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Abstract

Nitinol is a very promising biomaterial to be used in medical treatment like surgical implants
due to its unique properties. Nitinol has superealsticity, shape memory effect, kink resistance,
good biocompatibility, biomechanical properties , corrosion resistance etc. Because of these
properties Nitinol is a popular orthopedic implant material, but there is still need of surface
modification of nitinol to control nickel leaching. It is a known fact that nickel is harmful for
human body.Main challenge with such surface modification of orthopaedic implant is that
along with cost effective modification of the surface, there should also be good integration
with the surrounding bone tissue. The purpose of this study is to modify the nitinol surface by
the silanization technique and electrophoretically deposited hydroxyapatite coating on nitinol
surface and conduct a detail in-vitro and in-vivo investigation. X-ray photoelectron
spectroscopy and energydispersive X-ray spectroscopy studies confirmed the addition of
organo-functional alkoxysilane molecules through the silanization process. From detailed
investigations, involving MTT assay with the human osteoblastic cells (MG63 cell) over
periods of 48hours and 5 days and immunocytometry, it was found that silanized Nitinol
performed marginally better than bare Nitinol. But in case of confocal image study, coated
sample showed little bit better than silanized sample and bare sample respectively. The effect
of silanization on surface composition and roughness of the specimen is also reported here to
explain the superiority of silanized samples in case of cell-material interaction. A detailed
animal study was also conducted for one and three months post operatively.The histological
study showed the presence of adequate number of osteoblasts in silanized Nitinol and coated
Nitinol. The fluorochrome labelling study depicted slightly better new bone formation in
coated nitinol sample than silanized nitinol specimens and much better than bare one at
oneand three months postoperatively. Radiology and SEM study proved the better
performance of silanized samples. The cumulative in-vitro and in vivo results indicate that
coated and silanized nitinol samples are more or less showing same level of performance with
silanized samples slightly better than the other. However both are suitable as the potential

bio-implant materials in various orthopaedic surgical uses.
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CHAPTER 1.
INTRODUCTION



The term ‘Biomaterial’ can be defined in many ways.A “Biomaterial” is any material, natural
or man-made, that comprises whole or part of a living structure or biomedical device which
performs, augments, or replaces a natural function. [1,2].A biomaterial is a nonviable
material used in medical device, intended to interact with biological systems. [3]. A
biomaterial is any substance that has been engineered to interact with biological systems for a
medical purpose - either a therapeutic (treat, augment, repair or replace a tissue function of
the body) or a diagnostic one. The study of biomaterials is called biomaterials science or
biomaterial engineering. This is not at all new domain of science. The practice of using
biomaterials in surgery started few thousand years ago with some primitive understanding of
science but it developed very fast in last two centuries. Biomaterials science today is the
combination of basics of medicine, biology, chemistry, tissue engineering and materials
science. It is an interdisciplinary branch of science having existed for around half a century. It
is an exciting field of science, having experienced steady and strong growth over its history

with large monetary investment. Table 1.1 presents a list of biomaterials in use.

Table 1.1: Three different generations of biomaterials are marked

FIRST GENERATION | SECOND GENERATION | THIRD GENERATION
BIOMATERIALS BIOMATERIALS BIOMATERIALS
Biologically inert/ nearly inert Bioactive Bioactive and Bioresorbable
» Metal ( Stainless steel, » Metal coated with a | Materials  which have
Cobalt, chromium based bioactive ceramic  or | temporary three-dimensional
alloys) chemically modified | porous structures and which

> Ceramics (Al.03 Znoy)

» Polymer (silicone rubber,

acrylic resins) etc

metal surface
» Ceramics (Bioactive
glass, glass—ceramics and
calcium
(CaPs))

» Polymers (Biodegradable

phosphates

polymers of synthetic and
natural origin such as
polyglycolide (PGA),
polylactide (PLA))

are also able to activate
genes that stimulate
regeneration of living tissue
are under this type of

biomaterials.
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Metals are used as biomaterials due to their superb mechanical properties, ductility and
thermal conductivity. Metals have been used often in the development of porous structures on
titanium based alloys. This type of titanium alloys with unique properties (shape memory,
superelasticity) form a different group of biomaterial, termed as new generation biomaterial.
This type of material used for medical applications, largely for implants in orthopaedics, for
dental implants, stents etc. Shape memory alloys are used in various applications ranging
from medical implants, such as cardiovascular & endoscopic stents, orthopedic screws and
wires, dental archwires, to the manufacture of automotive actuators, aircraft, and electronic
components. There is another catch-word often used to address such materials which is

‘smart material’.

Smart materials are those materials which are planned in such a way that have one or more
properties that can be extensively changed in a accurate manner by external stimuli, like
stress, temperature, moisture, pH, electric or magnetic fields. One of the Smart Material
Alloy wire is called ‘Nitinol’, as it is composed of nickel and titanium. This ordinary looking
yet special kind of wire can be folded to form complex shapes quite easily and it conducts
electricity Compared to regular steel or even copper wire. It is very expensive. The smart
alloy Nitinol (Nickel Titanium Naval Ordnance Laboratory), the “metal with a memory,” is
revolutionizing manufacturing, engineering, and medicine as countless products that “think”
for themselves enter the marketplace.This was discovered in 1959 by William J. Buehler of
the U.S. Naval Ordnance Laboratory, its subsequent development was done by Buehler and
Frederick E. Wang. Industrial NiTi alloys are prepared by either a primary vacuum induction

melting (VIM) followed by vacuum arc melting (VAR) or by a multiple VAR process. [4]

One of the unique property is that this nitinol wire has a memory. If it is folded to form a
shape and then heated above 90°C it comes back to its original shape. The shape memory
effect occurs when a material returns to, or “remembers,” its original cold-forged shape after
being heated to deformation. It is attributed to a temperature-dependent phase change
conditions with applied stress and strain (stress-induced martensite) in the solid state which is
known as a thermo-elastic martensitic transformation [5,6,7]. The shape memory effect
arising out of this transformation makes Nitinol a prospective biomaterial. It finds wide

applications as biomaterial both in endoprothesisis as well as external devices.
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Nitinol has another excellent property which is super-elasticity. Within a particular
temperature range, it can be elastically strained up to 8-10%, much more than any
conventional alloy. Beyond this temperature, Nitinol deforms similar to usual metals and
alloys [8]. This unique property of superelasticity is nicely exploited in case of stent

deployment [9, 10].

Nitinol has other special characteristics, and those are Fatigue Resistant, Elastic deployment ,
Thermal deployment, Kink resistance, Constant unloading stresses, Biomechanical
compatibility, Dynamic interference, Hysteresis, MR compatibility, Uniform plastic
deformation, Biocompatibility.

In case of designing various devices and implants the use of Nitinol is advantageous due its
better flexibility and kink resistance, even while bent around tortuous paths [11]. It can be
attributed to the reversible structural changes associated with super elastic behavior.

Biocompatibility means the ability of material to perform with an appropriate host response
in a specific application. When materials are introduced to the body it is important not only
that the material does not damage the body, but also that the environment of the body does
not damage the implant. Two main factors determine the biocompatibility of a material: the
host reactions induced by the material and the degradation of the material in the body
environment. Because of the possibility of nickel (Ni) and titanium (Ti) ions to dissolve due

to corrosion, it is important to understand the effects of these components.

Similar to other conservative materials, the force applied by a super-elastic device is not
determined by strain, it is determined by temperature. As body temperature is assumed to be
considerably constant, in case of superelastic materials like Nitinol, one can plan a tool which
can apply a constant stress over a varied range of shapes. This offers a unique advantage as it
reduces the chance of local stress accumulation. Moreover, the similarity between stress-
strain behavior of Nitinol with natural materials leads to more quick and proper healing times
and less disturbance to host tissue. The first product is the orthodontic arch-wire which was

made by using this property [12].

Stainless steel, titanium and other metals are very rigid (with high young's modulus)

compared to biological materials. It causes stress shielding of tissues whenever these
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materials are placed parallel to natural tissue and carry major share of load. The stress-strain
diagram of these materials differ considerably from those of biological materials but Nitinol
is an exception. Nitinol is mechanically similar to biological materials due to its amazing
compliance. Even the stress—strain hysteresis which is closely associated with the reversible
structural changes (Austenite to twinned Martensite and back) makes Nitinol similar to
biological materials [13].

Nitinol is non-ferromagnetic alloy with a lower magnetic susceptibility than other metallic
implant materials.MRI compatibility is associated to the susceptibility of a material relative
to human tissue. For that MRI images of Nitinol are clear, crisp and with much less artifacts
than other metallic implant materials [9].

High rate of work hardening of martensitic Nitinol results in uniform deformation, and it
leads to lower peak stresses and strains which is an important necessity during designing of

various biomedical instruments.

—l Requirements of implants }
Y Y
Compatibility Mechanical properties Manufacturing

e Tissue reactions

e Change in properties
a. Mechanical
b. Physical
c. Chemical

e« Degradation leads to

Local deleterious changes
Harmful systemic effects

Elasticity

Yield stress

Ductility

Toughness

Time dependent deformation
Creep

Ultimate strength

Fatigue strength

Hardness

Fabrication methods
Consistency and conformity to
all requirements

e Quality of raw materials
e Superior techniques to obtain

excellent surface finish or texture
Capability of material to get safe
and efficient sterilization

Cost of product

Wear resistance

Implant material requirements in orthopedic applications.

Figure 1.1: Implant material requirements
North America is the largest market for biomaterials owing to the refined healthcare
infrastructure and amicable reimbursement policies in this region, followed by Europe.The
global biomaterials market is assessed to reach $139 Billion by 2022, growing at a CAGR of
11.8% from 2016 to 2022.Metal Biomaterials is estimated the largest of material types
accounted for US$33.7 billion in 2017 and is expected to reach US$77 billion by 2023 at a
CAGR of 14.7% between 2017 and 2023. Shape Memory Alloys Market worth reach 18.97
Billion USD by 2022.The shape memory alloys market is projected to reach USD
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18.97Billion by 2022, at a CAGR of 12.3% from an estimated USD 10.62 Billion in 2017.
The above mentioned figures make it amply clear that the biomaterials with exotic properties
are going to find wide market in the years to come.

Apart from all these mentioned above, there are many more intricate areas where Nitinol

based implants and appliances are being tried or are already in use.

Table 1.2: Biomedical uses of Nitinol based on its properties

Properties

Application

Shape memory effect

Bone plates, compression staples, nails,
dental implants, vena cava filter,

intracranial staples

Super elasticity

Stents

Elastic deployment

Homer mammalok, TUNA, RITA,

ASDOS, Graspers, suture, passers, needle

Thermal deployment

Simon vena cava filter, stents

Biocompatibility

All Nitinol made implants

Kink resistance

Angioplasty guide wires, laproscopic

instruments, IABP

Constant loading stresses

Spacer, Q shape orthopaedic implant,

orthodontic wire

Biomechanical compatibility

Dental implants

MR compatibility

All Nitinol made implants

Fatigue resistance

Dental drills, stents, pace-maker leads,

Uniform plastic deformation

Paragon stent. staple for female
sterilisation,  suture  anchor, ACL

prosthesis
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1.1. Early Research and Uses of Nitinol: Progress in getting Nitinol into consumer
applications came slowly because of early problems with its manufacture and because of its
expense [14]. Another major problem was inconsistency among batches of Nitinol.
Supposedly identical batches did not possess the same transition temperature. These
inconsistencies were not a problem for laboratory demonstrations, but they hindered the
manufacture of viable engineering materials. Buehler and Wang’s research group at NOL
continued to work on and refine the Nitinol manufacturing process until the bugs and glitches
were eliminated [15,16].

The first successful Nitinol product was the Raychem Corporation’s Cryofit™ “shrinkto- fit”
pipe coupler, introduced in 1969 [17,18]. Another early use of Nitinol was in orthodontic
bridge wires [19].

Though Nitinol has some unique properties but there are some drawbacks as well. One of the
main constituents of Nitinol is nickel which is carcinogenic to human health beyond certain
amount. Nickel, an essential element in the human body, should be present within a limit for
daily digestion up to 200—-300ug/day [20]. Due to corrosion, nickel ion may leach out from
the surface and cross that dietary limit. Nickel ions can be released from the Nitinol alloy due
to corrosion in biological atmosphere which is unavoidable [21]. Excessive Ni leaching in the

body can cause many adverse effects like asthma, cytotoxicity, genotoxicityetc [22,23].

The method to tackle Ni+ leaching is surface modification of nitinol. There are various
techniques to modify the surface, like laser treatment, coating, mechanical and chemical

modification, biofunctionalization etc.

1.2. Surface modification: Surface modification of biomaterials is a significant way to
modify the materials’ responses to cells whilst retaining their bulk properties.

Nitinol is reported to maintain its corrosion resistance through formation of oxide layers. The
oxide layer formation process is very slow and breakdown of this layer can occur in chloride
containing atmosphere. The corrosion property and biocompatibility of Nitinol alloys largely
depends the stability of this oxide layer thickness [24,25]. Major option exploited so far is to
impart coating of various biomaterials. Many bioactive and bio-inert materials like
hydroxyapatite, biphasic calcium phosphate, zirconia, diamond like carbon, polymers have
been used for this purpose. Magneto-electropolishing (MEP) treatment, Plasma nano-coatings
are the coating methods of surface modification that provided stable oxides on the surface

and significantly improved the corrosion resistance and biocompatibility of the alloys [26].
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In case of mechanical polishing, presence of residual stress and defective surface layers are
reported to cause formation of cracks parallel to the surface. There may be additional factors
like presence of grinding marks and scratching as well as chemical heterogeneity of the
surfaces induced by mechanical polishing action. However, reports are available where
mechanical and heat treatment increased biological activities. [27].

Surface modification using laser treatment is another process which includes surface alloying,

cladding, annealing and transformation hardening of materials [28].

Biofunctionalization is a comparatively easy surface modification process which is readily
accepted by the host organisms. Typically, proteins and peptides are adsorbed or coupled to
biomaterials to alter cell phenotype or tissue response. Owing to higher strength to weight
ratio and superior biocompatibility, stainless steel and titanium based implants like Nitinol
are often subjected to this type of treatment to ensure better bonding with biological tissues.

Till date the main focus on nitinol was on stents or other related areas where blood
compatibility and shape memory effect played the major important role . The present work is
probably first of its kind focussing on the kink resistance behaviour of nitinol. The basic
outline of the work includes a comprehensive study on physical and biological performance
of bare and treated nitinol with specific emphasis on coating and biofunctionalization.
Though the exact objectives and plan of work are presented in chapter three, here it is worth
mentioning that the main target is to develop a systematic database to explore the possibility

of using nitinol as orthopaedic nails.
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CHAPTER 2:
LITERATURE SURVEY



An extensive literature survey has been carried out to know the progress of the vigorous work
performed so far on the field of nitinol. Many research works have been performed in this
field from the late 60’s. Apart from the researches for the clinical purpose, the variety of
work has been performed can be broadly classified into various groups: mechanical,
compositional, physical, chemical, biological etc. With the advancements in technology,
more and more researches are being done minutely to find out the relationship between these
properties, their microstructure, and to understand its mechanism. Following are few of the
studies and experiments done on nitinol by various researchers across the world which gave a
new dimension to this field of study. The survey not only reviles different areas which are
already taken care of for the better understanding of the subject, also helps to identify the
important areas which need special attention.

Accidentally in 1959 “metal with a remembrance”, Nitinol was discovered by William J.
Buehler [1] and Buehler and Wang subsequently developed it [2]. The best known Nitinol
composition is about 55% by weight nickel and about 45% by weight titanium [3]. Figure 2.1
shows the cubic atomic structure of Nitinol which can “memorize” a predetermined shape
and return to this shape under certain temperature conditions. This metallic alloy goes

through a complex phase change which is known as martensite-austenite transformation [4].

)

i

RS

Figure 2.1: Basic crystal structure of austenitic Nitinol alloy

This case is the example of serendipity—the accidental happening which is a good feature
that came out of a disastrous situation became a discovery only when the inventor realized its
significance. In January 1958 William a metallurgist J. Buehler, at the Naval Ordnance
Laboratory (NOL) had completed research on a series of iron—aluminium alloys [5] and
suddenly came across this special variety of superelastic material [1].

Buehler consulted Max Hansen’s Constitution of Binary Alloys [6] which contained what was
then the most complete collection of binary constitution diagrams, showing the solid-state

phase relationships of two—component metallic alloys as a function of composition and
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temperature. From approximately sixty intermetallic compound alloys Buehler selected
twelve alloy systems [7] based on various logical reasons. One of the systems was an
equiatomic nickel-titanium alloy, which immediately exhibited significantly more impact
resistance and ductility than the other eleven alloys [8]. In 1953 Dr. Harold Margolin of New
York University and his associates had carried out some studies on phase changes of nickel—
titanium alloys but did not find any uniqueness among them [9]. In 1959 Buehler decided to
focus on the equiatomic nickel-titanium composition alloys and relegate the intermetallic
compound systems to secondary status. He named his finding NITINOL (Nickel Titanium
Naval Ordnance Laboratory) [8]. That same year he made remark about his finding where he
implied at the extraordinary, but still undiscovered, property of Nitinol [5].

In 1962 Dr. Frederick E. Wang joined Buehler’s group at the Naval Ordnance Laboratory, his
expertise in crystal physics helped the discovery of how the shape memory property of
Nitinol works. Without this the commercial applications of Nitinol would not have been
possible [10]. An alloy such as Nitinol with a mechanical memory requires certain basic
atomic structural characteristics. The first requisite is an atomically ordered solid-state parent
phase, classically called austenite (named for the English metallurgist Sir William Chandler
Roberts-Austen, 1843-1902) that exists in the higher temperature regime. Secondly, at a
lower temperature, the atoms of the ordered austenite phase must be capable of solid-to-solid
“shearing” into a very complex, new atomic arrangement or phase, which has been given the
name martensite (named for the German metallographer, Adolf Martens, 1850-1914). The
austenite martensite transformation (transition) proceeds through a critical temperature range
or in special situations with applied stress and strain (stress-induced martensite). Thus Nitinol
is said to undergo a martensite transformation.

Few key benefits of Nitinol are magnitude of strain-heat recovery, energy conversion, general
corrosion resistance, human tissue and body fluid compatibility for medical applications, ease
in reliably altering the memory-recovery temperature through alloying variations. With
developed manufacturing techniques the commercial use of Nitinol increased during the
1970s and 1980s. Nitinol was incorporated into medical products, safety products, military
products, and even ladies’ undergarments.

Some of the most important characteristic features of Nitinol and the research activities in
those domains are presented below.

2.1. Shape memory effect: In case of Nitinol, shape-memory effect is one of the most vital
characteristics. It is attributed to a temperature-dependent phase change conditions with

applied stress and strain (stress-induced martensite) in the solid state which is known as a
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thermo-elastic martensitic transformation [11, 12]. It requires basic atomic structural
characteristics. First one is an atomically well-ordered solid-state parent phase, typically
known as austenitic phase, prevalent at higher temperature. The other phase at lower
temperature undergoes a shearing action to form a new atomic arrangement which is known
as martensitic phase. Figure 2.2 demonstrate the phase transformation of Nitinol. The shape
memory effect arising out of this transformation makes Nitinol a prospective biomaterial. It
finds wide applications as biomaterial both in endoprothesis as well as external devices.

Austenite

=
=
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a
E Transformation Reversion
c
E My As
s Martensite
= i;‘#r-l'ﬁ;m:e

&I—I—i —

Temperature
Figure 2.2: The martensite-austenite transformation. MS = martensite start

temperature, Mf = martensite finish temperature, AS = austenite start temperature, Af

= austenite finish temperature, H = hysteresis [4]

Allowing a constant and uniform constraint on different sections of broken bone, new bone
plates are developed based on the shape memory effect [13-16]. In China, with the help of the
shape memory effect, the removal of the staples from the bone were done by simple heating
[11]. Another use of this property is in orthopedic nails for marrow cavity [18]. In the year of
1985, Fukuyo used Nitinol in dentistry to take the advantage of shape memory effect [19].
Another area of shape memory application of Nitinol is in stents. In vascular endo-surgery
the use of Nitinol stents has become immensely popular in recent past [20-33]. Various
designs of stents with Nitinol lattices covered with thin woven polyester showed consistently
superior performance than conventional materials like stainless steel, tantalum etc. [34-36].In
1971, Sawyer proposed fabrication of artificial heart with different sinusoidal elements to be
made of Nitinol wires substituting the cardiac muscles [17]. Nitinol like shape memory alloys

are reported to have adequate damping properties and are also being considered for hip
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prosthesis [37]. Shape memory property was also exploited in Simon vena cave filter to get
rid of large embolized blood clots in the vena cave vein [38].

2.2. Super elasticity: Nitinol can be elastically strained up to 8-10% which is much more
than any conventional alloy within a particular temperature range. The usual range is well
within 1% for most of the engineering metals and alloys. The super elastic property of Nitinol
IS based on stress-induced martensite formation and it is only possible up to a certain
temperature range. Caused by externally applied forces, the highest temperature at which
martensite can no longer be induced by stresses is called Martensite Deform Temperature
(Mg). Beyond this temperature, Nitinol deforms similar to usual metals and alloys. On the
lower end, the material is inherently martensitic below a specific temperature, known as the
Austenite Start Temperature (As) where no super-elasticity prevails. Thus, from austenite
finish (Af) to martensite deform (Mg) temperatures the material is super-elastic [39].This
super-elasticity is nicely exploited in case of stent deployment. The encapsulated
endovascular Nitinol stents are released from the chilled condition only when the catheter
reaches the proper site and it starts to expand when the desired body temperature is attained.
These stents can expand to 3-8 times the catheter diameter [40] provide a very low, dynamic
outward force, yet a very high radial resistive force (RRF).Nitinol stents are often used for
treating constricted hollow tubes such as the ureter, prostate, urethra, oesophagus or bile

ducts[41-49]. It is also used as clips for intracranial aneurysms[50].
Springback

Deformation

Austenite De-twinned Martensite

Figure 2.3: Diagrammatic representation of the super-elasticity effect of NiTi alloy [51]

Today complex operations are done by minor, leakage-proof portals into the body by passing
wires and instruments percutaneously through needles into the various arteries and then
elastically spring back into the desired shapes. To design these types of devices Nitinol gives
the greatest liberty. Literature reveals that the first such product to be marketed was made of
a Nitinol wire hook and a stainless steel cannulated needle [51], which was used to ‘mark’ the
location of a breast tumour by the radiologists. Other devices are the transurethral needle

ablation of the prostate (TUNA) device, the Daum deflectable puncture needle, and the
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radiofrequency interstitial tissue ablation (RITA) device [52]. To make surgical instruments
Nitinol can be worked into a shape that is suited for a particular procedure [51, 53]. Due to
high resistance to rupture, super-elastic deformation etc Nitinol approaches the behaviour of a
natural ligament [54,55]. The use of Nitinol for making artificial ligament is not yet fully

achieved but it is an important application drawing attention of the researchers [56, 57].

Apart from shape memory effect and super-elasticity, other important characteristics which
make Nitinol a highly prospective biomaterial are biocompatibility, kink resistance,
biomechanical stability, MR compatibility.

2.3. Biocompatibility: The host reactions caused by the material and the deterioration of the
material in the body environment are the two main features that determine the
biocompatibility of a material. Nitinol forms a passive TiO> layer on the outer surface. The
TiO> layer acts as the barrier for leakage of toxic nickel ions and also prevents corrosion in
physiological environment [12]. Literature reveals that the formation of a passive titanium-
oxide layer (TiO.) is the main reason behind the very good biocompatibility of Ti alloys like
Nitinol [58-62]. Formation of this layer is thermodyanamically more favoured than other
oxides [61-63]. Trepanier et al. reported the effects of surface engineering of Nitinol stents on
their biocompatibility that revealed that electropolished and chemically passivated stents
showed very high corrosion resistance due to the formation of thin and very uniform Ti-based
oxide layer [59, 64-66]. In this context it may be mentioned that a slight discontinuity in the
passivation layer (may be titanium oxide or calcium hydroxyapatite) can cause sustained

leaching of nickel ion in biological fluid which in turn can affect biocompatibility.

2.4. Kink resistance: Nitinol is advantageous in case of designing various devices and
implants due its better flexibility and kink resistance, even while bent around tortuous paths
[67]. It can be attributed to the reversible structural changes associated with super elastic
behavior. In conventional materials, permanent deformation in the shape of kink can form
whenever local stresses due to some constriction exceeds yield point. But in Nitinol, elastic
strain can go upto 8-10% and consequently the chance of kink formation is low. It reduces
the scope of stress corrosion cracking as well. Thus angioplasty guide-wires of Nitinol coated
with teflon or a hydrophilic coating in order to improve lubricity can easily pass through
tortuous paths without kinking [68]. Another application of Nitinol is in super-elastic basket,

for retrieval of stones from kidney, bladders, bile ducts [69].
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2.5. Constant Loading Stresses: Applied force of a super-elastic device is determined by
temperature. One can design a device with super-elastic Nitinol which can apply a continuous
stress over a varied range of shapes as body temperature is assumed to be considerably
constant. This offers a unique advantage as it reduces the chance of local stress accumulation.
Additionally, the similarity between stress-strain behavior of Nitinol with natural materials
leads to more quick and proper healing times and less disturbance to host tissue. The first
product is the orthodontic arch-wire which was made by using this property [70]. There are
different ranks of wire stiffness that permit the orthodontists to program the treatment stress
to cause less pain [71-74]. Another application of this property is super-elastic eyeglass
frames [75].

Nitinol

Stress

Bone

/V

Strain

Figure 2.4: The stress-strain curves of some biological materials are superimposed on

those of stainless steel and Nitinol. [40]

2.6. Biomechanical compatibility: Metals with high young's modulus are very rigid
compared to biological materials. Due to this stress shielding of tissues happen whenever
these materials are placed parallel to natural tissue and carry major share of load. The stress-
strain diagram of these materials varies considerably from those of biological materials but
Nitinol is an exception. Nitinol is mechanically comparable to biological materials due to its
amazing compliance (Figure-2.4). Even the stress—strain hysteresis which is closely
associated with the reversible structural changes (Austenite to twinned Martensite and back)
makes Nitinol similar to biological materials [76]. Figure 2.4 explains the mechanical

similiarity of Nitinol with other biological materials like bone, tendon, and hair [40].

2.7. MR compatibility: As Nitinol is non-ferromagnetic alloy with a lower magnetic
susceptibility than other metallic implant materials, for that MRI images of Nitinol are clear,

crisp and with much less artifacts than other metallic implant materials [40]. It offers a
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definite advantage over other conventional materials to understand the position and
receptiveness of the implant to human tissue [5, 40].

2.8. Fatigue resistance: In high strain conditions, Nitinol offers exceptional fatigue
resistance, while it may undergo fatigue in stress-controlled environments. Though the exact
reason behind this differential response is not yet fully understood, primarily it can be
attributed to higher capacity to undergo large elastic strain and a comparatively low value of
yield stress. Classical extrusion-intrusion model of fatigue crack formation starts where local
level yielding takes place. This might be one reason for higher susceptibility of Nitinol to
stress controlled fatigue than strain controlled one. A recent application of Nitinol’s excellent
strain controlled fatigue property is in dental drills which is used for root canal procedures
[40]. These drills can withstand severe fatigue environments. Another example of a strain-
controlled application is pace-maker leads where requirement is a conductive metal without
breaking which can survive very high numbers of flexing motions [40, 77-80]. In figure 2.5

various uses of Nitinol in biomedical field is described.

can |||||I|||||||||I|||||||

¢

a) Laster staples before and after distraction 2
mm.a diameter 2mm

d) The RITA tissue ablation device uses four

¢) The Simon Vena cava filter sharply curved tubular needles which are
deployed from a straight needle after
insertion through a trocar

Figure 2.5: Various uses of Nitinol in Biomedical Application [81,82,38,40]

2.9. Uniform plastic deformation: Where high rate of work hardening of martensitic Nitinol
results in uniform deformation, and it leads to lower peak stresses, Paragon balloon
expandable stent is designed [40].Typically shaped Nitinol staples are used for female
sterilisation [84], internal fixation of fractures [50, 83]. Nitinol made Harrington rods are

used for treating scoliosis using particular property.
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Apart from all these mentioned above there are many more intricate areas where Nitinol
based implants and appliances are being tried or are already in use [85-87]

2.10. Surface modification:

Surface modification is the action of modifying the surface of a material by physical,
chemical or biological characteristics. [88-92]. Though Nitinol has some unique properties
but there are some drawbacks as well. One of the main constituents of Nitinol is nickel which
is carcinogenic to human health beyond certain amount. Due to corrosion, nickel ion may
leach out from the surface and cross that dietary limit. Nickel ions can be released from the
Nitinol alloy due to corrosion in biological atmosphere which is unavoidable [93]. Excessive
Ni leaching in the body can cause many adverse effects like asthma, cytotoxicity,
genotoxicityetc [93,94].

The oxide layer, which helps Nitinol to maintain its corrosion resistance forms very slowly
and breakdown of this layer can occur in chloride containing atmosphere. The corrosion
property and biocompatibility of Nitinol alloys largely depend on the stability of this oxide
layer thickness [95-99]. There are other surface modification techniques as well to improve
the surface property of Nitinol. They include mechanical treatments [100], electrochemical
treatments, chemical etching, heat treatments, laser and electron-beam irradiation, coating
etc. [101]. But almost all of these traditional methods have their own advantages as well as
limitations. One problem which is almost common to all the above mentioned processes is
the inconsistent corrosion behavior of the products. One major option exploited so far is to
impart coating with various biomaterials. Many bioactive and bio-inert materials like
hydroxyapatite, biphasic calcium phosphate, zirconia, diamond like carbon (DLC) have been
used for this purpose [100, 102-105]. Calcium phosphate (hydroxyapatite) coating on Nitinol
alloy improves the protection efficiency by 83% [103]. Diamond like carbon was also used
by many researchers for surface modifications. Roy et al. used hybrid ion beam implantation
technique for coating of DLC on Nitinol [106]. Sui et al. [107] used plasma immersion ion
implantation and deposition technique to coat Nitinol using DLC and showed improvement in
corrosion resistance and also surface hardness and elastic modulus. Corrosion resistance of
Nitinol was improved by increasing the adhesion strength [108] of the coating with substrate.
Polymers are also used for coating of Nitinol surface. Bakhshi et al used nanocomposite
polymer derived from anti-thrombogenic and a non-biodegradable polymer, polyhedral oligo-

mericsilsesquioxanes (POSS) and poly(carbonate-urea)urethane (PCU). This coating
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enhanced the surface corrosion resistance property and improved the biocompatibility
[109].Magneto-electropolishing (MEP) treatment is another method of surface modification
that provided stable oxides on the surface and significantly improved the corrosion resistance

and biocompatibility of the alloys [110].

In case of mechanical polishing, presence of residual stress and defective surface layers are
reported to cause formation of cracks parallel to the surface. There may be additional factors
like presence of grinding marks and scratching as well as chemical heterogeneity of the
surfaces induced by mechanical polishing action. However, reports are available where
mechanical and heat treatment increased biological activities. Shen et al. showed improved
cell adhesion by controlling the surface chemistry and surface hydrophilicity of Nitinol alloy
[111]. They used mechanical treatment and chemical etching for controlling the surface
roughness. Plasma nano-coatings significantly increased cell proliferation and cell adhesion

on the micro patterned Nitinol surfaces [112].

Surface modification using laser treatment is another process which includes surface alloying,
cladding, annealing and transformation hardening of materials. Generally fine laser light
beam is used for surface modification and to perform localized treatment. Three types laser
treatments are generally done in Nitinol manufacturing and surface modification. These are
carbon dioxide laser, solid state laser (primarily neodymium:yttrium-aluminum-garnet;
Nd:YAG laser) and excimer laser. Laser irradiation cause formation of nano/micro structure
on Nitinol surface which changes the wettability and contact angle [113]. Laser melted
surface are reported to improve the corrosion behavior of Nitinol. It causes the thickening of
oxide layer, nitrogen incorporation and surface homogenization [114]. Pequegna et al [115]
observed that ion release performance of Nd-YAG laser processed sample were worse
compared to the other sample conditions (chemically etched and mechanical treated). It
triggered some doubts regarding the suitability of the process. It has also been proposed that
the performance of laser treated Nitinol can be improved by appropriate post processing
treatments like mechanical polishing [116]. Laser annealing provoked intermixing of
individual Ni and Ti layers which shows the formation of Nitinol inter-metallic compounds.
Surface segregation of Ti and formation of TiOzare reported to improve biocompatibility
[117].Surface treated thin film Nitinol (S-TFN) is another potential material to cover the
commercially used Nitinol stent through significant reduction in platelet adhesion without

any evidence of aggregation [118]. Another option, alkali treatment on the Nitinol surface is
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reported to increase the surface roughness, surface energy, wear resistance and hardness but it

reduced the corrosion resistance and enhanced the nickel content [119]. Table 2.1 presents a

summary of surface modification techniques applied on Nitinol in last two decades.

Table 2.1: Few works on surface modification of Nitinol

Surface modification Technique Outcome
Nd-YAG pulsed laser followed by Laser and mechanical treatment Improved corrosion
Mechanical polishing [114] resistance and  less
nickel release
Coating of diamond like carbon | Plasma immersion ion implantation | Improvement in
(DLC) [107] and deposition corrosion
(PHID) resistance and surface
hardness and elastic
modulus
Coating of Hap [104] Sol-gel and electrochemically assisted | Improvement in
deposition protection efficiency
Coating of diamond like carbon | hybrid magnetron sputtering and | better adhesion strength,

(DLC) [108] plasma enhanced chemical vapor the  better corrosion
deposition resistance

Surface treatment [110] Magnetoelectropolishing reduced the surface

asperities on  Nitinol

alloys and provided

stable oxides on the

surface

Mechanical and chemical treatment | Sandpaper grinding, chemical etching | Controllable surface

[111] and Plasma nanocoating roughness and
hydrophilicity, improved
cell adhesion

Coating [102] ZrO» coating Improved corrosion
resistance

Coating [118] IrO> coating Better corrosion
resistance

Mechanical, chemical, heat treatment | Etching with 1HF+4HNO, SiC paper | Chemical treatment
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[119]

polishing , elctropolishing and
heattreatment

showed consistent
corrosion resistance,
mechanical and heat
treatment  prone to

pitting

Electroplating [120]

Electrodeposition of Tantalum in ionic

liquid

Better corrosion
resistance, higher open
circuit potential, wider
passive  region  and
higher breakdown

potential

Coating [112]

Silicon carbide coating

More than 90%
reduction of Ni+ release,
better anti-

thrombogenicity

Coating [121]

Gelatin  functionalized  Grapheme

Enhanced cell functions

oxide coating with antimicrobial
activity
Bioactive coating Coating with poly(amino-p-xylylene-) | Decrease

[122]

thrombogenicity,
increased
endothelialization,
improved

biocompatibility

Biofunctionalization[123]

Using polydopamine-immobilized
rhBMP2

Enhanced bone tissue
regeneration and

osteointegration

Electrografting
[124]

Modification of Nitinol by
electrografting of 1,4-carboxybenzene

diazonium

Better corrosion

resistance

Although the traditional and advanced processes discussed above are often reported to yield

good results in terms of increasing corrosion resistance of Nitinol, they offer certain inherent

challenges as well. Stress induces deformation and crack formation, pitting, change in local
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composition due to heating causing chemical heterogeneity are some of them. Also, there is
ambiguity regarding the actual extent of betterment of biological performance achieved
through these techniques. To address the above mentioned issues, in recent past, attempts
have been made to explore the possibility of biological treatment like biofunctionalization
which is discussed below.

2.11. Biofunctionalization: Biofunctionalization is a comparatively easy surface
modification process which is readily accepted by the host organisms. Biofunctionalization is
biologically compatible, permanent or temporary alteration of a material to have specific
biological function. Various types of medical implants, tissue engineering scaffolds, cell
culture platforms for cell expansion and in vitro assays, drug delivery systems, and imaging
probes are designed to biofunctionalize to replace or repair a defective biological function so
that they can be accepted by the host organism. Typically, proteins and peptides are adsorbed
or coupled to biomaterials to alter cell phenotype or tissue response. Owing to higher strength
to weight ratio and superior biocompatibility, stainless steel and titanium implants are often
subjected to this type of treatment to ensure better bonding with biological tissues. In recent
past, number of researchers have successfully done biofunctionalization of these materials.
Table 2.2 summarises some of the important studies on biofunctionalization. These studies
have involved various techniques of biofunctionalization on different types of metallic
implants and judged the efficacy of those methods either through in-vitro or in-vivo studies

But till date only a few studies are available on the biofunctionalization of Nitinol. In 2016
Zhao et alhave done gelatin-functionalized graphene oxide coating on Nitinol and found
better antimicrobial activity and improved biocompatibility of Nitinol [135].Simsekyilmazl
et al [136] coated Nitinol stents with star-PEG, and bio-functionalized with RGD, or RGD/
CXCL1 and implanted into carotid arteries of mice. It has been reported that neointima
formation and thrombus formation was substantially reduced and increased re-
endothelialization [135] took place. In 2017, Karaji and his team have done additive
manufacturing (selective laser melting) to develop multifunctional porous super-elastic
Nitinol with a sensibly designed micro-architecture and biofunctionalized the surface using
polydopamine-immobilized rhBMP2 for better control of the release kinetics [123]. They
found improved cell attachment, cell proliferation, cell morphology (spreading, spindle-like
shape), and cell coverage as well as elevated levels of ALP activity and increased calcium

content for bio-functionalized surfaces as compared to as-manufactured specimens.
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Table 2.2: Few works on biofunctionalization of various biomaterials

Material Biofunctionalization agents Purpose
Titanium polyelectrolyte multilayers (PEMs)of | To improve the
[125] hyaluronic acid (HA) and chitosan (CH), | biocompatibility and confer
coupled with  surface-immobilized cell- | long-lasting  antibacterial
adhesive arginine-glycine-aspartic acid (RGD) | properties on Ti made
peptide orthopaedic implants.
Titanium Grit-blasted and acid-etched dental implants | To enhance attachment of
[126] coated with hydroxyapatite(HA) and then | the dental implant to the
coated with a biomimetic active peptide(P-15) | surrounding bone
Titanium Conjugating two strongest peptides with an | To measure the effect of
[127] integrin recognizingpeptide motif, RGDS. peptide functionalization on
bioactivity of Ti implant
Titanium cyclo (-RGDfK-) peptide Development of an easy
[128] and practical coating for Ti
implants
Titanium A mono-molecular adsorbed layer of a co-| To study the early bone
[129] polymer i.e., poly(Llysine)-graft-poly(ethylene | apposition to a modified
glycol) (PLL-g-PEG) and its derivatives sandblasted and acid-etched
(SLA) surface
Titanium Bioactive molecules, covalently coupled to the | To study the influence of
and TiINbHTf | substrates linear RGD, cyclic RGD,
alloy and recombinant fibronectin
[130] fragment 11
Titanium Collagen grafting was done by either physic | To study the effect on
[131] sorption or covalent bonding. human dermal fibroblast
(HDF) cell response
Titanium covalently grafting two adhesive peptides on | To develop endosseous
[132] oxidized titanium substrates after silanization implant
Porus Chemical  vapour  deposition of 3-|To functionalize Porus
silicone aminopropyltriethoxy silane (APTS) on its | Silicone surfaces for
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(PS) surface. biosensors
[133]

Stainless silane-coupling agent (SCA), (3-| To prevent bovine serum
steel mercaptopropyl)trimethoxysilane aloumin  and  r-globulin
[134] adsorption which is helpful

to design  orthopedic

implants

2.12. In-vivo studies of surface modified Nitinol: Any form of Nitinol whether as prepared
or surface treated must be subjected to thorough and systematic animal trial before being
considered as a commercial implant material. Takeshita et al. investigated the bone reaction
to Nitinol and other materials inserted transcortically and extending into the medullary canal
of rat tibiae [135]. Ni-Ti implants showed significantly lower percentage bone contact than
any of the other titanium or titanium alloy materials. Trepanier et al studied quantification of
the fibrous response of rabbit para-vertebral squel et al. muscle in contact with Nitinol stents.
Comparing with other materials they observed significantly higher fibro-cellular response
around the heat treated Nitinol samples[136].Thierry et al. [137] used laser cut Nitinol stents
to replicate the configuration of stainless steel made Palmazs stents and tested in a porcine
model under controlled conditions. They showed different thrombus morphologies for Nitinol
and stainless steel along with the unique mechanical properties of Nitinol and
haemocompatibility [137]. Kujala et al. [4] evaluated the effect of porosity on the
osteointegration of Nitinol implants in rat bone. Muhonen et al. investigated bone response to
sol-gel-derived titania—silica coated functional intramedullary Nitinol nails that applied a
continuous bending force [138]. More bone deposition around the implant and the formation
of significantly less fibrous tissue was observed from histo-morphometry test. It was
attributed to the stronger bending force, together with sol-gel surface treatment [138]. Kim et
al compared the performance of DLC coated Nitinol stents with or without polyethylene
glycol grafting and uncoated Nitinol stents in a canine iliac artery model. They found that
implanted DLC-coated Nitinol stents induced less neointimal hyperplasia than conventional
Nitinol stents [139]. Bass el al used a porcine model and studied the efficacy of a newly
developed miniaturized Nitinol device as occlude inside small-diameter aorta and pulmonary
arteries [140].

23| Page




Most of the studies mentioned above reveal that surface treated or coated Nitinol performed
better in the in-vivo biological tests however the exact reason behind this superiority was not
always clearly reported. Better biocompatibility and higher corrosion resistance were the two
basic and also interconnected features which offered better biological functionability of the
alloy but how they actually contributed towards reducing neointimal hyperplasia in case of
stenosed artery or improving better osteo-integration in case of intramedullary nails was not
discussed in details. Moreover, comparative evaluation between different varieties of treated,
coated or surface modified Nitinol was often quite difficult as the tests were not done under
perfectly identical situations and there was contradictory results as well. More often than not,
animal trials were not preceded by detailed in-vitro tests, e.g. Cell culture. As a result
performance evaluation of the same type of samples in case of in-vitro and in-vivo tests could
not be done. It appears that there is no dearth of literature on in-vitro tests, but comprehensive
report that includes systematic studies on both is not yet available in plenty. Furthermore,
number of research articles on biofunctionalization of Nitinol is comparatively less and how

far it can improve in-vivo performance is not yet reported in detail.
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CHAPTER 3:

SCOPE OF THE WORK &
OBJECTIVE



Scope of the work

From previous literatures, it has been found that Nitinol is commercially an important alloy
for medical implant purpose and its surface should be modified in such a way that its
corrosion resistance property increases as well as its mechanical and biological properties get
better for long term applicability. It is clear from literature that Ni+ leaching is harmful for
our body. Various techniques are present to modify the nitinol surface. Literature does not
reveal the comparative evaluation between different varieties of treated, coated or surface
modified Nitinol. Comparative evaluation is often quite difficult as the tests were not done in
perfectly identical situations and there are contradictory results as well. And sometimes
animal trials were not preceded by detailed in-vitro tests. Due to this the performance
valuation of the same type of samples in case of in-vitro and in-vivo tests could not be done.
Extensive literature study reveals that there is no dearth of literature on in-vitro tests, but
comprehensive report that includes systematic studies on both is not yet available in plenty.

Moreover none has reported the performance of silanization alone. No report on the

comparative performance analysis of bare and silanized is available till date.

The present study proposes to evaluate the in-vitro and in-vivo performance of bare, silanized

and HAp coated Nitinol samples in a details and systematic way.
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The objectives of the present study are:

e To modify the surface of Nitinol by different techniques.

e To evaluateand compare the in-vitro performance of bare nitinol, silanized nitinol and
HAp coated nitinol.

® To evaluate and compare the in-vivo performance of bare nitinol, silanized nitinol and

HAp coated nitinol in rabbit model over a period of three months.

Depending on the above mentioned objectives it is expected that the present study would be
able to generate a robust and systematic database on physical, mechanical and biological
properties of three varieties of nitinol samples. This database will provide a platform to
search the prospect of real life use of nitinol in orthopaedic area. The selection of cell line
and also the pattern of animal trial indicate towards the possibility of developing nitinol based
orthopaedic implants in future. It is a well known fact that nitinol is a shape memory alloy
and offers good mechanical properties like kink resistance, high endurance limit. These
properties when coupled with the finding of the present study may provide a practical scope

to use nitinol as intramedullary nails/pins in future.
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CHAPTER 4:
MATERIALS & METHODS



Materials and Methods:
Methodology part of this entire study is separated into different areas as mentioned below:

(a) Nitinol : Characterisation and surface preparation

(b) Silanization of nitinol and its characterization

(c) Optimization of electrophoretic deposition technique for developing Hydroxyapatite-
coating on Nitinol surface and its characterization.

(d) Comparative study on the surface properties and in-vitro, in-vivo biological performance
of bare nitinol, silanized Nitinol and Hydroxyapatite coated Nitinol.

3.1. Materials: The material for these experiments was commercially available nitinol shape
memory wire with 1.5 mm diameter. That nitinol alloy wire was reported to consist of 54.5
wt% Ni and 45.5 wt% Ti (Manufacturer: Nitinol Devices & Components, NDC, California;
Supplier: VRAS traders, India). As per the specification of the supplier, the composition
conforms well to ASTM F-2063. Another variety of same grade of Nitinol in the form of
sheet with 6cm length 2 cm. width was also procured (Manufacturer: Memry Corporation,
USA).

3.2 Methods:

3.2.1. XRD: X-ray crystallography of Nitinol pieces was conducted using Rigaku
diffractometer, Model-Ultimalll, Rigaku Co., Tokyo, Japan.

3.2.2. Surface preparation: The NiTi wire of 1.5 mm diameter was cut into number of
pieces with length 1 cm each followed by washing thoroughly for 15 min with acetone (70%
by volume), ethanol, and deionized water, respectively. These washing processes were done
to get rid of residual surface impurities and then finally dried to use for coating and other
various studies. Before sterilization/washing processes the samples which were used for

coating were polished with SiC paper. Same steps were followed in case of Nitinol sheet.

3.2.3. EDXA : EDXA study of bare Nitinol, silanized Nitinol and coated Nitinol was done
using Carl Zeiss Supra35VP.

3.2.4. Silanization process: Nitinol samples were silanized by immersing into 2% v/v
solution of APTES ((3-aminopropyDtriethoxy saline) (Sigma-Aldrich, St. Louis, Missouri),
in toluene(Merck) for 10 hrs to produce an amino-silane surface. After that, the silanized

nitinol surface was washed three times with pure toluene to remove the excess APTES. To
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remove toluene from the silanized nitinol samples, the samples were washed two times with
ethanol(Merck) and finally the samples were rinsed two times using deionized water (Nice
chemicals(p)ltd.) to remove ethanol.

To confirm the presence of Si, the X-ray photoelectron spectroscopy (XPS) study (PHI5000
Versa Probe Il, Ulvac-Phi Inc., Chigasaki, Japan) was done on silanized samples.AlKa-
monochromatized x-ray source (hv=1486.6 eV)was used on the PHI5700 Physical
Electronics spectrometer. The energy resolution of the spectrometer was about 0.35
eV.Samples were cleaned before the study using Ar* ion beam sputtering with energy 1.5
keV and 0.7 eV by 10 and 1 minutes, respectively. The survey spectra were recorded in the
wide range of binding energy 0-1400 eV. The high resolution spectra of the core lines of
Fe2p, Cr2p, N1s, Si2p, P2p, Ols and Cls were measured at pass energy of 23.50 eV. The
atomic concentrations were calculated by MUTLIPAK software (ver. 9.7.0.1).

3.2.5. Synthesis of Hydroxyapatite :Hydroxyapatite powder was prepared through standard
wet chemical method. In this method, A.R. grade Calcium Hydroxide (Ca(OH)2) (EMERCK,
India) and ortho-phosphoric acid (HsPOs) (EMERCK, India) were used as starting materials.
To synthesis HAp, required amount ofCa(OH). was mixed gently in boiled distilled water.
After proper mixing, 0.6M H3POswas added drop by drop into calcium hydroxide aqueous
solution in stirring condition. The reaction was carried out at 80°C and pH was maintained at
11-12. After finishing the process, the solution was left for 24 hours for aging. After that gel
like white precipitation was observed and it was filtered. During filtering the filtrate was
washed repeatedly to remove any unreacted chemicals. Then the filtered cake was taken in
petri dish and dried in hot air oven for another 24 hours. HAp powder was prepared by
crushing the dried cakes and sieving. The as prepared HAp powder was calcined at 800°C
with dwelling time 2 hours in electric furnace (NASKAR & Co., Model No.-EN170QT)to

obtain the optimum crystallinity. Figure 1 shows the steps of HAp powder preparation.
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pH ~ 11-12;

80+2° C
GR Grade Ca(OH),+ Stirring.  Dropwise
Boiled distilled water addition of GR grade
H;PO,(@ 10 ml./min.)

10Ca(OH ), + 6H,PO, — Ca,,(PO,)(OH), ¥ +18H,0

Aging, 24 h ‘I Filtration H Drying, 80° C/24 h

!

Calcination, 800°
C/2h

Figure 3.1: Flow chart of HAp powder preparation
3.2.6.Characterization of HAp powder:

3.2.6.1. X-Ray diffraction analysis: Pure hydroxyapatite was characterized after calcination.
The composition of powder was studied wusing X-Ray diffraction (XRD;
Rigakudiffractometer, Model-Ultimalll, Rigaku Co., Tokyo, Japan) using Cu Kal
monochromatic X rays (A=0.154059 nm) generated at 55 mA and 40 kV. Scans were
recorded from diffraction angle (20) of 10° -80°, at a speed of 40/min with step size of 0.050.

The lattice parameters (a and c¢) of the sample were calculated from peaks (3,0,0) and (0,0,2)

respectively applying the equation for hexagonal system using the method of least squares

[1].
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The volume (V) of the hexagonal unit cell of each HAp formulation was calculated using

standard crystallographic equation V=2.589ac [1].

Degree of crystallinity of powders was calculated by using the following relationships [2]:

X _ 1_ V112/300
c = LA

300
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Where:l3go is the intensity of (300) plane reflection and V1121300 is the intensity of the hollow
between the planes (112) and (300) reflections. Crystallite size was calculated by using full
width at half maxima (FWHM) method. [1]. Taking into account, the broadening of each

peak for both a and c axis peaks in XRD mean crystalline size has been calculated.

3.2.6.2. Fourier Transform Infrared Spectroscopy (FTIR) analysis: The functional groups of
HAp were analyzed by Fourier Transform Infrared Spectroscopy (FTIR) which was obtained
by using Perkin-Elmer, Model 1615 (USA) instrument. HAp powder was dispersed with pre-
dried KBr in the proportion of 10 wt.% for measurements. Background noise was corrected
with pure KBr data. The measuring resolution was 4 cm—1 and 256 readings were performed
in the range from 400 to 4000 cm—1.

The particle size distribution was measured using Malvern instrument (ZEN 3690).

3.2.7. Electrophoretic deposition process: To prevent the gas formation due to the
hydrolysis of water, 99% ethanol was used as a solvent during electrophoresis resulting in
the deposition of uniform adherent hydroxyapatite coatings [3,4]. The colloidal suspension
was placed in a magnetic stirrer for 60 min and after that in an ultrasonic bath for 60min.
Hydroxyapatite from the colloidal suspension was deposited on NiTi samples using the
electrophoresis (EPD) technique. The NiTi substrate was used as a cathode and as a counter
electrode also. The electrodes were placed parallel to each other within a distance of 15 mm
and connected to the power supply enabling current measurements. The standardized
voltage for this work was 60volts and deposition time was 90minutes with number
intermittent drying after every 10 minutes. All EPD experiments were carried out at room
temperature. After deposition, the green coatings were dried with normal dryer for few
minutes and after getting the desired coating the samples were finally dried at 80°C for 2

hrs.

Figure 3.2 : Electrophoretic deposition technique
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Using Rigaku diffractometer, Ultima-111, Rigaku Co., Tokyo, Japan X-ray diffraction analysis
was done on the deposited powder to check if there was any change in the form of
hydroxyapatite after electrophoresis.

3.2.8. 3-D Profilometry Study: Surface textures of bare nitinol, silanized Nitinol and coated
Nitinol were studied using non-contact non destructive three-dimensional laser profilometer
(Bruker Contour GT with Vision 64 software) prior to further detailed in-vitro and in-vivo
studies.

3.2.9. Leaching study: In a freshly prepared phosphate buffer solution (PBS) [5] leaching
studies of Bare Nitinol, Silanized Nitinol and coated Nitinol were done for a period of seven
days by using Atomic absorption spectroscopy (Perkinelmer, Model No.pinaacle 900F). Data

were taken on intermittently on 1% day, 7" day.

3.2.10. Contact angle measurement: In the static mode, at room temperature(25 °C) sessile
drop technique (DSA4, Kruss Easy drop) was used to measure the contact angle of bare Nitinol,
silanized Nitinol and coated Nitinol surface. Probe liquid was distilled water. For each surface, the

contact angle was measured at number of spots. All the data are expressed as mean = S.D.

3.2.11. In-vitro Cell culture study: Human osteoblast-like cells (MG 63) were procured
from National Centre for Cell Science (NCCS), Pune, India and following the standard

protocol, the cells were preserved.

In- vitro cell culture study was performed in two parts. In 1% part, the in-vitro cell culture
study was done with bare and silanized nitinol for two days and it was repeated with all three
samples, bare, silanized and HAp coated nitinol for a span of 5days where data were taken on

intermittently on 1%and 5" day.

3.2.11.1. 1%t Part: In this study the MG63 osteoblast cell line was used. The viability of the
MG-63cells (human osteoblast cell) on the NiTi samples were tested for 48 hours. Nitinol
samples were cast into the wells of a 24-well plate (Tarsons, India). MG-63 cells were
maintained incomplete Dulbecco's modified eagle media ((DMEM), Gibco by life
technologies), (10% Fetal Bovine Serum (FBS, Himedia) and 1%antibiotic
solution(penicillin, streptomycin, antimycin)) at 37°C, 5% CO2, 95% humidity. Cells were
harvested by trypsinization (Himedia) and 1X10* cells were seeded to each well of a 24-well
plate and incubated for 12hrs for adherence (37°C, 5%CO2 and 95%humidity). NiTi samples
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at a concentration of 100ug/ml were added to the adhered cells in respective wells for a

period of 48hours. The complete media was taken as control.

3.2.11.2. MTT assay: Using MTT assay kit (Himedia, Mumbai, India) following
manufacturer's instruction, MTT assay was carried out at definite time interval. Dissolving
the formed formazan crystals in DMSO (100ul) the absorbance was measured at 595nm. Cell
proliferation was expressed in terms of the cell proliferation index (CPI). The data was

reported in terms of CPI.
CPI=0ODtest/ ODcontrol

3.2.11.3. Cell Count: For cell count, the cells were trypsinised first and then we added
complete media to the cells. Then it was centrifuged for 3minutes and then the supernatant
was discarded. After that complete media was added and 10pl cell suspension was taken
from that. It was put into hemocytometer and counting of cells under the phase microscope
(Axiocam ERCc5s, Zeiss) was done.

3.2.11.4. Immunocytochemistry: In a 24well plate MG-63 cells (1X10%ells/well) were
seeded. The seeded cells were kept in the incubator for a period of 12 hrs for adherence.
Thereafter, in the adhered cells Nitinol samples were added. After 24hrs, cells were first fixed
with 4% paraformaldehyde, permeabilized, and then subjected to 15minutes incubation with
gentle shaking. After fixing, the samples were washed with PBS thrice. Then 0.25% Triton X
was added and subjected to 15minutes incubation with gentle shaking. Finally, the samples
were washed thrice with PBS and counter-stained with DAPI (4', 6-diamidino-2-
phenylindole, 0.2-2pg/ml, 50ug/ml) and TRITC (tetramethylrhodamineisothiocyanate)
Phalloidin. The expressions were visualized using a fluorescence microscope (IX
71,0lympus). Analysis of the expressions from fluorescence micrographs was done using

standard Image-J software.

3.2.11.15. 2"part : Before cell seeding the scaffolds were sterilized by 70% ethanol and UV
light treatment for 30 min. Scaffolds were then conditioned with DMEM for 2 hrto home the
cells better. This was followed by several washings with sterile PBS (pH 7.4). DMEM
(Dulbecco's Modified Eagle's Medium), containing 10% fetal calf serum and 1%
penicillin/streptomycin, was used to maintain MG63 cell line at 37°C in 5% CO; humidified
atmosphere. After getting confluence, MG63 cells were trypsinized and counted with

a Automated cell counter (TC10, Bio-RAD Laboratories). Each sample was transferred into
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the respective well of a 48 well plate and seeded onto their surface in a drop wise manner at a
cell density of 1.7 x 10° cells/scaffold. To promote cell adhesion the cell seeded scaffolds
were kept in humidified atmosphere at 37°C in 5% CO; for 1h. Finally, the constructs were

maintained in DMEM . The culture media were renewed on every alternate day.

3.2.11.16. MTT analysis: A quantitative colorimetric measurement of extracellular reduction
of the yellow colored Tetrazolium dye 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl
tetrazoliumbromide (MTT, Himedia India) to insoluble purple formazan crystals was
performed to analyze cell viability percentage. MTT-assay was prepared in phosphate buffer
solution (PBS) at a concentration of 4.2 mg/ml and 100 pl of this solution was mixed with
400 pl of cell culture media and poured in each well of the 48 well-plate with the cells.
Further, well-plate was incubated inside 5% CO: incubator at 37°C for 4 hours. Afterwards,
media was discarded and residual water-insoluble formazan crystals were dissolved in 200 pl
of dimethylsiloxane (DMSO) in each well. After vigorously mixing the crystals in DMSO a
purple solution is formed which was transferred into a 96 well plate for colorimetric reading

in spectrophotometer plate-reader (Multiskan GO, Thermo Fisher Scientific, India).

3.2.11.17. Confocal Study: Cell proliferation study of osteoblast cells was conducted using
confocal microscope. The confocal laser pictographs were obtained after 5 days of culture
period. All the samples were fixed with 4% paraformaldehyde at room temperature for 20
minutes and washed with 1X PBS three times. Next, samples were permeabilized with 0.1 %
Triton X-100 for 10 minutes and again washed with PBS thrice. Blocking agent 1% BSA was
added to each samples to reduce background noise for 1 h followed by Rhodamine Phalloidin
(Invitrogen™, Thermo fisher Scientific) staining with time duration of 45 minutes which
were washed properly with PBS. For nucleus staining DAPI was used for 5-10 minutes and

again washed with PBS. All the samples were stored in PBS at 4 °C until imaging.

3.2.12. In-vivo animal trial: Animal trial was carried out following the techniques
conforming to the standards of the Institutions' Animal Ethical Committee of the West
Bengal University of Animal and Fishery Sciences, Kolkata, India(Permit No. Pharma/188
(ix) dated 31.07.2015). Bone samples were harvested after one month (1M) and three month
(3M).
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Table 3.1: Sample type

Sample 1 | Bare Nitinol

Sample 2 | Silanized Nitinol

Sample 3 | Electrophoretically deposited HAp coated Nitinol

3.2.12.1. Preparation of samples: The NiTi wire of 1.5 mm diameter was cut into number of
pieces with length 1 cm each followed by washing thoroughly for 15 min with acetone (70%
by volume), ethanol, and deionized water, respectively, to remove residual surface impurities

and finally dried to use as implant.

3.2.12.2. Surgery and implantation procedure: Twenty healthy New Zealand white rabbits of
both genders, weighing 2-2.5 kg were randomly divided into four groups:

Table 3.2: Animal group type:

Group | Control group

Group 11 Test animals with Bare Nitinol implant

Group I Test animals with Silanized Nitinol implant

Group IV Test animals with electrophoretically HAp coated
Nitinol implant

The specimen was implanted transversely within the created defects in the distal epiphysis of
femur. Prior to surgery, the rabbits kept individually in separate cages with alternating 12 h
cycles of light and dark in temperature and humidity-controlled rooms, given water ad
libitum and were without restriction of movement. Anaesthesia was achieved by injecting a
dose of 1 mg/kg body weight of xylazine hydrochloride (XYLAXIN®, Indian Immunologists
Ltd., Ahmedabad, India) and ketamine hydrochloride (Ketalar®, Parke-Davis, Hyderabad,
India) at a dose of 25 mg/kg body weight intramuscularly. A bone defect (5X1.5 mm) in each
animal was created in the medial aspect of the distal epiphysis of femur bone with the help of
a motorized dental drill. The implant was inserted in a press fit manner within the created
bone defects and secured in position by suturing muscle, subcutaneous tissue, and skin in

layers.
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3.2.12.3. Local inflammatory reaction and healing of wound: All the animals were closely
observed for lameness and weight bearing capacity, swelling of the surgical area and related
signs of local inflammatory reactions were observed from the day of operation
postoperatively, and changes were evaluated by visual and manual examinations. All the
treated animals were administered using injection, cefotaxime sodium (Mapra India, Kolkata,
India) at a dose rate 65 mg per animal intramuscularly, at 12 h interval daily for 5 days and
meloxicam (MELONEX®, Intas Pharmaceuticals, Ahmedabad, India) at 0.2 mL once daily
for 5 days. Dressing of surgical wounds was carried out using povidone iodine lotion and
antibiotic ointment for 10 days postoperatively.

Figure 3.3: Surgery technique (a) Bone defect area (b)bone defect (c) implant placed in
the bone defect (d) after stitching

3.2.12.4. Radiological examination: Radiographs were taken just after the operation, 30th
day, and on 90th day postoperatively of the operated distal epiphysis femur bone for studying

the position of the implant and host bone reaction to the implant.

3.2.12.5. Histological study: The nitinol implanted distal femoral epiphysis was collected on
the day of sacrifice for histological analysis to check the cellular response of host bone to the
implants. The implanted nitinol implants along with the surrounding bones were collected
from the animals after sacrificing the animal. The bone pieces (3—4 mm thick) taken from
implanted area were cut (3-4 mm thick) using a hacksaw. These bone specimens from
adjacent bone at the side and at the bottom of the original bone defect were collected and
washed thoroughly with normal saline and were fixed in 10% formalin for 7 days. All the
specimens of bone tissue were decalcified using Goodling and Stewart’s fluid(formic acid 15
mL, formalin 5 mL, and distilled water80 mL solution), followed by fixation with 4%
paraformaldehyde. Finally, the decalcified bone tissues were embedded in paraffin wax for

preparation of 4 Im thick sections and stained with hematoxylin and eosin (HE). The
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histological scoring method was adopted to calculate bone formation semi-quantitatively. A
scale of 0—4 was taken to compare the cellular events with “0” indicative of absence, while
“1-4” was for mild, moderate, marked, and severe, respectively. From each slide, three sites

were examined by an assessor, and cross-examination was carried out by a blind observer.

3.2.12.6. Microstructural studies: The interface study of the bone and implant was verified
by the detailed SEM study (JEOL JSM 5200 model, Tokyo, Japan). After removing the soft
tissue, the implanted bone specimens were fixed in 5% glutaraldehyde phosphate solution
followed by washing for 30 min with PBS (pH 7.4) and distilled water. The samples were
then dehydrated in a series of graded alcohol solutions. Finally, the samples were dried with
hexamethyldisilizane. A gold conductive coating was carried out by ion sputtering (JEOL ion
sputter, Tokyo, Japan, model JFC1100, Japan) at 7-10 mA and 1-2 kV for 5 min for the

3.2.12.7. SEM study: The resin-mounted sample surfaces were then examined under SEM
after proper alignment to assess the direction and orientation of newly formed bony tissues

and distribution/absorption of materials at the defect site.

3.2.12.8. Oxytetracycline labelling study: The oxytetracycline labelling study was done to
assess new bone formation. Fluorochrome (oxytetra cycline dehydrate;Pfizer India, Mumbai,
India), at a dose of 25 mg/kg body weight, was given 3 weeks before the sacrifice of the
samples of 30 day and 90 days in the 2—6-2 pattern, postoperatively for double-toning of new
bone. The implanted segments of the bone were collected and transverse section (2-3 mm)
thickness including the implanted area was cut with the help of a hacksaw. Un decalcified
ground sections were prepared as described in Ref.[6] and the sections were ground to 20 Im
thickness using different grades of sand paper. The specimens were kept wet by dipping in
water during the entire procedure. The specimens were observed under UV light with Leica
DM2000 Bright, Leica Microsystems, Weztlar, Germany, phase contrast and a fluorescence
microscope including Leicagwain software to find out the amount and source of newly
formed bone. The amount of new bone formation was calculated using Image J software.
Using this software,We measured the area that was covered by golden yellow color. The

investigation was performed by taking data from three images of each group.

3.2.12.9. Micro-computed tomography: In order to study the nature of the implant, host bone-
implant interactions and the new bone formation, the post operated bone samples were

analysed using micro-CT (Phoenix V|tome|xs, GE, Germany). All the bone samples were
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completely dried at room temperature. The bone samples were scanned at a voltage of 85 kV
and a current of 70pA, with a voxel size of 18 pm. Time fraction was 500 ms per image with
1000 images in one complete rotation. The constructed 2D images were compiled to build 3D

models using VG studio MAX 2.2 software (Volume Graphics, Germany).

The results obtained from different varieties of nitinol revealed lot of scatter as a function of
parametric variation. to obtain meaningful data we used ANNOVA (One-Way). The same
procedure was followed for different varieties of materials and different techniques to

maintain uniformity.
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CHAPTER 5:
RESULTS & DISCUSSIONS



Results and discussion chapter consists of different parts. It starts with the physical
characterization followed by the results of chemical and subsequently in-vitro and in-vivo
studies. FESEM and EDAX study of nitinol samples along with XPS, XRD, FTIR are
reported first and then leaching study, wettability study, 3DProfilometry, cell cuture and in-

vivo study are reported one after another.

5.1. Physical Characterization of Bare and SilanizedNitinol:
5.1.1a.FESEM and EDAX Study of Bare Nitinol:

EHT = 10.00 kv Signal A= SE2 Date :21 Jan 2019 ZEISS| 1 . _
WD =282 mm Mag= 15.00K X Time :12:26:42 o 05 1 15 2 25 3 18 4 a5 5 85 & &5 T 18 8 88 9 95 1t
- =

Figure 5.1a : FESEM and EDAX of Bare NiTi

Figure 5.1a shows the FESEM and EDAX study of Bare Nitinol. FESEM and EDAX study
of supplier provided Bare Nitinol confirms to the composition of standard Nitinol, where the
major peak of titanium and nickel was present. FESEM reveals lot of parallel striations which
may be attributed to the mechanical polishing operation. Such uniform and parallel marks of
polishing were observed in all specimens,observed under scanning electron microscope. Here

we have presented a representative one.

5.1.1b.FESEM and EDAX Study of Silanized Nitinol:

Signal A= SE2 Date :21 Jan 2019 ZE18s]
Mag = 15.30 KX Time :12:49:43

Figure 5.1b: FESEM and EDAX of Silanized Nitinol
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Figure 5.1b shows the FESEM and EDAX study of Silanized Nitinol. EDAX study
confirmed that the sample was Nitinol but EDAX study of Silanized sample did not show any
peak of Si which was supposed to be the confirmatory peak of silanization. May be this
happened due to the use of small percentage of APTES. That is why X-Ray photoelectron
spectroscopy was done to get the evidence of silanisation. In FESEM of silanized surface no
major change was observed in the basic texture however the application of APTES definetly

added some new features in the form of patches or droplets on the nitinol surface.

5.1.2. XPS Study of Bare and Silanized Nitinol: The surface chemistry of bare and
silanized nitinol has been studied by XPS. Figures 5.2(a) and 5.2(b) show the XPS spectra of
bare and silanized nitinol. Bare Nitinol surface mainly consists of relatively thick layer of
carbon and oxygen. The survey scan reveals that surface also consists of N, Cr, Fe, and Ni.
The silanized surface shows the presence of Si2p which indicates the APTES immobilization
on the surface of nitinol [Figure5.2(c)]. This element was absent in the case of bare nitinol.
The amount of Cl1s and O1s has been substantially increased, whereas the N1s is reduced in
silanized surface compared to the bare nitinol.
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Figure 5.2: (a) XPS of bare nitinol; (b) XPS of silanized

nitinol (showing the presence of Si ); (c) Si2p spectra from the silanized sample.
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5.2. Characterization of HAp powder:

5.2.1. XRD of Pure HAp:
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Figure 5.3: XRD of Pure HAp

The x ray diffraction of Pure HAp shown in figure 5.3. The major peak was found at 31.7°
20 which is matched with the standard HAp JCPDS-ICDD powder diffraction file (PDF no.
09-0432). Minor amount of secondary phase a-TCP was also observed at 34.06° 26 having

PDF no0.09-0348. The lattice parameter (a and ¢ axis) and unit cell volume of the hexagonal

structure of Hydroxyapatite calculated was calculated using standard formula and presented

in table 5.1. The percentage of crystallinity was also calculated.

Table 5.1: Lattice parameter of calcined pure and doped HAp powder

Specimen

a axis

C axis

Unit cell volume

% of crystallinity

Crystallite size

Pure HAp

9.419A

6.898 A

1584.4 A3

90.2

413 A

The sharp peak of HAp confirms high value of crystallinity as well.
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5.2.2. FTIR of Pure HAp:
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Figure 5.4: FTIR of Pure HAp

Figure 5.4 shows the FTIR spectra of pure HAP. The peak for Hydroxyl group appeared at
3570 cm™. The doublet appeared at about 568 cm™, 599 cm™ due to asymmetrical v4
stretching of PO4>~ and band at 1041 cm™* was due to asymmetrical v3 stretching vibrations
of PO4>~, while the doublet at 1470 cm™ and 1408 cm™* arisen from CO3?". The phosphate

ions of hydroxyapatite were found at 1088 cm™, 1041 cm™.

5.3. Characterization after Electrophoretic deposition:
5.3.1. FESEM of HAp Coated NiTi:

£
EHT=10.00 KV Signal A = InLens. Date :7 Jan 2019
= WO= 75mm Mag= 60.00KX Time 145654

2im EHT = 2000 W/ Signal A= InLens
1 WO B2mm Mag= 1500KX

Figure 5.5a : FESEM of HAp Coated NiTi with layers structure and lot of porosity
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Figure 5.5a showed that layer by layer Hap deposited on nitinol surface and it was not a
uniform coating. Higher magnification reveals equiaxed grain of sub micron size . It is
evident that HAp coating formed in layers (a) and the surface of the coating appears to be
quite rough with lot of smaller deposits. It may further be noted that the extent of porosity
and the size of pore (b,c) are often quite high. It can definitely add to the cell-material

interaction which used in biological systems.

5.3.2. EDAX of HAp Coated NiTi:

|

0 1 2 3 4
[Full Scale 73360 cts Cursor: 4.329 (2568 cts) keV

Figure 5.5b: EDAX of HAp Coated NiTi

From EDAX (figure 5.5b) study it was clear that coating of HAp by electrophoretic

deposition was developed on Nitinol surface.
5.3.3.XRD of HAp powder scratched from the Coated NiTi:

Using Rigaku diffractometer, Ultima-111, Rigaku Co., Tokyo, Japan X-ray diffraction analysis
was done on the deposited powder to check if there was any change in the form of

hydroxyapatite after electrophoresis.
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Figure 5.6: XRD of HAp powder scratched from the Coated NiTi

The x ray diffraction of scratched sample of coated material is shown in figure 5.6. The major
peak was found at 31.7° 20 which matched with the standard HAp JCPDS-ICDD powder
diffraction file (PDF no. 09-0432). The other usually expected peaks are also observed. The

sharpness of the signature peaks of the HAp denotes high level of crystallinity as well.

5.4. Leaching study: From the literature review it was evident that leaching is a major point
of concern in case of nitinol but it is the quantum of leaching which is the most important
issue. Daily dietary limit for nickel is 300-500 pg and here observed data is much lower than
daily limit. Ni release from bare Nitinol and Coated Nitinol was more or less same for all the
time intervals. But in case of Silanized Nitinol sample leaching of Ni is marginally more.
Figure 5.7 shows the leaching characteristics over a span of 7days. It is clearly evident that
silanization and coating did not have a effect on controlling nickel release. Here it may be
noted that neither silanization nor coating through EPD could ensure that the whole surface is
covered with a protective layer. It is already evident from XPS, SEM, EDAXA, and FESEM
micrographs that new layers, deposits are there but lot of discontinuation are also existing. In
fact these surface modifications perhaps debonds the inherently present protective oxide
layer on Nitinol and creates holes, pits and discontinuities to cause corrosion and leaching of

Ni* ions.
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Figure 5.7: Ni+ leaching study over seven days

5.5. Wettability Study: For any material which is considered to be a prospective biomaterial,

wettability is very important property. In this study wettability is not so pronounced. In all

three varieties contact angles were more than seventy degree.

¥ L ’ l

Figure 5.8.Contact angle of a) Bare Nitinol b) Silanized Nitinol c) Coated Nitinol
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Table 5.2: Contact angle of (a)Bare Nitinol and (b) Silanized Nitinol

Sample CA(M) [deg.] |t[sec]
Bare Nitinol 72.87 268.55
Silanized Nitinol | 81.13 809.63
Coated Nitinol 73.3 329

CA(M) - Contact Angle Mean (in degree); t - Drop Age (in second)

Though there is no significant change in the contact angle of bare nitinol, silanized nitinol

and coated nitinol but in all the cases wettability is good. This wettability will help cells to

adhere on the surface of the substrate. During in-vivo study wettability may help to

regenerate bone as well.

5.6. Roughness study:
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Figure 5.9: Surface roughness (A)2D profile of Bare Nitinol (B) 3D profile of Bare

Nitinol (C)2D profile of Silanized Nitinol (D) 3D profile of Silanized Nitinol
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Figure 5.9 shows the 2D and 3D surface roughness of Bare Nitinol and silanized Nitinol
surface. From table 5.3 it was observed that in case of silanized Nitinol the centre line average
(Ra) value was slightly high. Ra values denote that the surface was rough and it helped us to
identify the effect of silanization on cell response. Rz value was calculated from the
summation of height of the highest peak (Rp) and the lowest valley (Rv) contained by a single
measuring length [1]. It was a little higher in silanized nitinol sample. It is expected that higher
roughness will provide better support for the cells for proper anchorage. From the literature [2]

it was also observed that the surface irregularities can be advantageous for anchorage for cells.

Though Ra values did not change much with silanization , it only provides an average data. In
case of other parameters, it was evident that not only big peak value was there , the values
corresponding to Rt and Rv are also higher in silanized samples. So it is likely that silanized

samples provide more anchorage sites for the cells in case of cell-material interaction.

In case of coated Nitinol the same instrument was not available for measuring the roughness
because of some technical problem, surface roughness of coated specimens was measured by
a simple profilometer (Talysurf, Surtonic 3P) with identical cut off length and comparable
traverse length. The results are shown in table 5.3. A simple comparison reveals that Ra value
in coating was higher than that in case of silanized specimen or bare Nitinol. It conforms to
the findings of FESEM.

Table 5.3: Surface roughness of (a) Bare Nitinol and (b) Silanized Nitinol

Bare Nitinol Silanized Nitinol Coated Nitinol
Ra (um) 0.09 0.142 0.56
Rq(um) 0.13 0.21 0.96
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5.7. Cell Culture study:
5.7.1. Phase contrast micrographs:

Figure 5.10: Phase contrast micrographs A) Control, B) Bare NiTi,
C) Silanized NiTi

The micrographs of MG-63 cells harvested with bare and silanized nitinol samples [Figure
59 A, B, C] showed the live cells under the phase-contrast microscope. From these
micrographs it is clearly noted that the cells were more or less in same condition in case of

bare and silanized nitinol samples. No major difference could be observed.

5.7.2. Cell count:
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Figure 5.11: Cell count data of control, bare nitinol and silanized nitinol (48hours) (n=5)

Figure 5.11 showed the cell count data of control, bare nitinol samples and Silanized nitinol

samples for 48 hours. Where Silanized nitinol samples showed slightly better proliferation
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than bare nitinol. But Silanized samples showed high cell proliferation it may be attributed to
the presence of Si which was definitely there on the surface (as evident from XPS).

5.7.3. MTT Assay: Part one:

[EE= Cell Proliferation index|
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Figure 5.12: Cell proliferation data (48 hours) (n=3)

Figure 5.12 showed the proliferation data of bare nitinol samples and silanized samples for
48hours. Proliferation and differentiation of osteoblast are important in bone repair and
regeneration. In this study, cell proliferation was checked by MTT assay. From literature it is
known that incase of bare nitinol there is a high chance of toxicity as there is nickel present.
Both the cases showed the same trend of proliferation. Silanized nitinol samples showed

slightly better proliferation than bare nitinol.

5.7.4. Fluorescence micrography:

(a) Control (b)Bare Nitinol ( c¢) Silanized Nitinol

Figure 5.13: Fluorescence micrographs: Here blue corresponds to (DAPI) and red
(TRITC Phalloidin) corresponds to the nucleus and F-actin (a) Control (b) Bare NiTi
(c) Silanized NiTi
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The morphology of the adhered cells was examined under a fluorescence microscope.
Fluorescence micrographs (figure 5.13) showed that after 24 hrs of adhesion, slightly more
number of nucleus vis-a-vis cells were observed in case silanized samples. In none of the cases
the cells seemed to be stressed, rather they were extending their filopods which denotes that

the surfaces did not have any adverse effect on the osteoblast cells.

5.7.5. MTT Assay: Part Two:

Il Bare NiTi
I Silanized NiTi
Il Coated Niti
[ Control
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Figure 5.14: MTT assay analysis of control, bare nitinol, silanized nitinol and HAp

coated nitinol

Figure 5.14 showed the proliferation data of bare nitinol samples, silanized samples and
coated samples for 5days.Though on day one control showed the best result but on 5" day

silanized data showed best result followed by bare and coated nitinol samples.
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5.7.6. 2D and 3D Confocal micrographs:

Confocal image of
Bare NiTi

Confocal image of
Silanized NiTi

Confocal image of
Coated NiTi

Figure 5.15: 2D and 3D Confocal micrographs of bare nitinol, silanized nitinol and

coated nitinol samples

From 2D and 3D images it was found that in case of HAp coated Nitinol samples osteoblast
cell growth was higher than silanized Nitinol followed by bare Nitinol samples respectively.
Nucleus is clearly shown. From results of MTT assay in two parts, it is evident that cell
proliferation in silanized specimens and coated specimens was better than bare nitinol due to
presence of Si and HAp respectively. But out of these two varieties, it was difficult to locate
the better one owing to their contradictory results observed in MTT assay and confocal
images.

5.8. In-Vivo Study: In- vivo studies on healthy New Zealand rabbits over a span of one and
three months postoperatively reveal lot of information through histopathology, radiology,
flurochrome labeling, SEM and micro-CT(2D and 3D).
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Histology Study:

Figure 5.16: Hematoxylin and eosin (HE) stained histological images of Control sample
section after one month, Bare Nitinol sample section after one month, Silanized Nitinol
sample section after one month and Coated Nitinol sample section after one month
Control sample section after three months, Bare Nitinol sample section after three
months, Silanized Nitinol sample section after three months and coated Nitinol samples
after three months

A detailed analysis of all the figures is presented below.

Control- one Month: The section depicted bony tissues along with perichondrium arranged
orderly along with proliferation of few osteoblast and osteoclast. The osteocytes were well
arranged and the medullary spaces contained fat cells, few osteoblast, R.B.C and scanty

fibrinous deposit.

Control- three Months: The section showed a bony structure containing osteoblast and
osteocytes. The Haversian canal was laid by fibrinous matrix and presence of few osteocytes
around the lacunar spaces. The pericortical spaces contained fibro-cartilagenous structure
invaded by few osteocytes.
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Bare nitinol- one Month: The photomicrograph showed bony tissue with osteoclastic
activity around the peri-medullar spaces. The medullary cavity contained abundant
osteoblast, R.B.C and fibrinous exudate.

Bare nitinol- three Months: The photomicrograph showed bony structure consisting of
abundant Haversian canal, sinusoidal space and few lacunae. The entire osteogenicstroma
was embedded with abundant osteoclast, osteoblast in definite arranged manner. The

medullary spaces were filled with few R.B.C, osteocytes and fibrinous exudate.

Silanized nitinol- one Month: The section depicted a bony structure consisting of few
osteoblast and solitary osteoclastic activity. The medullary canal showed fat droplets,
R.B.C’s and scanty fibrinous exudate. Proliferation of osteoblast around the peri-cortical

spaces as well as in medullary region was prominent.

Silanized nitinol- three Months: The photomicrograph showed solid osteogenic
proliferation with presence of abundant osteoblast and osteoclast. The Haversian canal was
well arranged and the lacunar spaces contained few osteocytes and fat cells. The medullary

cavity contained scanty RBC and fibrinous deposit.

Coated nitinol -one Months: The photomicrograph depicted a newly formed bony osteoid
containing multiple osteoblast and osteoclast. The peri-cortical spaces were rich in osteocytic
cell, fibrinous exudate and abundant R.B.C. The lining area of medullary spaces was enriched

with multiple osteocytes and Haversian canal.

Coated nitinol-three  Months: The photomicrograph depicted well regenerated
osteogenicstroma consisting of abundant osteoblast and osteoclast. The total osteoid was
invaded by abundant vascular channels. The medullary cavity contained osteocytes, R.B.C

and mild fibrinous deposit.

Radiology Study: After implantation radiographic plates are generated at stipulated intervals

to monitor the condition of the nitinol wires, in all three varieties.
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Figure 5.17: Radiological images of Control sample, Bare Nitinol sample, Silanized

£

Nitinol sample and Coated Nitinol sample on 30" day and on 90™" day

Control: The skiagram at day of implantation showed radiolucent defect at the distal
epiphysis of femur. The defect was observed to be obliterated partially with newly grown
bony tissue at 1 month. The cortical line was faintly visible discontinuous. After 3months, the
gap was completely filled up with neo osteogenic tissue with cortical continuation. At this
stage medullary cavity at the defect site was observed to be more radiolucent and incomplete

remodelling.

Bare nitreinol: The radiograph at the day of implantation showed presence of radio dense
implant filling the distal epiphysis of femur bone. At 1 month, there was evidence of implant
occupying the defect without any perceptible change of radio density. Subsequently on
3month, the skiagram evidenced compactly anchored implant at the defect site and the
cortical line had been tightly adhered with the exterior age of the implant indicating process

of remodelling of the defect.

Silanized nitinol: At the day of implantation, the radiograph showed presence of radio-dense
implant filling the distal epiphysis of femur bone. There was periosteal reaction around the
exterior extremities of the implant at 1 month. At this time point, hyperdense newly formed
bony tissue was observed partially obliterating the defect along the line of implant.
Subsequently at 3 month, the skiagram showed complete continuity of cortical line at the
defect site and compactly adhered implant within the medullary cavity. The radio density of

the implant seemed to be unaltered indicating the advance stage of remodelling.
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Coated nitinol: The skiagram at the day of implantation showed presence of tightly packed
implant touching the interior extremity of the trans cortex. At 1 month, the radiograph
showed compactly adhered implant at the defect with well defined thick cortical line adjacent
to the defect, the implant seemed to be radiologically unaltered in term of size, shape and
density. Finally at 3 month, complete obliteration of defect was noticed with continuous
cortical line of similar radiological features to that of adjacent host site. The implant was
noticed within the medullary cavity without alteration of density, size and shape.

Fluorochrome labelling study: The photomicrograph of the fluorochrome studies of control
group at one month depicted bright golden yellow fluorescence of newly formed bony tissue
(28.33%) at the centre of sea green backdrop. At the same time point, the bare nitinol group
showed more formation of newly formed bony tissue (38.43%) as bright golden fluorescence
as compared to control one. The Silanized bone photomicrograph showed abundance of
golden yellow fluorescence (50.61%) in more regions. The coated nitinol bone samples at
this time point also showed more region (52.71%) of golden yellow fluorescence in the
background of deep sea green coloured host tissue indicating more bone formation. At three
month, the photomicrograph of control sample of interval showed moderate golden yellow
fluorescence of osseous tissue (33.21%) in a scattered zone. The golden yellow fluorescence
of newly bony tissue (50.79%) was observed throughout the section in bare nitinol sample.
The Silanized nitinol group showed wide area (71.26%) of golden yellow fluorescence as
compared to its earlier time point indicating active state of bone regeneration. Finally, the
coated nitinol group showed more golden yellow fluorescence in a wide region in the

background of deep green sea coloured host tissue (73.33%).

It appears once again (after the results and discussion on MTT-assay ) that the performances
of coated and silanized specimens are comparable after three months. So it is really tough to
decide the better among the two options but a careful examination of one month data clearly
suggests that coated samples promoted new bone formation faster than silanized samples. As
it is a semi quantitative analysis rather than a quantitative estimation, this point of superiority

of coating over silanized variety may be noted.
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Figure 5.18: Fluorochrome labelling image of Control sample after one month and three
months, Bare Nitinol sample after one month and three months, silanized Nitinol
sample after Imonth and 3months, Coated Nitinol sample after 1month and 3months .
Host / old bone (green portion) and new bone (yellow portion , shown in percentage as

well)

Microsturctural study:

Figure 5.19:SEM micrographs of (a) Bare Nitinol sample of 30days (b) Silanized Nitinol
of 30 days (c) Coated Nitinol sample of 30days (1 denotes Nitinol implant,2 denotes
tissue 3 denotes tissue growth over the implant 4 denotes the shortened gap between the

implant and bone tissue)
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Figure-5.19 shows the SEM micrographs of host bone implant interface region after one and
three months postoperatively. New tissue formation over the implant was observed for all
specimens. But it was clearly evident that new bone tissues bridged the interface of bone-
implant more readily and more effectively in silanized sample. Even after 30 days, there was
still some gap between the bare nitinol implant and the host bone which was not there in case
of silanized specimen. In fact the figures clearly denote how the new tissue formation
gradually filled the gap and continued to spread and grow over the implant surface.

One of the possible reasons behind the high growth rate of new bone formation in silanized
Nitinol, as evident from almost all the studies mentioned above, is the incorporation of
Silicon thorough the silanization process. From literature it is evident that Silicon is involved
in the collagen matrix formation as well as bone mineralization. Silicon is not a part of these
tissues, but instead acts as a catalyst in the processes. Researchers have established that
Silicon plays a crucial role in inter- and intra-cellular signaling pathways and hinder
osteoclast formation vis-a-vis bone resorption. Silicon has the property to bind with
glycosaminoglycans and helps in the formation of cross-links between collagen and
proteoglycans. From in-vitro studies it has been found that silicon stimulates typel collagen
synthesis and osteoblast differentiation. The exact progression of mineralization is not
known, but silicon plays a vital role to make the bone matrix more calcifiable. To maintain
the bone strength, Silica and calcium work together. Silica has the unique ability to “make
the most” of available calcium, almost amplifying its effects in building bone. Consequently
it triggers calcification process for new osseous tissue deposition. It also improves bone
matrix quality and facilitates bone mineralization, so it’s not surprising that fracture healing

rates increase in the presence of silica, even if calcium is relatively low [3-11].

The marked superiority of silanized samples may be attributed to this however further study
with detailed cell-material interaction is needed before final conclusion. However one thing is
clearly evident that mere silanization of nitinol can definitely offer some specific advantages
in terms of reducing leaching or promoting osseous bonding. In case of coating similar
patterns of tissue growth over the coated nitinol specimens were observed [Figure 5.19c] but

no marked difference was there.

Micro-computed tomography: The in vivo bone regeneration and the bone-material
interaction of all the bone samples were analyzed using micro-computed tomography and the

2D and 3D images are shown in figure 5.20 and figure 5.21. The 2D micro-CT images of
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control, bare, silanized and HAp coated nitinol of 1month (1M) and 3 month(3M) are shown
in Figure 5.20. The 1M post implanted 2D micro-CT images of bare, silanized and HAp
coated nitinol showed characteristic irregular new bone regeneration around the implant
material whereas, the control samples showed no onset of bony tissue formation. The 90 days
post operated 2D radiographs of silanized nitinol showed complete closure of the defect site
and higher amount of bony tissue (shown by red arrow) fully covering the implant material
followed by HAp coated and bare nitinol. It may be attributed to the released Si ions
compared to other samples. This released Si ions played a significant role in enhancing the

bone regeneration

CONTROL-1M BARE NITINOL-1M SILINISED NITINOL-1M COATED NITINOL-1M

Py

CONTROL-3M BARE NITINOL-3M

ofs =

Figure 5.20: Radiographic 2D images of defect bone sites showing extent of healing after
1month and 3 month (Red arrow showing new bone growth around the implant; yellow

arrow showing implant material)

The 30 days 3D images (Figure 5.21) of bare, silanized and HAp coated nitinol showed that
the implanted samples showed that bone has started to grow on all the implants indicating the
osteoconductive nature of the material. With increasing time from 30 to 90 days, partial bone
accumulation are seen inside and around the defect area for bare and Hap coated nitinol
whereas, silanized nitinol showed finer and matured bone formation completely filling the
defect hole showing the complete formation of periosteum (Figure 5.21).The resorption

process was more pronounced for silanized nitinol with thick newly formed bony tissue and
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large struts of trabecular bone were formed on the implant. The enhanced bone growth for
silanized nitinol may be due to the positive effect of Silicon.

CONTROL-1M BARE NITINOL-1M

Figure 5.21: Radiographic 3D images of defect bone sites showing extent of healing after
1month and 3 month (Red arrow showing new bone growth around the implant; yellow

arrow showing implant material)

For any successful clinical application of an implant, the in vivo bone regeneration property is
an essential prerequisite. Based on the fruitful results of in vitro we have implanted bare,
silanized and HAp coated nitinol in distal femurs of rabbits. After 1M and 3M, all the bone
samples were harvested and scanned using micro-CT for detailed bone growth with respect to
time. The 1M 3D images showed the healing as well as the new bone formation around the
implant materials. A comparative examination suggests that in silanized sample there was a
closely knit bony tissue structure around the foreign material. It was so dense that the
specimen could hardly be noticed. In that case the periosteum was completely formed with
uniform thickness and there was clear sign of growing natural bone tissue. The sufficient
amount of released Si ions played a significant role in enhancing the bone regeneration [12].
The released Si ions got embedded inside the nearby bony tissue served as a stimulant for
bone marrow stromal cell differentiation and osteoblastic proliferation which resulted in the
complete formation of periosteum [13]. Similar studies of Kim et al. also showed that the
released Si ions from Si doped HA resulted in enhanced bone growth and faster healing of
defect site in rabbit model [14]. Moreover, Si is important in elevating the synthesis of
collagen type 1 and osteoblast differentiation and it also helps in early bone repair at the
defect site [15].

70| Page



Major Observations: Depending on all the results presented so far , following important and

major observations can be made.

Silanization added Si to the surface of Nitinol however the layer was discontinuous as evident
from subsequent results. EPD technique could deposit a sub-mm HAp containing on Nitinol

though the coating was non-uniform.

Ni release from bare Nitinol and Coated Nitinol was more or less same for all the time
intervals. But in case of Silanized Nitinol it is little bit more than other two.
From roughness: In case of coated and silanized Nitinol the centre line average (Ra) value

were slightly high. Ra values denote that the surfaces were rough and it helped us to identify
the effect of coating and silanization on cell response. It is likely that silanized samples
provide more anchorage sites for the cells in case of cell-material interaction.

From Contact angle: There is no significant change in the contact angle of bare Nitinol,

silanized Nitinol and coated nitiol but in all the cases wettability is reasonably good.

From MTT assay: In case of 48hours study of bare Nitinol and silanized nitinol Cell count
data, Cell proliferation data and fluroscence micrographs clearly showed that silanized nitinol
samples are slightly better than bare nitinol samples.

When details study was done with bare nitinol, silanized nitinol and HAp coated nitinol over
a span of 5days, on day one control showed the best result but on 5"silanized data showed
best result.

From confocal study: From 2D and 3D images it was found that in case of HAp coated

Nitinol samples osteoblast cell growth was higher than silanized Nitinol followed by bare
Nitinol samples respectively.

From Histopathology of bone: The photomicrographs of bare Nitinol, silanized Nitinol and

coated Nitinol samples showed proliferation with presence of abundant osteoblast and
osteoclast. The Haversian canal was well arranged and the lacunar spaces contained few

osteocytes and fat cells. The medullary cavity contained scanty RBC and fibrinous deposit.

Radilogy study: In all three samples formation of complete continuous cortical line at the

defect site and compactly adhered implant within the medullary cavity were shown. The
radiodensity of the implant seemed to be unaltered indicating the advance stage of

remodelling.
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Fluorochrome study:1M and 3M Study showed that in case of coated Nitinol sample newly

formed bony tissue growth rate is more comparable to silanized nitinol sample but much
higher than to bare nitinol samples.

Scanning electro micrographs: SEM micrographs of host bone implant interface region after

one and three months postoperatively, showed that new tissue formation over the implant was
observed for all specimens. But it was clearly evident that new bone tissues bridged the
interface of bone-implant more readily and more effectively in silanized sample and coated
sample than bare.

From Micro CT study : From2D micro-CT images of control, bare, silanized and Hap coated

nitinol of 1M and 3M , 1M 2D images showed the healing as well as the new bone growth
around the implant materials. The 90 days post-operated 2D radiographs of silanized nitinol
showed complete closure of the defect site and the new bone regeneration around the implant
The 30 days 3D images showed that the implanted samples showed that bone has started to
grow on all the implants indicating the osteoconductive nature of the material. With
increasing in time from 30 to 90 days, partial bone accumulation are seen inside and around
the defect area for bare and Hap coated nitinol whereas, silanized nitinol showed finer and
matured bone formation completely filling the defect hole showing the complete formation of

uniform periosteum

We have performed various experiments. From those qualitative and quantitative studies it
was found that in some of the cases silanized nitinol showed better performance in in-vitro
and in-vivo studies than the other two samples, while coated samples performed better in
some other cases. In case of few important studies like Fluorochrome study which showed
the quantity of new bone formed and Micro CT image which showed the pattern and
formation of the bone cell and structure, both coated and silanized sample performed very
well. MTT assay showed better performance of silanized nitinol and confocal images showed
that cell proliferation rate was better in coated nitinol than other samples.

Further in depth studies involving silanized nitinol and coated nitinol samples are needed to
understand the extent of superiority of one category over the other specimens in a more

comprehensive way.
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Table 5.4 : Comparison at a glance

Quaiaiv
Bare Nitinol Silanized Nitinol Coated Bare Silanized Coated
Nitinol Nitinol Nitinol Nitinol
In-Vitro
Leaching Reference Poor Poor (0.9)
) (0.714)
Confocal image Reference Slightly better Slightly MIT Reference Slightly  Poor (0.9)
study Better assay @ Better(1.2)
In-Vivo
Histopathology Reference Good Good  Fluorochrome Reference Much Much
of bone study @ better (1.4) Better

(1.43)

Micro CT image Reference Much Better Slightly
study better

To make an effective comparison a comparative chart is prepared with both qualitative and
quantitative data base and it was tried to non-dimensionalise the quantitative data for
comparing. It reveals that in number of important domains, silanized samples performed
slightly better than the other variety (Coated) . Only in case of mico-CT, silanized samples
performed much better over a long time period. Hence it is proposed here to be the better
option.

The results suggests that in case of in-vitro and in-vivo tests no specific variety of nitinol is
uniformly better than others even in case of in-vitro results the superiority of one variety
changed with time. In in-vivo study also results from different tests can lead to different
conclusions. Consequently we had to take the help of existing literature [9, 12-15] as well as
statistical analysis of important parameters to identify the most suitable variety or the variety

with a higher number of superiority domains.
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CHAPTER 6:

CONCLUSION & FUTURE
SCOPE




>

Conclusion

Current study involved silanization of bare Nitinol surface using APTES and also involved
electrophoretic deposition of pure hydroxyapatite on bare nitinol surface where
hydroxyapatite was synthesized by wet chemical process. Coating process by electrophoretic
deposition was thoroughly optimized. Then the bare nitinol samples, silanized nitinol samples
and electrophotretically coated hydroxyapatite nitinol samples were characterized for
physical, chemical and detailed biological study.

Different results obtained from the existing study lead to the following major observations in
brief.

Presence of Si2p and Si2s X-ray photoelectron (XPS) spectra in silanized sample confirms
the efficacy of the silanization process.

Major peak in sintered hydroxyapatite specimen synthesized using wet chemical method
has pure standard hydroxyapatite peak as observed from X-ray diffraction (XRD) analysis.
The lattice parameter, crystallite size and high percentage (>90%) of crystallinity was also
observed as pure hydroxyapatite.

From the Fourier transformed infrared spectroscopy(FTIR) study, it was observed that it
was pure hydroxyapatite powder consisting of standard hydroxyapatite peak.

For electrophoretic deposition technique both the NiTi electrodes were placed parallel to
each other within a distance of 15 mm and connected to the power supply where voltage for
this work was 60volts and deposition time was 90 minutes with number intermittent drying
after every 10 minutes. After deposition, the green coatings were dried with normal dryer
for few minutes and after getting the desired coating the samples were finally dried at 80°C
for 2 hrs.

The X-ray diffraction of scratched sample of electrophoretically coated material has the
major peak which matched with that of standard Hydroxyapatite.

Ni release from bare Nitinol and Coated Nitinol was more or less same for all the time
intervals. But in case of Silanized Nitinol it was little bit more than other two.

Roughness values for bare, silanized and coated samples were widely different with Ra
values 0.09um, 0.142pumand 0.56um respectively.

There is no significant change in the contact angle of bare Nitinol, silanized Nitinol and

coated Nitinol but in all the cases wettability is good.
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In-vitro cell culture using MG63 osteoblast cells for a span of 5days showed that cell
proliferation (MTT assay) was best result in case of silanized Nitinol specimen followed by
bare and coated nitinol samples.

But 2D and 3D confocal laser microscopic images showed that in case of HAp coated
Nitinol samples osteoblast cell growth was higher than silanized Nitinol followed by bare
Nitinol samples respectively.

In-vivo characterization for one and three months revealed that no marked inflammatory
reactions occurred in bare nitinol samples, silanized nitinol samples and hydroxyapatite
coated nitinol samples.

SEM study showed that the bonding of Silanized nitinol implants with bone was better than
bare nitinol samples.

Histopathology study revealed the presence and formation of haversian canals, lacunar
spaces, peri-cortical spaces, vascular channels etc in all three samples .

Oxytetracycline labelling study revealed that in case of coated Nitinol sample newly formed
bony tissue growth rate is much more comparable to silanized nitinol sample but much
higher than bare nitinol samples.

Radiological study revealed that in all three samples formation of complete continuous
cortical line was there at the defect site and compactly adhered implant within the medullary
cavity were shown. The radio density of the implant seemed to be unaltered indicating the
advance stage of remodelling.

Micro CT study revealed that 2D micro-CT images of control, bare, silanized and Hap
coated nitinol of 1M and 3M showed the healing as well as the new bone growth around the
implant materials. With increase in time from 30 to 90 days, 3D images showed that partial
bone accumulation are seen inside and around the defect area for bare and Hap coated
nitinol whereas silanized nitinol showed finer and matured bone formation completely

filling the defect hole showing the complete formation of periosteum.

Finally it may be concluded from various qualitative and quantitative studies that in most of
the cases silanized nitinol showed better performance in in-vitro and in-vivo studies than the
other two samples though silanized nitinol has slightly higher Ni+ leaching than other two
but well within dietary limit. So, silanization on nitinol as a biofunctionalisation technique is
a potential and viable option. But further detailed and controlled studies are required before

going for a systematic clinical trial.
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Future scope of the work:

>

>

>

Improvement of the adhesion of the coating to the substrate.

Study the effect of using other coating processes.

Detailed cell culture study.

In-Vivo study of the behavior of the surface modified nitinol in other model.

Study the effect of silanization of Nitinol with crosslinking agents.

Though the present study focused on in-vitro and in-vivo performance of bare, silanized
and coated nitinol samples few more steps are immediately needed to make the work
more comprehensive in nature. It is a known fact that surface modification is inevitable
for nitinol to avoid nickel release. However all the probable options for such
modifications could not be tried in the present study. We propose to conduct a more
elaborate and systematic study both on biological surface modification and inorganic

coating development in future.

As far as in-vivo and in-vitro studies are concerned we have done mostly the standard
tests including micro-CT to get meaningful data. The results obtained in the present study
revealed that there was no particular variety of nitinol which was better in all aspects. In
future we should go for more elaborate study (if possible involving other animal models)

with lot of other parameters to get a meaningful comparison.

Betterment of coating ensuring good adhesion and modification of silanization with
crosslinking are the two other prospective domains where the present work can be further

extended.

At the end , it is envisaged that the study can be extended further following a systematic
path to develop nitinol implants particularly in the form of kink resistant orthopaedic nail

or pin.
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