gas was
fed at 0.2 MPa pressure through a nozzle which is coaxial with the laser beam.

The quality of the cladded layer generated in LC process relies on the choice of laser
processing parameters, such as average power (Payg), scanning speed (SS) and laser beam size
(D). The Payy depends upon peak power (Ppeax), laser pulse duration (PD) and laser pulse
repetition rate (f) during processing with the pulsed laser, as shown in Eqg. (A.l).
Furthermore, Ppeak depends upon input current (1), applied voltage (V) and efficiency of the
laser (n = 4%), as shown in Eq. (A.2). All these input parameters finally determine the laser
energy density (LED), which is nothing but the incident of laser energy per unit area of the
sample. This LED is also termed as laser fluence (F) which can be calculated according to
Eqg. (A.3) (Liu and Man, 2017). Laser irradiance is another essential factor determined by

laser power per unit area (Eq. (A.4)).

Pavg = Pooa X PD X f (A1)

Ppear =XV X1 (A.2)
P

LED(J /mm?) = avg U/5) (A3)

~ SS(mm/s) x D(mm)

Pavg(W)
(t/4) X D?(mm?)

Laser irradiance(W /mm?) = (A.4)

In order to obtain the desired cladding, a particular value of LED is required. Thus,
preliminary experimental trials were done using different values of LED by changing the
values of | and keeping other parameters like SS, PD and f constant. Table A.1 presents the
processing parameters used in the present investigation. When LED of 18 J /mm?was applied
to Ti-6Al-4V with 100% HA preplaced layer, a complete layer of coating was not formed on
the substrate due to insufficient energy to melt and bond the preplaced layer with the
substrate (Figure A.3 (a)). Furthermore, when very high LED (25.2 J/mm?) was applied,
much more cracks were observed on the surface of the clad layer due to the generation of
high thermal stress between preplaced layer and substrate at high LED, as seen in Figure A.3
(c). So, a middle value of LED (21.6 J/mm?) was applied to obtain a complete clad layer
without any crack, as shown in Figure A.3 (b). Thus the required LED to obtain desired
coating was 21.6 J/mm? with corresponding input parameter set: | = 60 A, SS = 4 mm/s, PD =
3 ms and f = 20 Hz. The same LED was also applied to Ti-6Al-4V containing FGM
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preplaced layer, and the results are shown in Figure A.3 (d, e, f). In order to achieve
continuous coating of the whole sample surface, same LED (21.6 J/mm?) was applied multi
times with track spacing of 0.8 mm (gap between centers of two adjacent tracks), since the
laser beam diameter at the substrate surface was retained at 1 mm. After LC, the substrates

were ultrasonically cleaned with deionized water and then prepared for characterization.

Table A. 1: Input parameters used in the present work

Laser fluence or LED, J/mm? 18, 21.6, 25.2
Laser irradiance, W/mm? 91.7, 110, 128.3
Input current (1), A 50, 60, 70
Scanning speed (SS), mm/s 4

Pulse duration (PD), ms 3

Pulse repetition frequency (f), Hz 20
Defocus distance, mm 10

Spot diameter on the surface, mm 1

Ar gas flow rate, I/min 10

Line spacing, mm 0.8

i 3 ;‘.‘.‘ it i H e .
‘Incompléte\claddln‘g‘ il
! A8 I} N} AL

EHT=2000kv  Mag® 120X WO« 85mm  SowiAs=SEng

Figure A.3: Top surfaces of single line 100% HA and FGM cladding at different LED: (a, d)
18.0 J/mm?, (b, €) 21.6 J/mm? and (c, f) 25.2 I/mm>.

A.2.3 Characterization

A.2.3.1 Clad dimension, microstructure and elemental analysis
The clad dimension including clad width and thickness was measured by FESEM. The

microstructure and morphological studies of LC at the surface as well as cross-section were
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investigated by FESEM and attached EDS to determine the elemental contents of the
cladding samples. Before EDS analysis on the cladding sample, calibration was conducted on
cobalt (Co) which was used as a standard. Different areas were scanned on the cladding
samples, and the corresponding atomic percentages of elements were noted down. The
average values of all the corresponding elements were taken as the final output. For cross-
section morphology observation, the produced claddings were cut, mounted and grounded for
microstructural observation. The polished samples were etched with a solution of HF, HNO3
and distilled H,O at a ratio of 1:2:25 by volume to predict the microstructure as well as

growth morphologies of different compounds in LC.

A.2.3.2 Characterization and wettability

The phase, surface morphology and elemental analyses of cladded surfaces were investigated
by XRD, FESEM and EDS, respectively. The wettability of surfaces of bare Ti-6Al-4V,
100% HA and FGM cladding were evaluated by the procedure as described in chapter 2. The
average value of five contact angles taken at various positions was considered as the mean
contact angle for each LC. The surface roughness of cladded samples was measured by using
a contact type 2-D surface profilometer (Taylor Hobson, UK). Roughness parameter like
center line average height (R,) was recorded. As the surface roughness of the cladded
samples was more, hence, the sampling length of 12 mm was taken into consideration with a
cut-off length of 2.4 mm. A total of five random readings parallel to the laser track were

taken for each sample, and the average one was considered as output response.

A.2.3.3 Biological performances

Protein adsorption, cell adhesion and proliferation, in vitro bioactivity of different clad

surfaces were investigated by the procedure described in chapter 4.

A.3 Results and discussion

A.3.1 Clad dimensions

The top surface of single line laser cladding with 100% HA and FGM precursor at different
LEDs: 18.0 J/mm?, 21.6J/mm? and 25.2 J/Jmm? are shown in Figure A.3. It can be seen that
the clad width for 100% HA cladding is gradually increasing from 0.75 mm to 1.33 mm with
the increase in LED from 18 J/mm?to 25.2 J/mm? (Figure A.3 (a-c)). Also, it is higher in case
of FGM cladding as compared to 100% HA cladding for all the LEDs (Figure A.3 (d-f)).
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Figure A.4 represents the low magnification cross-sectional images of 100% HA and
FGM laser cladded sample at two different LED 21.6 J/mm? and 25.2 J/mm?. It can be visible
that, the cladding profiles of both 100% HA, as well as FGM, consists of two distinct layers
at lower as well as higher LED. The top layer of cladding is identified as the crust layer (CL).

Beneath the CL, transition layer (TL) is present where the transition of elements between

cladding and substrate occurs. Table A.2 shows the variation of clad width and thickness
(including CL and TL thickness) concerning LED for both 100% HA and FGM cladding.

ﬂ{w EHT = 20.00kV Mag= 500X WD = 8.4mm Signal A = SE2 ZEISS

20 pm

l’iT“ EHT = 20.00kV Mag= 500X WD = 8.1 mm H EHT = 20.00kV Mag= 500X WD=84mm  SignalA=SE2  FAaiNN

Figure A.4: Cross-section of clad profiles of 100% HA and FGM cladding samples at LED
of (a, b) 21.6 J/mm? and (c, d) 25.2 J/mm?.

Though the preplaced layer thickness for both the specimens before cladding was
maintained to 500 pum, however, the CL thickness was found in between 40-120 pum
depending upon the composition of the precursor as well as LED. The PVA binder was
vaporized from the precursor (PVA: powder = 50:50) during laser cladding due to its
vaporization temperature is 240 °C, as reported by Chien et al. (2011a). Hence, the thickness
was reduced. Additional reduction of the thickness of CL was due to melting and dilution of
precursor during laser cladding process. Furthermore, the total thickness of clad with CL and
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TL thickness was more at higher LED (25.2 J/mm?). As laser cladding is a thermal process,
where laser beam melts the precursor and little portion of the substrate, hence, with the
increase in LED, both the precursor as well as the substrate material were melted more. So,
larger clad width and thickness (including CL as well as TL thickness) was found with a
higher value of LED. Therefore, with no cracks in the clad surface and less dilution (i.e.

lower TL thickness) at 21.6 JJmm? LED, this was chosen for other characterization.

Table A. 2: Variation of clad dimensions with respect to LED

Clad width Clad cL T

Cladding ~ LED (/mm’) thickness thickness  thickness
(mm)

(nm) (Hm) (nm)

21.6 1.12+0.15 227+19 4045 189+17
100% HA
25.2 1.33+0.24 30624 756 229+26
21.6 1.28+0.26 175416 74110 103+17
FGM

25.2 1.56+0.38 254139 115+17 141428

In addition, it was observed that the total thickness of clad was higher in case of 100%
HA cladding as compared to FGM cladding. However, the CL thickness was less in case of
100% HA cladding than FGM cladding. i.e. TL thickness was bigger in 100% HA cladding
than FGM cladding (Figure A.4). Also, the width of the clad was bigger in FGM cladding
compared to 100% HA cladding (Figure A.3).

It is a well-known fact that laser cladding is a heat treatment process where
metallurgical bonding takes place between cladding material and substrate. The metallurgical
bonding is generally enhanced if the cladding material or one of the constituents of the same
is matched with the substrate material (Zheng et al., 2008). Due to the presence of TiO, in
FGM cladding, the chemical affinity between cladding and substrate was more compared to
HA cladding. Hence, higher CL width and thickness were found in FGM cladding. With the
same applied LED, the fraction of energy required for melting the precursor is higher in case
of FGM cladding compared to HA cladding. This is due to the higher melting point of TiO,
(~1800 °C) compared to HA (~1670 °C) and Ti (~1668 °C) (Balla et al., 2009; Cheng et al.,
2005). Hence, less energy is transferred to substrate material indicating lower TL thickness in

case of FGM cladding. In other words, it can be concluded that LED required to obtain the
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same dimension of the clad layer is less in case of FGM cladding compared to 100% HA
cladding. From the observations as mentioned above in FGM cladding, it was revealed that
all the different precursor layers are converted into two layers, such as CL and TL after laser
cladding indicating proper mixing and melting of precursor layers with the dilution of the

substrate layer.

A.3.2 Microstructural and elemental analysis

Figure A.5 shows the cross-sectional images of 100% HA and FGM sample after laser
cladding at 21.6 J/mm? In 100% HA cladding, cellular microstructure was observed in
bottom part of CL just above the TL (Figure A.5 (a)), whereas dendritic structure existed in
the upper part of CL (Figure A.5 (b)). However, in FGM cladding, the dendritic structure was
present at the bottom part of CL (Figure A.5 (c)) and the cellular structure was observed in
upper part of CL (Figure A.5 (d)). A sound interface with higher thickness was existed in
FGM cladding indicating better metallurgical bonding between CL and TL as compared to
100% HA cladding (Figure A.5 (a, c)).

Mag= 200KX Time :13.21:48
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. ~ -9 Phew
% y ~ o
A >
- - }
> )
- 3 L oYY 8 4
EHT = 20.00 kv Mag= 100KX ZEISS EHT = 20.00 KV Mag= 200KX Time :13:34:50
|
WO = 8.3mm Signal A = SE2 WD = 83mm Signel A = SE2

Figure A.5: Cross-sectional morphology of 100% HA and FGM laser cladding at LED 21.6
Jimm? (a, c) interface between CL and TL (low magnification) and (b, d) CL (high
magnification).
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As LC is a rapid heating and solidification process, the ratio of the temperature
gradient (G) to solidification rate (R) plays a vital role on microstructure evolution of each
region during LC (Li et al., 2015a).

Ti Kol

Ca Kol HLIYY P Kal

100pm 0 Kal

: 100um ! f 100pm !

Figure A.6: Elemental mapping comparison of Ca, P, Ti, O, Al contents in CL and TL in
100% HA laser cladding.

With the constant process parameter, R gradually increases from the bottom of the

molten pool to top, while G is decreased. This causes a decrease of G/R ratio from bottom to
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top of the CL (Wang et al., 2005). With the higher value of G/R ratio at the bottom of CL, the

cellular structure was formed.

Ti Kal

Substrate

Ca Kol P Kol

100pm Al Kal

f 100pm !
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Figure A.7: Elemental mapping comparison of Ca, P, Ti, O, Al contents in CL and TL in
FGM laser cladding.

This cellular structure was gradually converted to dendritic structure with gradually
decreasing G/R ratio from bottom to top of the molten pool. The complete dendritic structure
was found at the top part of CL of 100% HA cladding due to the lower value of G/R ratio (Li
et al., 2015a). Similarly, the dendritic structure was observed in the CL of FGM cladding;
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however, the cellular structure was found at the uppermost part of CL. This may be due to
constitutional supercooling in FGM cladding which induces necking of dendritic crystal.
Because of high-speed convection in the molten pool, the necking part is ruptured and
generates cellular structure (Wang et al., 2007). Hence, the cellular crystal was formed in the
top part of the CL layer in FGM cladding.

The elemental mapping of CL and TL of 100% HA and FGM cladding are illustrated
in Figure A.6 and Figure A.7, respectively. It can be seen that the five different preplaced
layers were converted into one single composite layer after LC (Figure A.7). Due to the
melting of precursor and a little portion of the substrate, mixing occurred between these two,
which resulted in one single composite layer after solidification. In 100% HA cladding
sample, CL was mainly consisted of Ca as well as O (Figure A.6). In TL, the amount of P
was higher than that in CL. Similarly, Ca and O were mainly present in CL in FGM cladding;
however, P was almost distributed equally in both CL and TL. Hence, it was concluded that
more amount of P was diffused into TL in 100% HA cladding than FGM cladding.

Due to high temperature in laser cladding, HA was decomposed to Caz(POy),
Ca,P,07 and then CaO. Thus significant evaporation of P from CL and diffusion of P into TL
occurred (Chien et al., 2011a; Chien et al., 2011b). Higher Ti was distributed in TL in 100%
HA cladding, whereas CL consisted lower amount of Ti. However, higher Ti was seen in CL
in FGM than 100% HA cladding because of the presence of TiO; in the FGM preplaced
layer. In both the cladding, Al was distributed in the coating as well as in substrate; however,
higher Al was observed in CL of 100% HA than FGM cladding indicating lower dilution of
the substrate in FGM cladding.

From these results, it can be concluded that inter-diffusion of elements occurred
between coating and substrate during both LC. However, less dilution of substrate occurred
in FGM than 100% HA cladding. Due to diffusion of elements from coating to substrate and
vice-versa concludes that, strong metallurgical bonding occurred between coating and
substrate for both claddings. In addition, the total percentage of calcium phosphate HA was
almost half in 500 um thick FGM preplaced layer compared to 500 um thick 100% HA layer
before the cladding process. This was due to the presence of an equal mass of TiO, and HA
in five layers FGM precursor. Hence, a larger composition gradient was observed in 100%
HA cladding than FGM cladding after melting and subsequent solidification.

In order to clad a particular area multiline laser cladding was done with 21.6 J/mm?
LED and 0.8 mm line gap. The surface morphologies of (a) 100% HA and (b) FGM multiline
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laser cladding are shown in Figure A.8. The textured surface can be observed in 100% HA
cladding sample (low magnification, Figure A.8 (a)), whereas plane surface can be seen in
case of FGM cladding sample (low magnification, Figure A.8 (b)). As shown in Figure A.3
and A.4, lower clad width and CL height were observed during single line 100% HA
cladding than FGM cladding. Further, with same line gap (0.8 mm) between laser tracks, less
overlapping was occurred between cladded lines in 100% HA cladding as compared to FGM
cladding. In addition, with a pulsed laser, overlapping between laser pulses occurred,
however, due to less melting, overlapping between cladded spots was reduced in 100% HA
cladding; hence, textured surface was obtained. Because of more overlapping between

cladded spots as well as lines, plane or smooth coated surface was found in FGM cladding

EHT = 20.00 kV Mag= 120X WD=81mm s.m.m:se‘l p— EHT = 20.00 kV Mag= 120X WD=84mm SignslA=S
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Figure A.8: Surface morphologies and corresponding EDS analysis of (a) 100% HA and (b)
FGM laser cladding. The inset figures (scale bar: 200 nm) indicate the magnified view of
selected region.

Furthermore, more number of cracks can be noticed on the surface of 100% HA
cladding (Figure A.8 (a)). However, FGM cladding comprised of less number of cracks on
the surface (Figure A.8 (b)). It is a well known fact that laser cladding is a thermal process
where coating as well as a little portion of substrate material melted and solidified at a very
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high cooling rate. Generally, cracks are generated during solidification due to the stress
developed from the steep temperature gradient, solidification shrinkage and difference in the
coefficient of thermal expansion (CTE) between coating and substrate (Kagawa et al., 2002).
CTEs of HA, TiO; and Ti-6Al-4V are 13.3x10°/K, 9.4x10°/K and 8.6x10°/K, respectively
(Chien et al., 2011a). The percentage difference of CTE between coating and substrate is
calculated concerning the substrate, as reported by Rodriguez et al. (2016). Hence, in 100%
HA cladding, the percentage difference of CTE between coating (HA) and substrate (Ti-6Al-
4V) is 54.6%. Due to this considerable percentage difference, compressive stress was
generated in the rapidly solidified surface, i.e. in the coating material (Lee et al., 2015). This
induced the tensile stress in Ti-6Al-4V which is mainly responsible for crack generation and

propagation.

In FGM cladding, almost equal percentage of HA and TiO, were preplaced in five
layers. Thus, the percentage difference of CTE between coating (average of HA-TiO,) and
the substrate is almost 31.9%. Due to this decrease of the percentage difference in TCE
between coating and substrate, tensile stress induced in the substrate was reduced. Hence less
crack was generated in FGM cladding. In addition, the overlapping area between two
consecutive clads during multiline laser cladding was larger due to higher CL thickness and
width in FGM cladding compared to 100% HA cladding (Figure A.3 and A.4). Thus, the
preheated area in FGM cladding was larger after first laser scanning. Hence, the preheating
effect was more in FGM cladding, resulted in the lesser temperature gradient. So, reduction
of cracks was found in FGM cladding compared to 100% HA cladding. Hence, due to the
simultaneous effect of the higher overlapping area as well as a lesser difference in CTE
between coating and substrate, lesser cracks were resulted in FGM cladding compared to
100% HA cladding.

The magnified view of the selected region of claddings (100% HA and FGM)
presented as inset clearly indicates the morphology of the corresponding surfaces. Both the
cladded surfaces consisted of fine nano-metric spherical particles as well as rough surface
morphology. As compared to 100% HA cladding, FGM cladding had smaller nano-sized
spherical particles, as shown in the inset, Figure A.8 (a and b). Because of smaller nano-sized
particles as well as rough surface, the surface area was increased more in FGM cladding
compared to 100% HA cladding which can attract more number of osteoblasts and enhance
the cell adhesion with the implants (Wang et al., 2007; Zhang et al., 2011b).
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The EDS spectra from a selected area revealed the presence of different elements like
Ca, P, Ti, O, Al and V in the cladded layer (Figure A.8). The atomic percentage (at%), as
well as weight percentage (wt%) of each and individual elements, are also provided with the
corresponding figures. It was found that 100% HA cladding sample contains 14.6 % Ca and
4.9% P, however, FGM cladding sample consists of 7.0% Ca and 3.8% P. The individual
atomic % of Ca and P was more in case of coating with 100% HA cladding than that of FGM
cladding. Though the presence of Ti in FGM cladding surface indicates the presence of TiO»,
however, in 100% HA cladding it reveals the indication of dilution. Again, the presence of Al
and V in both the cladding surfaces indicating dilution, however, more amounts of Al and V
with the presence of Ti confirms much more dilution in 100% HA cladding as compared to
FGM cladding. From the above findings, it is concluded that dilution of the substrate occurs
due to the melting of the precursor as well as the substrate. In addition, comparatively less
dilution occurs in FGM cladding as compared to 100% HA cladding.

A.3.3 Phase analysis

The XRD spectrum of the 100% HA and FGM cladding at LED of 21.6 J/mm? is shown in
Figure A.9. For 100% HA cladding, the cladded surface was composed of calcium titanate
(CaTiOs), B-dicalcium pyrophosphate (B-CaP20;) calcium oxide (CaO), Ti and TiO;
(rutile). For FGM cladding, the surface was composed of CaTiOs, tricalcium phosphate (a-
Cas(POy)2, B-CayP,07 and TiO, (both anatase and rutile).

& CaTiO3 v TiO, (Anatase) ¢ a-Ca (PO,), ATi
® CaO * TiO, (Rutile) V B-Ca,P O

Intensity (a.u.)

* 100 wt% HA
v ® Ay V “ % o

20 l 3|0 ; 4|0 I 5|0 I 6|0 | 70
20 (degree)
Figure A.9: Phase analysis of 100% HA and FGM laser cladding by XRD diagram.
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It was found that the main characteristic peaks corresponded to CaTiO3 phases for
both the claddings. However, no HA compound was found in any of the cladded surfaces.
The presence of low-intensity peaks such as a-Cas(PO,), and B-Ca,P,0y7 in the coated layer
can enhance the apatite formation (bioactivity) at the interface between the implant and host
tissue (Paital et al., 2010; Yang et al., 2010). As compared to 100% HA cladding, more and
intense bioactive peaks were present in FGM cladding. Additionally, some peaks of TiO;
(both anatase and rutile) were also observed in FGM cladding. TiO, enhances apatite
formation and cell-material interaction as reported by Balla et al. (2009) during structurally
graded Ti-TiO; coating on Pure Ti. During immersion in SBF solution, TiO, generates Ti-OH
groups which act as preferential nucleation sites for apatite deposition (Balla et al., 2009;
Paital and Dahotre, 2009). The obtained XRD peaks were compared to XRD patterns of HA
(JCPDS no. 09-0432), CaTiO; (JCPDS no. 750437), a-Caz(PO4), (JCPDS no. 090169), B-
Ca,P,07 (JCPDS no. 730440) CaO (JCPDS no. 772010), Ti (JCPDS no. 441294), TiO,
(anatase, JCPDS no. 841286) and TiO, (rutile, JCPDS no. 211276).

The phase compositions found in the surfaces of both cladded layers were highly
complex. This indicated that the precursor powders were completely melted and formed
bioactive phases during the LC process. The process included occurrence of (1) thermal
decomposition of HA at high temperature, (2) reaction of HA and its decomposition phases
with TiO; as well as Ti-6Al-4V alloy and (3) non-equilibrium effect of rapid remelting and
solidification during LC process. The high-temperature laser beam induces a chemical
interaction between Ti alloy and 100% HA or FGM precursor. The possible reactions
between HA or HA-TIiO, and substrate can be represented in Eq. A.5 - Eq. A.8 (Lusquifios et
al., 2001; Roy et al., 2011a; Yang et al., 2011):

HA + Ti0, — CaTiOs + Cas(P0,), + H,0 (A.5)
Caz(P0,), + Ti0, — CaTiO; + Ca,P,0, (A.6)
Ca,P,0, + Ti = CaTiOs; + Ca0 + P,05 1 (A.7)
2P,05 + 3Ti - 3Ti0, + 4P (A.8)

Pure HA phase was not obtained in any of the laser cladding samples, indicating
complete decomposition of HA in both the laser cladding. When HA is preplaced and
subjected to a high-temperature laser beam, it decomposes to Caz(PQO,),, further increase in

temperature evolves Ca,P,O; and finally, CaO is formed due to subsequent thermal
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decomposition. From XRD analysis, it can be seen that 100% HA cladding comprised of CaO
and less number of B-Ca,P,0; peaks, while FGM cladding consisted more number of a-
Caz(POy), and B-CasP,0; peaks. It indicates that less heat was absorbed by HA present in
FGM cladding as compared to HA present in 100% HA cladding. Hence, it can be concluded
that less decomposition of precursor occurs in FGM cladding than that in 100% HA cladding
due to the presence of TiO,. Besides, the presence of more and biocompatible peaks (o-
Casz(POy), and B-Ca,P,07) in FGM cladding may induce good bioactivity behavior than that
of 100% HA cladding.

TiO, (anatase) was observed in FGM cladding but not in 100% HA cladding;
however, due to the high-temperature laser beam, the substrate was oxidized, and TiO,
(rutile) was generated. More and higher intensity peaks belonged to CaTiOs in both the
cladding, which forms due to the interaction between HA and its decompositions with TiO;
and Ti-6Al-4V substrate. Hence, it can be concluded that more dilution of the substrate
occurs during LC, which was in good agreement with EDS analysis (Figure A.8).

In 100% HA sample, a small CaO phase appeared, however, it was utterly absent in
FGM samples. CaO is toxic and irritates when comes in direct contact with skin or eye, but
the formation of CaO from HA post laser treatment may not be hazardous as it is present in
the blended form. Moreover, upon exposure to SBF, 100% HA cladded samples exhibited no
CaO compound and showed better bioactivity and cell adhesion as compared to non-cladded
Ti-6Al-4V (as discussed later in section A.3.6-A.3.8). FGM cladding shows better cell
adhesion and cyto-compatibility as compared to 100% HA cladding and non-cladded Ti-6Al-
4V. CaO converts to Ca(OH); as it is soluble in water present in SBF (Paital et al., 2008).
Zheng et al. (2008) and Yang et al. (2011) also obtained bioactivity and osteoblast response
on the surface of laser cladded bioceramic coating despite the presence of CaO phase in the
surface of coating. Li et al. (2015a) found apatite layer precipitation after soaking the laser
cladded CaO-SiO, coating in SBF.

The appearance of Ti can be attributed to the high penetration depth of X-ray because
of significant loss of HA during laser melting. This loss is due to vaporization as well as
dilution of precursor with Ti-6Al-4V through intermixing of elements. Again, the penetration
depth of X-rays is generally in the order of few hundred microns, as discussed by Nag et al.
(2013). As the CL thickness was varied in between 50-100 pm, thus, Ti was observed with
other phases in the XRD graph. Similar findings were reported by Nag et al. (2013) during
laser melting of Ca-P bioceramic on Ti-6Al-4V. According to section A.3.1, more CL and
less TL thickness are observed in FGM cladding. This indicated less dilution of Ti-6Al-4V in
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FGM cladding; hence, Ti peak did not appeared in FGM cladding. Due to more dilution of
Ti-6Al-4V substrate, Ti peak appeared in 100% HA cladding; however, the intensity of Ti
peak was very less.

In between two different precursors, one consisted only HA, and the other contained
HA and TiO, with graded structure. All the layers in FGM precursor were converted to one
layer due to melting, and Ti-6Al-4V substrate was oxidized at high-temperature to form TiO,.
Hence, the chemical reaction took place between HA and TiO,, resulted in CaTiOs. Also,
Caz(PO,), was obtained due to decomposition of HA when the high-temperature laser beam
was irradiated on it. Again the reaction took place between Caz(PO,4), and TiO; to generate
CaTiO3. Now, Caz(PO4), was decomposed to form Ca,P,0;. Finally, Ca,P,0- reacted with
TiO, from which all the P evaporated, and CaO evolved, and CaTiO3 formed. Since CaO was
only seen in 100% HA cladding and all other compositions were observed in both the
cladding, it can be concluded that the first three chemical reactions occurred during 100%
HA cladding (Eq. A5 — Eg. A.7)., whereas first two reactions exhibited during FGM
cladding (Eg. A.6 and Eq. A.8).

A.3.4 Wettability and surface roughness

The wettability of surface has a significant influence on bioactivity, protein adsorption as
well as cell adhesion, which generally depends upon the chemical phases and roughness of
surface (Bakhsheshi-Rad et al., 2016b; Paital and Dahotre, 2009). The optical images of SBF
liquid droplet shadow on non-cladded Ti-6Al-4V, 100% HA and FGM cladding surfaces are
demonstrated in Figure A.10 (a, b, c), respectively. Figure A.10 (d, e, f) shows the wettability
of different surfaces after protein adsorption, as discussed later in section A.3.5. SBF contact
angle on non-cladded Ti-6Al-4V, 100% HA and FGM cladding surfaces are 91.9° (£19),
71.3° (£2°), and 60.6° (x2°), respectively. This indicates that hydrophilicity of non-cladded
Ti-6Al-4V increases upon 100% HA and FGM laser cladding. Although, there was no
formation of hydrophilic HA phase in the cladded surface, the reduced contact angle was
attributed to the effect of surface texture and other biocompatible phases (a-Caz(POa)2, B-
Ca,P,07 and TiO, (rutile and anatase)) evolved during LC (Bakhsheshi-Rad et al., 2016b;
Paital et al.,, 2010). The FGM cladded surface showed better-improved wettability as
compared to 100% HA cladded surface. This may be attributed to the formation of smaller
nano-metric particles on the FGM cladded surface (Figure A.8 (b)), which provides a higher
surface area to spread the SBF drop more. So, wettability was improved as compared to
100% HA cladded surface. In addition, because of formation of more bioactive phases (a-
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Caz(POy), and TiO, (anatase)) with the phases (B-Ca,P,O; and TiO, (rutile)) in the FGM

cladding as these phases provide a synergistic effect to make the surface more hydrophilic.
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Figure A.10: Optical images of SBF contact angle of non-cladded Ti-6Al-4V, 100% HA and
FGM cladding (a, b, c) before and (d, e, f) after protein adsorption.

The roughness (R,) of non-cladded Ti-6Al-4V was 0.99+0.1 pum. The FGM cladding
had a plane surface with less roughness (R, = 3.57+0.4 um) whereas 100% HA cladding had
textured surface with higher roughness (Ra = 5.16+0.5 um). Thus, the intrinsic energy related
with SBF liquid drop was overcome the energy barrier associated with the FGM cladded
surface more compared to that with 100% HA cladded surface. So, the liquid droplet spread
more and wettability was higher in FGM cladded surface. A similar trend of varying

wettability with surface roughness was reported by Paital and Dahotre (2009).

A.3.5 Protein adsorption

Protein adsorption is an important and initial most process that takes place on implant surface
when it comes in contact with blood. Protein adsorption regulates the fate of implant as these
proteins act as cushions for cell adhesion and moreover help them in spreading and in
extracellular matrix (ECM) formation (Hasan and Pandey, 2015). Various surface
physicochemical properties such as surface chemistry and wettability play a major role in
regulating protein adsorption (Pandey and Pattanayek, 2011, 2013b). Hence, the effect of
surface-modified titanium alloy in comparison to non-cladded Ti-6Al-4V alloy on protein
adsorption was studied (Figure A.11). 100%HA (2.94 pg/cm?®) and FGM (4.14 pg/cm?)
claddings showed a significantly higher amount of adsorbed mass of protein than non-

cladded Ti alloy (1.31 pg/cm?). Comparatively higher amount of adsorbed protein mass on
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FGM may be attributed to the surface’s composition and wettability of FGM cladding
(6=60.6°) as compared to 100% HA (6=71.3°) cladding.
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Figure A.11: Adsorbed protein mass on non-cladded Ti-6Al-4V, 100% HA and FGM

cladding.

The inorganic phases of decomposed HA in ionic form carry and impart the negative
charge to the surfaces. FGM cladded surface carried more negative charge density due to
more number of multivalent anions as compared to 100%HA claddings. Hence, it was
assumed that due to more negative charge density on FGM cladding, more hydrogen bonding
interactions took place between positively charged amino acid residues of protein and surface
as compared to 100% HA cladded surface. Due to such enhanced interactions, more protein
adsorption took place at FGM relatively to 100%HA cladding.

There was no relationship found between surface roughness and adsorbed protein
mass, as protein adsorption was maximum for FGM cladding (R;=3.6 pm) and decreased for
100%HA cladding with higher surface roughness (R;=5.2 um), and again it was found
reducing when roughness reduced to 1 um in non-cladded Ti-6Al-4V (Figure A.11). Surface
roughness although increases surface area available for protein adsorption (Rechendorff et
al., 2006) but may not always be universally true for all the surfaces. For instance, upon
increasing the surface roughness from nano to micrometers, surface topology appears
smoother to protein adsorption, having very little influence on adsorption process (Han et al.,
2003; Yap and Zhang, 2007). Hence, it was concluded that surface roughness of present
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cladded surfaces at micrometers scale plays no significant role in serum protein adsorption;
however, it is mainly influenced by surface chemistry and wettability.

Figure A.10 (d, e, f) shows the contact angles on non-cladded Ti-6Al-4V, 100% HA
and FGM cladding surfaces after protein adsorption. Post protein adsorption, the wettability
increased on all the surfaces indicating the formation of the protein layer (Sharma and
Pattanayek, 2017). Electrostatic and hydrophobic interactions between proteins and surfaces
lead to protein adsorption. Different physicochemical properties of surfaces regulate protein
behavior and their packing which further results in varying microscopic topographies and
macroscopic properties (surface energy) (Sharma and Pattanayek, 2017), hence different

contact angle on different surfaces post adsorption was observed.

A.3.6 Cell adhesion study

The FESEM images of cell morphology after 24 h of proliferation on Ti-6Al-4V, and 100%
HA and FGM cladding are shown in Figure A.12. It was observed that both cladded
substrates had more number of cells (Figure A.12 (b, c)) on the surfaces as compared to non-
cladded Ti alloy (Figure A.12 (a)). However, FGM cladding showed more cells spreading
and cell-cell interaction compared to that 100% HA cladding. Non-cladded Ti alloy mostly
had osteoblast cells with polygonal shape (inset, Figure A.12 (a)). 100% HA cladding (inset,
Figure A.12 (b)) showed a mixed morphologies of cells having leaf and triangular shaped
osteoblast cells; however, FGM cladding (Figure A.12 (d)) revealed triangular shape
osteoblast distributed throughout its surface, indicating better adhesion and spreading.
Magnified image of cell spreading on FGM cladding (Figure A.12 (d)) reveals the presence
of lamellipodia (inset, Figure A.12 (d)) which indicates strong adherence of cells at cladding
surface (Yang et al., 2011).

However, cell cultured on non-cladded Ti alloy showed irregular cell morphology
with less spreading area indicating poor adherence of cells on non-cladded Ti surface. The
increase in the number of osteoblast cells and their strong adherence to the cladding can be
attributed to the formation of biocompatible phases (a-Caz(POg),, B-Ca,P,O; and TiO,
(anatase and rutile)) as well as nano-sized particles on the cladded surface (Figure A.8) which
in turn improve the wettability of the surface. The surface with higher wettability shows
higher surface free energy, and thus FGM cladded surface exhibited more adhesion toward

bone cells and cell binding proteins than lower wettability 100% HA cladded surface.
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Figure A.12: FESEM images for cell morphology after 24 h of proliferation on (a) non-
cladded Ti-6Al-4V, inset shows magnified image (b) 100% HA cladding, inset shows
magnified image, (c) FGM cladding and (d) Magnified image of FGM sample having inset
that shows lamellipodia indicating strong cellular adhesion.

Figure A.13-A.14 shows the adhesion of osteoblast cells cultured on different surfaces
for 12 h. The morphology of the adhered cells varies with properties like surface wettability,
roughness and cell type. The effect of surface treatment in regulating cell adhesion and
spreading process for better osteointegration was reported in this work. Cells adhered to non-
cladded and LC samples showed a substantial difference regarding of % cells adhered and
spreading, as shown in Figure A.13. The maximum cell density was observed on FGM
cladding (85+8%) followed by 100% HA (71+11%) while the least number of cells were
observed at non-cladded Ti-6Al-4V (60+£2%), as shown in Figure A.14 (a). This clearly
indicates that both cladded samples exhibited good affinity towards MG-63 cells as compared
to the non-cladded substrate. This can be directly attributed to the amount of adsorbed
proteins which serve as the cushion for upcoming and adhering cells. Apart from BSA which
constitutes 50-60% (35-50 mg/mL) of the serum proteins, fibronectin (FN) concentration
(220 pg/mL) (Mccafferty et al., 1983) too is sufficient enough for promoting cell adhesion
and spreading (Zelzer et al., 2012). Increase in adsorbed protein concentration at FGM
cladding as compared to 100%HA and non-cladded Ti-6Al-4V may be held responsible for
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better adhesion of cells at FGM cladding as compared to both non-cladded Ti-6Al-4V and
100%HA cladding.

Actin Nuclei Merged

100 %HA

Ti-6Al-4V

FGM

|

Figure A.13: Fluorescent images for MG63 cells adhered on the surface of non-cladded Ti—
6Al-4V, 100% HA cladding, FGM cladding after 12 h, showing actin filaments (green,
stained by FITC-Phalloidin), and the nucleus (red, stained by PI dye).

In addition, the various cell features such as average cell area, nuclei area and
circularity on different samples were investigated, using image processing (ImageJ) software.
As shown in Figure A.14 (a), FGM cladding exhibited maximum cell spreading area
(21354437 pm?) followed by 100% HA (17724253 pm?) and non-cladded Ti-6Al-4V
(15254231 pm?) substrates. Less spreading on non-cladded Ti-6Al-4V indicates poor focal
adhesions as compared to cladded samples. Moreover, the numbers of filopodia and
cytoplasmic extensions were also less on cells grown on non-cladded Ti-6Al-4V. The nuclei
area of the adhered cells also followed the similar trend, FGM cladding > 100% HA cladding
> non-cladded Ti-6Al-4V as that of the cell area. Nuclei size of the adhered cells signifies the
nuclear functional activity occurring during cell differentiation and cyto-compatibility (Tutak
et al., 2017). More the nucleus area higher will be the division rate which leads to higher

cyto-compatibility rate.
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Cells circularity is described on the scale range of 0 to 1 and defines the degree of
polarization and is used to describe the shapes of the cell which can exist in circular
(circularity=1), square (circularity=0.79), or in various rectangular (circularity=0.7, 0.5 or
0.26) forms (Kushiro et al., 2016). The lesser the circularity value, the better is cell spreading
having more focal points due to which cell shape changes. Cell circularity on FGM
(0.60+0.11) and 100% HA cladding (0.70+0.1) showed least values indicating better
adhesion and spreading in comparison to non-cladded Ti-6Al-4V (0.73+0.1), as presented in

Figure A.14 (b).
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Figure A.14: Effect of different surfaces on (a) % cells adhered, average cell area and (a)
average nuclei area and circularity of adhered cells.

Surface properties like wettability, topologies, surface charge, and roughness play an
essential role in regulating protein adsorption which in turns regulates cell adhesion and
spreading (Chu et al., 2016; Huang et al., 2016; Moon et al., 2017). Figure A.15 illustrates the
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schematic diagram of the mechanism of protein adsorption, cell adhesion and spreading on
non-cladded as well as LC samples. Generally, surfaces with a moderate hydrophobicity, i.e.
water contact angle (0) in the range 40-70° exhibit better protein adsorption and hence
supports cell adhesion. However, there exist huge discrepancies among the scientific

community about the exact role of surface wettability in regulating biocompatibility.
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Figure A.15: Schematic diagram of mechanism of protein adsorption, cell adhesion and
spreading on non-cladded as well as LC surfaces.

Many reports suggest that high wettability and surface energy promote cell adhesion
and spreading while few argued that hydrophobic surfaces enhance protein adsorption and
cell behavior (Gentleman and Gentleman, 2014; Groth and Altankov, 1996; Howlett et al.,
1994). In the present study, the adsorbed mass of serum proteins increased with the increase
in the wettability of the surfaces, as shown in Figure A.11 with the FGM (4.14 pg/lcm? at
0=60.6°) exhibiting maximum adsorbed mass. Better protein adsorption promotes cell
adhesion as they serve as a soft layer which helps them to adhere to the surface. It was
observed that maximum cell adhesion and spreading on hydrophilic FGM cladding (6=60.6°)
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followed by 100% HA cladding (6=71.3°) and hydrophobic non-cladded Ti-6Al-4V (6=91.9°)
substrates. Similar cell behavior has been previously reported by various research groups
(Hotchkiss et al., 2016; Le Guehennec et al., 2008; Zhao et al., 2007).

A.3.7 In vitro bioactivity

In vitro bioactivity of an artificial material can be estimated by checking the formation of
apatite layer after soaking in SBF (Paital et al., 2008). This apatite layer provides the required
surface chemistry for cell attachment and cyto-compatibility (Paital et al., 2010). The phase
compositions of both LC samples after 14 days immersion in SBF are displayed in Figure
A.16. The HA apatite peaks observed in XRD pattern correspond to characteristics HA peaks
at 20 = 25.9°, 31.7°, 32.3°, 35.6°, 53.2° and 63.9° (representing the planes (002), (211),
(112), (301), (004) and (304), respectively) from the JCPDS 09-0432. Compared to XRD
pattern before SBF immersion (Figure A.9), it is seen that HA was precipitated on both LC
surfaces after SBF immersion. However, more intense HA peaks appeared in FGM cladding
than 100% HA cladding indicating more apatite precipitation for FGM cladding. This may be
attributed to more wettability and biocompatible phases of FGM cladding so that more

nucleation and formation of apatite occurred as compared to 100% HA cladding.

e HA & CaTiO3
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Figure A.16: Phase analysis of 100% HA and FGM cladding surfaces after 14 days
immersion in SBF.

Figure A.17 represents the surface morphologies as well as elemental analysis of both

LC substrates after immersion in SBF for 14 days. Since there was no significant amount of
apatite layer on non-cladded Ti-6Al-4V even after immersing in SBF for 14 days; hence, the
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related surface morphology and elemental analysis related to it are not provided herein. After
14 days of soaking, small globular or spherical-like precipitate layer nucleated and grew on
the surface of both 100% HA and FGM samples (Figure A.17 (a, b)).
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Figure A.17: Surface morphologies and EDS analysis of 100% HA and FGM cladding after
soaking in SBF for 14 days: (a, b) lower magnification, (c, d) higher magnification and (e, f)
EDS spectra taken at small area shown in (a, b).

The presence of globular-like morphologies is the characteristics of apatite formation,
which is beneficial for osseous connection (Li et al., 2015d; Paital and Dahotre, 2009).
However, the amount and size of globular-like precipitate layer were more prominent on the
FGM sample as compared to 100% HA sample as shown in Figure A.17 (a, b). These
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findings are matched with XRD results (Figure A.16). From higher magnification images, it
was clearly visible that, the precipitate layer contained nano-sized crystals (Figure A.17 (c,
d)). It can be observed from EDS spectra that both claddings contained major peaks of Ca, P
and O only, confirming the presence of apatite layer on cladding samples after immersion in
SBF (Figure A.17 (e, f)). Since the EDS spectrum was taken at a small area on the apatite
formed on the cladding samples, no element from cladded material was detected. So, from all
these XRD, FESEM and EDS results, it can be concluded that both LC samples immersed in
SBF have the potential to produce apatite layer more effectively as compared to non-cladded
Ti alloy. The production of globular particles as well as the presence of major peaks of Ca, P
and O on the cladding samples after soaking in SBF was also reported previously (Paital and
Dahotre, 2009; Yang et al., 2011).

The formation of calcium phosphate apatite layer on the surface of LC after
immersion in SBF solution is a process of heterogeneous nucleation and growth. There were
many phases evolved in the LC surface, such as CaTiOs, B-CaP,07, a-Cag(POy),, B-
Caz(POy)2, Ti, CaO and TiO; (anatase and rutile). Different phases like Caz(PO4),, Ca,P,0y,
Ca0 and TiO, are the crucial biomaterial components which cause bone bonding with the
bone tissue (Balla et al., 2009; Paital et al., 2010). Because of the presence of Caz(PQO,),,
CayP,07, CaO and TiO; in the cladded surface, the cladding immersed in SBF solution has
the potential to form apatite.

When LC samples were immersed in SBF, O-H bond was easily formed by
Caz(POy),, Cal, TiO, under wetting conditions (Li et al., 2015b; Paital et al., 2008; Paital
and Dahotre, 2009).

3Cas(P0O,), + H,0 - CagHPO,(P0,)sOH (A.9)
Ca0 + H,0 - Ca(OH), (A.10)
Ti0, + 2H,0 — (TiOH), (A.11)

With these negatively charged OH™ ions present on the surface, Ca** ions from the
SBF were attracted towards the negatively charged (OH") surface and got accumulated there.
Then negatively charged phosphate ions (PO,¥) present in the SBF were attracted towards
the surface and reacted, which leads to form apatite nuclei on the surface as per the following
equation (Bakhsheshi-Rad et al., 2016b; Daculsi et al., 1990; LeGeros, 1993):
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20H™ 4+ 10Ca?* + 6P0,>™ - Ca,,(P0,)s(0OH), (A.12)

With the increase of soaking time, massive amount Ca** and PO,> ions were
precipitated on the negatively charged OH™ surface and finally a thick layer of apatite was
generated on the cladded surface. As compared to 100% HA, FGM cladding showed
improved bioactivity or apatite formation. This improvement in bioactivity was attributed to
higher wettability with SBF and presence of more biocompatible phases (a-Caz(PO4),, B-
Caz(POy), and TiO, (anatase)). This improved wettability enhanced the reaction between
Caz(POy), and TiO, with the water molecules present in SBF solution. More biocompatible
phases as well as the substantial time of reaction with SBF led to evolving of more OH- ions
and attracted higher Ca®* and (PO4)* ions on the FGM cladded surface. So, more apatite

layer was deposited as compared to 100% HA cladded surface.

A.3.8 Cyto-compatibility assay

MTT assay was performed to study cyto-compatibility on non-cladded Ti-6Al-4V, 100%HA
and FGM claddings for 2, 4, and 6 days as shown in Figure A.18. It is clearly revealed that
the absorbance for all the samples increased with increase in incubation time, indicating cyto-
compatibility on all the tested samples. For all the incubation time periods, the cyto-
compatibility rate of both LC samples was comparable and higher than the non-cladded Ti
alloy control. At day 6, both cladded samples induced a significant increase in cyto-
compatibility than non-cladded Ti alloy while the cyto-compatibility rate of FGM cladding
(215.6+17.2%) was significantly higher than 100%HA cladding (134.6+9.5%).

The improvement of the cyto-compatibility rate in FGM cladding can be attributed to
the formation of more biocompatible phases (a-Caz(POy)2, f-CazP,0; and TiO, (anatase and
rutile)), as well as smaller nano size surface particles which in turn improve the wettability of
the surface. Moreover, the higher concentration of adsorbed protein molecules at interface
promote cell adhesion and spreading as evident by FGM cladding exhibiting more % of
adhered cells due to higher protein adsorbed mass. Also due to larger nucleus area, the
division rate of cells was higher which led to higher cyto-compatibility in FGM than 100%
HA cladding and non-cladded Ti alloy. The surface with higher wettability shows higher
surface free energy and has more adhesion toward bone cells and cell binding proteins than
those with lower wettability (Paital et al., 2010; Yang et al., 2011).
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Figure A.18: Histograms of MTT assay representing cyto-compatibility activities of MG63
cells after 2, 4 and 6 days of growth; inset results are expressed as percentage cyto-
compatibility rate on non-cladded Ti-6Al-4V, 100% HA and FGM cladding.

A.4 Findings from the research work

CaP-TiO; bio-ceramic coating was successfully carried out on Ti-6Al-4V substrate by LC
process with 100% HA and FGM precursors in order to compare cell interaction with the
substrate. For 100% HA cladding, different phases like CaTiO3, CaO, B-Ca,P,0; and TiO,
(rutile) were formed; however, with FGM cladding, also with new phases like a-Caz(POy,),,
and TiO; (anatase) were generated. Due to the addition of TiO, in the precursor, the
decomposition of HA, cracks and surface particles were reduced during LC. The wettability
was improved for both LC samples as compared to non-cladded Ti-6Al-4V; however, FGM
cladding shows better-improved wettability as compared to 100% HA cladding.

The FGM cladding showed a significantly higher HA precipitation than 100% HA
cladding after immersing in SBF. Both cladded samples had a significantly higher amount of
adsorbed mass of protein compared to non-cladded Ti-6Al-4V alloy; however, FGM cladding
had more protein adsorption than 100% HA cladding. Compared to 100% HA cladding, there
was significantly higher cellular interaction in FGM cladding. Better cell adhesion and
spreading of cells were observed for FGM and 100% HA cladding than non-cladded Ti—6Al-
4V. A significantly higher cyto-compatibility rate was observed for both 100% HA and FGM
claddings. All the outcomes reveal that the LC process improves the biocompatibility and
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bioactivity of Ti-6Al-4V. In addition, FGM cladding enhances the biocompatibility as well
as bioactivity more as compared to 100% HA cladding.

In this study, better and improved results are found in FGM cladding. However, laser
cladding used to obtain the coatings is very complex which comprises of five different
preplaced layers. It is complicated to apply five different preplaced layers to real implants
having a complex non-flat surface subjected to coating. Up to now, the pre-placed powder
laser cladding method has been only used at lab scale on flat surfaces, which are not found on

real implants.
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