Chapter 1: Introduction

1.1.Introduction

The demand for orthopedic implants is growing rapidly due to the growth of diseases like
osteoporosis (weakening of bone) and osteoarthritis (inflammation in the bone joints).
Human joints are most likely to be affected by degenerative and inflammatory diseases. The
degenerative disease directly degrades the mechanical property of bones by excessive
loading or absence of normal biological self healing process. It has been estimated that about
90% of the population over the age of 40 years are suffering from some degree of
degenerative joint disease [1]. Replacement of diseased joint surface by means of metallic,
ceramic or polymeric material through Arthroplasty surgery is the ultimate solution of this
problem [2]. Arthroplasty can be simply explained as the surgical technique of replacing
affected degenerated natural surface with materials specially designed for implantation
purpose with an aim of relief in pain and creating new prosthetic joint to increase mobility
among joints. It is well known that bone is made up of three cells which are responsible for
growth and resorption of bones. These cells are Osteoblast, Osteoclast, and Osteocytes and
are derived from bone marrow. Inspite of their capability of physiological remodelling and
self-healing bones are unable to cope with negative effects of extensive defects such as
“critical sized defects (CSDs)” [3]. The common techniques which are used for the treatment
of CSDs are autograft (bone harvested from patients), allograft (donor bone) and xenograh
[4, 5]. These methods are reasonably effective in many cases but they are associated with
certain limitations. The application of autograft is limited in cases where the defect area is
large for example spinal arthrodesis [6]. Similarly immunologic problems, low osteogenicity

and higher resorption rate are some of the limitations of allograft [7].
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The aforementioned problems and limitations encourage scientists and researchers to
do vigorous search and develop reliable bone substitute with biological and physical
properties comparable to human bone. The development of biomaterials starts with the first
meeting on biomaterials held at Clemson University, South California in 1969 [8]. The
vigorous research results in the development of various metallic alloys, ceramic and
polymeric material having ability to mimic the property of healthy bone. As the above-
mentioned materials belongs to different class they posse’s different physical, mechanical,
chemical and biological properties. It can be easily understood by some examples like
materials having good mechanical properties like metallic alloys are generally used in load-
bearing joint prostheses. Similarly, ceramic materials have excellent wear resistance property
and bioactive property therefore they are generally used for coating of implants. Polymers are
biodegradable and generally used as for biomaterial because they have a tendency to degrade
inside the body without causing any harm to the body and thus, they are used for bone

repairing.

In spite of lots of advantages there are certain different areas in which all the above-
mentioned material fails to provide adequate support for which they are applied like the use
of polymers is limited to the repair of small bone fractures and soft tissues due to their low
strength. Similarly, due to the poor mechanical properties prostheses of pure ceramics are not
preferred for weight-bearing long bone prostheses, as they fail in load-bearing applications.
According to Radha et al. and Zha et al. [9, 10] metallic materials such as metal screws, nails,
plates, rods or wires are generally used at injury sites for fastening bone pieces together and
after the surgery, these implants are left in the body even after healing of the injury. Due to

the non-degradability of these metallic materials in the body, it causes infections which leads
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to revival surgical procedures for the removal of implants after healing of the bone. Many
scientists and researcher believes that the major cause of failure of metallic biomedical
implant is “Stress shielding effect” [10]-[15]. Stress shielding effect which can be simply
explained as the mismatch of the mechanical property of natural bone and metallic alloy
under in vivo condition. This effect is responsible for the resorption of bone tissues
surrounded by the implant material [12]. Along with this low wear and corrosion resistance
and lack of biocompatibility are some of the reasons for failure of metallic implants. Thus, to
mitigate the limitations associated with metals, ceramic and polymers development of

advanced materials that can mimic the property of natural bone is highly desired.

In order to develop appropriate material with high durability and excellent
biocompatibility researcher found that Titanium (Ti) and its alloy are one of the materials
which have ability to resolve aforementioned problem associated with medical implants. The
commercial production of Ti comes in light with the invention of Kroll process in 1946 [13]
and within a year Ti alloy based implants were introduced [14]. Since their introduction, Ti
alloys have been employed in a wide range of biomedical application like spinal fusion,
skeletal repair and dental implants [8,19,20,21]. It was found that Ti and its alloy are
superior to medical grade Stainless Steel, Cobalt-Chromium alloy and Magnesium based
alloys in terms of mechanical strength, biocompatibility and corrosion resistance. But at the
other end higher young’s modulus of Ti and its alloy (110GPa) was the main problem
causing its limited use in biomedical application. Development of second-generation Ti
alloys commonly known as g alloys was an approach to reduce Young’s modulus. Low
moduli Ti alloys (e.g. TNZT, a g alloy with composition of Ti-35Nb-7Zr-5Ta) were specially

developed to better match the modulus of different types of human bones [18]. Weber and
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White in 1972 [19] introduced the concept of using porous biomaterials for osseointegration
and later on, this led to a large number of research studies to develop porous implant
materials using various processing methods. The concept behind the use of porous material
commonly known as scaffold for implant application is it posses comparatively low effective
young’s modulus with respect to conventional Ti based implants. Along with this porous
scaffold posse several other benefits like ability of better biological fixation by promoting
bone tissue ingrowth into the pores of the implant resulting in uniform stress transfer between
natural bone and the implant. Also porous scaffold promote colonisation and subsequent

substitution by biological cells [24, 25].

1.1. Characteristics of Biomaterials used for Implant applications

According to Williams, 1987, “Biomaterials can be defined as a nonviable material used in a
medical device, intended to interact with biological system”. In simple words biomaterials
are artificial or natural material which have ability to restore the integrity and functionality of
lost or diseased biological structure. In order to produce implant with longevity and higher
compatibility with body the biomaterial should posses’ certain property which makes it
suitable for biomedical applications, the properties include biocompatibility,
osseointegration, mechanical property, wear resistance and corrosion resistance. Table 1.1
lists all the basic requirement of implant which should be considered before design and

development of implants.
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Table 1.1 Basic requirements of implants for orthopedic applications

Basic Requirements for Implants

Compatibility
e Tissue Reaction
e Changes in Properties
1. Mechanical
2. Physical
3. Chemical
e Degradation leads to
1. Local
deleterious
changes
2. Harmful
systemic

effects

Mechanical Properties

e Elasticity

e Yield Stress

e Ductility

e Toughness

e Time-Dependent
Deformation

e Creep

e Ultimate Strength

e Fatigue Strength

e Hardness

e \Wear Resistance

Manufacturing
Fabrication methods
Consistency and
conformity to all
requirements

Quality of raw
materials

Superior techniques to
obtain excellent surface
finish or texture

The capability of a
material to get safe and
efficient sterilization

Cost of product

1.1.1. Mechanical Properties

The main aim of bone is to provide structural support during mechanical loading and to

protect vital organs inside the body. In some cases, if there is any trauma or diseased

biological structure the role of diseased organ is performed by implant. Currently the

majority of implants used in orthopedic traumas and arthroplasty are of metallic composition,
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due to their excellent mechanical strength [22] therefore, the mechanical analysis of metallic
implant is of prime concern. In other words, mechanical properties play a major role in
selecting the type of material to be appropriate for a particular application. Properties like
Young’s modulus, fracture toughness, hardness, yield strength, ultimate tensile strength,
stiffness, ductility, time dependent deformation and creep are some of the important
mechanical properties which should be considered before design and development of
orthopedic implants. Wolff’s law of bone remodelling (1892) states that mechanical load can
affect bone architecture [23] and hence can encourage the process of bone remodelling and
fracture healing [28, 29]. Fatigue strength is also an important mechanical property as it
determines the response of material under cyclic load conditions, thus it determines the long-
term success of the implant subjected to cyclic loading condition [8]. Young’s modulus of
material plays an important role in success rate of implants because the significant mismatch
between the modulus of bone and load bearing implant material cause detrimental effect on
load transfer rate from the implant to the bone and within the bone resulting in bone
resorption and implant loosening this biomechanical incompatibility is known as stress
shielding effect [8, 30, 31, 32]. The mechanical properties of materials used for orthopedic

implant application along with human bone are listed in Table 1.2.

Table 1.2 Physical and Mechanical Properties of Metallic, Ceramic and Polymeric

Biomaterials
Tissue/ Density | Young’s Yield Tensile Compressive Fatigue Ref.
Material (g/cm®) | Modulus Strength Strength Strength Strength
(GPa) (MPa) (MPa) (MPa) (MPa, 107
cycles)
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Natural Bone

1
6
4
Cortical
1.8-2.0 7-30 NR -| 100-230 27-35 [10]
Bone
2
4
0
Cancellous N
1.0-1.4 0.01-3.0 NR 2-12 NR [10]
Bone R
Metals and Alloys
Ti-6Al-4V
4.43 114 760-880 895-930 NR 600-700 [10]
(Casted)
Ti-6Al-4V
4.43 114 827-1103 860-965 896-1172 500-800 [10]
(Wrought)
Ti-6AI-7Nb 452 105 880 900 NR NR [8]
SS316L 8.0 193 170-310 540-1000 480-620 240-480 [10]
Fe20Mn 7.73 207 420 700 NR NR [29]
Zn-Al-Cu 5.79 90 171 210 NR NR [11]
Co-Cr-Mo NR
8.3 240 500-1500 900-1540 500-900 [11]
alloy
CoCr20Ni15 NR NR
7.8 195-230 240-450 450-960 [11]
Mo7
Pure Mg NR
1.74 41 21 87 40 [11]
(casted)
Pure Mg NR
1.74 41 100 180 100-140 [11]
(Wrought)

Department of Ceramic Engineering IIT (BHU)

Page 7




Chapter 1: Introduction

AZ31 (Mg NR
1.78 45 185 263 NA [11]
Alloy)
AZ91 (Mg NR
1.81 45 160 150 NA [11]
Alloy)
Ceramics
Alumina NR
4 260-410 NA 400-580 NA [11]
Ceramics
Synthetic NR
Hydroxyapat 3.15 70-120 NA 40-200 NR [33]
ite
Zirconia 3.98 210 NA 800-1500 1990 NR [30]
Polymers
NR NR [11]
PLGA 1.3-1.34 1.69 3.8-26.6 13.9-16.7
68.45- NR NR
PCL 1.145 281-686 8.37-14.66
102.7 [11]
PLA 1.8 3750 70 59 NR NR [11]

* NR- Not Reported

1.1.2. Corrosion and Wear Resistance

Corrosion and wear are inevitable problems associated with orthopedic implants. When a
metallic implant is introduced inside the body they come in contact with biological fluid.
This biological fluid consists of various kinds of cations and anions due to this there is a
tendency of electrochemical corrosion on the metallic implant surface. There are generally
four types of corrosion observed in orthopedic implants they are galvanic corrosion, pitting

corrosion, crevice corrosion and fretting corrosion. Galvanic corrosion occurs due to the
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electrochemical potential difference between two different or same metal surfaces when
introduced in biological fluid. Studies showed that when titanium and cobalt alloy are
coupled the rate of corrosion was low to 0.02 pA/cm? and no instance of corrosion were
found on metallic interface [31]. Pitting corrosion is a localised form of corrosion which
creates cavities on the material. In case of metallic implants chloride ion breakdown the
protective passive oxide films resulting into the formation of pits at the site [32]. Crevice
corrosion is similar to pitting corrosion in terms mechanism of propagation but differ in
mechanism of initiation. Crevice corrosion generally occurs in confined spaces with low
oxygen tension and high chloride concentration causing destruction of passivation layer
[33].The mechanism of fretting corrosion is different from all the above type of corrosion, in
this type of corrosion the passivation layer is broken due to micro-motion between the parts
of an implant. Whenever there is continuous relative motion between two surfaces under
loading condition the surface releases wear debris around the areas surrounding implant bone
interface. It is found in studies that low wear resistance results in implant loosening and
deposited wear debris cause several reactions with the tissues [34]. Therefore, high corrosion

and wear resistance is required to avoid premature failure of implant.
1.1.3. Effect of Porosity

Porosity plays an important role in development of suitable implant in bone tissue
engineering. Interconnectivity of pores, porosity volume and pore sizes are some of the
important factors that should be considered before designing a implant for bone tissue
engineering. The porous structure should be designed in such a way that the pores are
interconnected and of suitable size. The importance of interconnectivity of can be easily

understood by the fact that the interconnectivity of pores helps in creating an environment to
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promote cell infiltration, in vivo vascular formation, Osteogenesis, cell proliferation, flow of
oxygen and nutrients, also interconnected pores helps in removal of waste materials [38, 39].
It is also reviewed that interconnectivity of the pores creates a scope of formation of number
of vessels because interconnectivity provides a way for the ingrowth of blood vessels] [37]. It
is reported that minimum interconnection size over 50 um is suitable for bone ingrowth [38].
The porosity of the implant enhances the bone integration property because porous surface
provides an interlocking medium to surrounding tissue and implant, resulting in good
biomechanical compatibility and high resistance to fatigue loading [42, 43]. It has been

reported that pore size ranging from 100 to 200 um is suitable for osseointegration [8].

It is important to mention that as the porosity of the implant increases, the mechanical
property of the system decreases [41]. Therefore, without compromising with the mechanical
properties, the porosity of the system should be optimized and the pore size should be strictly
controlled. There are different techniques like addition of space holder materials of defined
size, densification of the green compacts, sintering conditions, etc which can be employed to
incorporate pores in the final structure(add more techniques for making porous Ti) [42]. A
detailed discussion regarding production of porous structures using different technique will

be discussed in subsequent paragraphs.

1.1.4. Biocompatibility

The biocompatibility of any material is the basis of understanding the host response to
implants. According to US Food and Drug Administration biocompatibility is defined as
effect that the materials induce no measurable harm to the host [43]. It is observed that

improper biocompatibility leads to dysesthesia (loss of sense), discomfort, pain, infection,
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resorption of bone [44], etc. The ions released from the metallic implant may induce
hypersensitivity and leads to implant failure [45]. The success of the biomaterials is mainly
dependent on the reaction of the human body to the implant, and this measures the
biocompatibility of material or in other words biocompatibility of any implant material
shows the positive response when they are subjected to a biological environment [46]. The
two main factors that influence the biocompatibility of any material are the host response
induced by the material and the degradation of materials in the body environment [8]. Hence,
for good biocompatibility non-toxic and excellent corrosion and wear resistance alloying

element should be selected during design and development of metallic implant.

1.1.5. Osseointegration

According to the American Academy of Implant Dentistry (1986), Osseointegration may be
explained as contact established without the interposition of non-bone tissue between normal
remodelled bone and an implant, entailing a sustained transfer and distribution of load from
the implant too and within the bone tissue. In other words, osseointegration can be defined
clinically as a process in which clinically asymptomatic rigid fixation of alloplastic materials
is achieved, and maintained, in bone during functional loading [47]. Factors such as design,
surface chemistry and roughness, chemical composition and loading conditions should be

considered before fabrication of implant for good osseointegration [48].

1.2. Bone Metabolism

Bone may be simply defined as a rigid living tissue of the body whose primary function is to
provide support during mechanical loading and protect vital organs inside the body [49]. It is

commonly known that when baby borns their body consists of about 300 soft bones but as
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they grow the soft bones are replaced by hard bones and the number of bones decreases to
206. In order to understand the metabolism of bone, it is necessary to understand the

physiology and mechanical property of bone. The different structural levels of bone are

shown in Figure 1.1.

Tissue
Whole Bone Structure Microstructure Ultrastructure

Osteocytes Collagen molecule

Periosteal Osteon

[\ Surface

Collagen fibril

Mineral crystal
Endosteal
Surface

cm

» nm

Fig.1.1 The structural levels of bone. Cortical bone is made up of longitudinally oriented
osteons, and the trabecular bone within the metaphyses is made up of connected struts and
plates. In both bone types, the bone is laid down in layers (lamellae). Both tissue types

contain identical components, and their properties are dependent on the amount, morphology,

and interaction of these components at each level [50].
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1.2.1. Bone Physiology

At microscopic level, on the basis of the arrangement of fibers the structure of bone may be

classified into two parts such as woven bone and lamellar bone as shown in Figre 1.2.
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Fig.1.2 Microarchitecture and structural classifications of physiological bone. (a) Schematic

of microscopic and structural classifications of bone, (b) Schematic of the microarchitecture

of the femur, adopted from [51]
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1.2.1.1. Woven Bone

The average mineral grain size of woven bone is about 10 to 15 nm. These bones are the
immature form of bone and generally found in the metaphyseal region of bone and in fracture
callus [55, 56]. These are coarse-fibred and collagen fibers and are randomly oriented
throughout the structure. It can also be conferred that direction independent mechanical

behavior of woven bone is the result of nonuniform collagen bone [54].

1.2.1.2. Lamellar Bone

Lamellar bone is another structure of bone that can be distinguished at the microscopic level.
Unlike woven bone, it consists of the mineralized matrix which is commonly known as
hydroxyapatite having chemical formula Ca10(PO4)s(OH)2. These hydroxyapatite crystals are
20 to 80 nm long and 2 to 5 nm thick in the human femur [55, 56]. As the name suggests
lamellar bones are organized in the lamina and contain stress oriented collagen fibers which

result in anisotropic mechanical property [54].

Further on the basis of structural organization, woven and lamellar bones are
organized into trabecular and cortical bone [55, 56]. Trabecular bone is highly porous having
porosity in the range of 50 to 90% and large pores with size up to several millimeters in
diameter. Therefore, these bones are also known as spongy bone or cancellous bone.
Trabecular bone is responsible for bearing compressive forces under physiological loading
conditions [57]. These bones are generally found at the metaphyses and epiphyses of both

long and cuboidal bones [57]. Distal end radius is an example of trabecular bone.

Similarly, cortical bones are less porous and possess small pores of size up to 1mm in

diameter. Therefore, it is also known as compact bone and it contributes to 80% of the
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weight of human skeleton. It is harder, stronger and stiffer than trabecular bone due to less

porosity. Humerus and Femur are examples of cortical bone.

1.2.1.3. Chemical Composition of Bone

Generally, bone is made up of 70% inorganic content, 20% organic component and the
remaining 10% is water. The inorganic phase of bone is crystalline hydroxyapatite
Ca10(PO4)s(OH2) and the 90% of organic phase of bone is Type | collagen. The remaining
10% of organic phase consist of noncollagenous proteins, such as lipids and other
macromolecules [55-57]. A.L. Boskey and R.Coleman [50] suggested that the mineral
component of bone also changes with age. Various changes in bone mineral composition

which alters with age are given below [53]:

o Increasing mineral content

o Increasing carbonate substitution

o Decreasing acid phosphate substitution
o Increasing hydroxyl content

o Increasing Ca/P molar ratio

o Increasing crystal size and perfection

1.2.1.4. Types of Cells in the Bone

Bone is generally made up of three cells and they are Osteoblast, Osteoclast, and Osteocytes.

Osteoblast
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These cells are also known as bone forming cells because they are responsible for the
synthesis of new bones. In the phenomenon of bone forming osteoid (a protein mixture

secreted by osteoblast) plays an important role, which mineralizes to form bone.

Osteocytes

Osteocytes are the bone cells which are originated from osteoblasts and therefore they are
mature bone cells. The basic difference between osteoblast and osteocytes is their location in
bone. Osteoblasts are located on the periosteal and endosteal surfaces of bone and Osteocytes

are arranged concentrically around the central lumen of an osteon and in between lamellae.

Osteoclast

Bone having a physiological grain size of less than 100 nm in diameter is generally termed as
healthy bone. A healthy bone is continuously re-modeled through the life span by a process
which involves the formation of a bone modeling unit and activation of bone cells. The
phenomenon of resorption of bone is performed by osteoclast. The osteoclast is derived from
pluripotent cells of bone marrow. Pluripotent cells have a tendency to discriminate different
cells including monocytes and macrophages. These pluripotent cells resorb bone by forming
disordered cell membrane edges and thus increase the surface area of attachment on the bone
surface. Carbonic anhydrase system produces hydrogen ions which decreases the pH of the
local environment and due to which the solubility of hydroxyapatite (major inorganic
component of bone) crystal increases. After this process, protolytic digestion take place to
remove an organic component and the removal of organic and inorganic component results in

the formation of resorption pits [51].
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1.3. Types of Material Used for Orthopedic Implant Applications: Advantages and
Disadvantages

Traditional materials like metals, polymers and ceramics are generally used for implant

application. Selection of material depends upon area of application; a brief description of

advantage, disadvantage and application is described in Table 1.3.

Ceramics are an inorganic oxide of non-metals and they are known for their good
corrosion resistance, biocompatibility, and bioactivity. Ceramics are made up of purely ionic
bonds with some covalent character which made them brittle with low fracture toughness and
higher value of elastic modulus. Generally, there are two types of Bio-ceramics i.e. Bio-inert
ceramic and Bio-resorbable ceramic. Bio-inert ceramics are those ceramics that show high
chemical inertness and this made them fit for the biological application. Zirconia and alumina
are examples of bio-inert ceramics. Hydroxyapatite and [-tricalcium phosphate is the
example of Bio-resorbable ceramics. Due to the poor mechanical properties prostheses of
pure ceramics are not preferred for weight-bearing long bone prostheses, as they fail in load-
bearing applications. However, ceramics are being used in bone filling and dentistry
applications successfully [55]. Similarly, polymers are organic oxides of non-metals; they
have great potential to be used as an implant material in low load bearing fracture sites.
Polymers are novel material for orthopedic application as they posses suitable mechanical
property close to trabecular bone, its biodegradability tendency had increased attention [56].
Polymer like ultra-high-molecular-weight polyethylene (UHMWPE) owns property like high
impact strength, low friction coefficient, and low density. These properties made UHMWPE
a popular choice for joint replacement. However, the application of UHMWPE is limited due

to presence of long term radical in the bulk resulting from the ionizing radiation employed in
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sterilization process [57]. Natural polysaccharide polymer like starch, cellulose and alginate
are also used in biomedical application [61,62,63]. The main problem associated with use of
polymer in orthopedic application is overproduction of wear debris which leads to
inflammatory reaction between adjacent tissue and implant. This adverse tissue reaction

causes osteolysis, bone resorption and implant failure [61].

Metals and alloys due to their excellent mechanical and biocompatibility property are
preferred over ceramics and polymers [62]. Metals like titanium and its alloy, medical grade
stainless steel, cobalt chromium alloy and magnesium alloy are generally used for implant
application. Metals and alloys contain elements like Co, Cr, Al, Cu, V, Ni these elements are
classified as allergic element and elements like Cd, Be, Pb, Ba and Th is classified as toxic
element [66, 67]. Elements like Ni, Co, Cr is released from 316L stainless steel and Co-Cr
alloy due to corrosion in body environment [68, 69]. Ni toxicity causes skin related diseases
like dermatitis and release of Co causes carcinogenicity [8]. The Young’s modulus of 316L
SS and Co-Cr alloy is much higher as compared to natural bone causing non uniform load
transfer between bone and implant which leads to resorption of bone and implant loosening.
Also stainless steel posse’s poor fatigue strength and wear resistance which limits its
application in orthopedics. However, due to its low cost compared to all other metallic alloy
316L SS has maintained its demand in fixation devices like bone plate, bone screw, etc.
Magnesium and its alloy due to their biodegradability and potential for avoiding revival
surgery has increased the attention of general orthopedic community for surgical fixation of
injured musculoskeletal tissue. It is believed that when Mg based alloy is introduced in saline
environment it degrades to magnesium chloride, oxide, sulphate or phosphate and these ion s

does not cause any adverse effect to local tissues [70, 71]. In spite of lots of advantages there
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are certain limitations which limits the use of Mg based alloy. The high corrosion rate of Mg

based alloy is one of the major problems [69]. Corrosion causes evolution of hydrogen gas

which creates balloon effect in vivo [70]. Due to high corrosion rate the pH value of the

surrounding surface also increases [71].

Table 1.3 Advantages, Disadvantages and Applications of Diferent Biomaterials

Materials Advantages Disadvantages Applications
Easily available and High Modulus, Bone Plates, Bone screws, and
Low cost, Poor corrosion resistance, pins, Wires, etc.
316L SS Excellent fabrication | Poor wear resistance,
properties, Allergic reaction in
Accepted surrounding tissue,
Biocompatibility and | Stress shielding effect.
toughness.
Superior in terms of | Expensive, quite difficult to | Shorter-term implants-Bone
resistance to | machine, plates and wires,
Co-Cr corrosion Stress shielding effect, Total hip replacements (THR)-
alloys fatigue and wear, High Modulus, Stem or hard-on-hard bearing
High strength, Biological toxicity due to | system
Long term | Co, Cr and Ni ions release.
biocompatibility.
Biocompatible, Hydrogen evolution during | Bone screws,
Biodegradable, degradation, Bone plates, bone pins, etc.
Mg alloy Bioresorbable, Less resistance to corrosion.
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Similar density and
Young's modulus of
bone (E = 10-
30GPa),
Less stress shielding
effect,
Lightweight.
Excellent resistance Poor wear resistance, Fracture Fixation plates,
to corrosion, Poor bending ductility, Fasteners, nails, rods, screws,
Ti alloy Lower Modulus, Expensive. and wires, Femoral hip stems,
Stronger than Total Joint Replacement (TJR),
stainless steels, Arthroplasty-hips and knees.
Lightweight,
Biocompatible.
Biocompatible  and Femoral head,
bio-inert Porous coatings for femoral
High hardness, high stems,
strength, and abrasion Bone screws and plates, Knee
Alumina
resistance prosthesis
(Al203)
The non-adherent
fibrous membrane at
the interface. Stress
shielding
High fracture Femoral head,
toughness Artificial knee,
Zirconia High flexural strength Bone screws
(Zrz0s) Low young’s Plates
modulus
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Bio-inert
Biocompatible

Non-toxic

Biocompatible Cannot be used for load- | Artificial bone
Bioactive bearing applications Dental implants
Bioglass Non-toxic
Brittle

Bio-resorbable Femoral knee,
Bioactive Femoral hip,

Biocompatible Tibial components,

Hydroxya Similar composition Acetabular cup

patite to bone

(HAD) Good
osteoconductive

properties

1.4. Titanium and Its Alloy: Material of Ultimate choice for Implant Application

Titanium (Ti) is the ninth most abundant element in the lithosphere as it is a constituent of
practically all crystalline rock. It was discovered by Reverend William Gregor in 1798 [44].
It is a transition metal with atomic number 22 with an incomplete valence shell. It has the
ability to form a substitutional solid solution with an element having a size factor of £20%.
The melting point of titanium is around 1678°C and the crystal structure of Ti is Hexagonal
Closed Packed structure (hcp) o up to the beta transus temperature (882.5°C), transforming
to a body-centred cubic structure (bcc) p above this temperature [72]. The nature of the

alloying element decides the alpha (a) to beta (B) transformation temperature of pure
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titanium alloy. Elements like Aluminium, Oxygen, Nitrogen, etc are commonly known as o
stabilizer because they tend to stabilize the alpha phase as the addition of these elements
increases the P transus temperature. Similarly, elements like Vanadium, Molybdenum,
Niobium, Iron, Chromium, etc. stabilizes beta transus temperature and therefore known as a
B stabilizer. The addition of this element depresses the B transus temperature. Titanium
alloys are generally classified on the basis of Alpha (o) and Beta () phases present in them.
They are classified as a Alloy, near a alloy, (o + ) alloy and Metastable § alloy. The alpha
alloys are those which consist of only o phase and o stabilizer i.e. Aluminium, Oxygen,
Nitrogen, etc. Near alpha, alloys are a special class of alpha alloys which are made up of 1—
2% of P stabilizers and about 5-10% of the  phase. Similarly, a + B alloy are those which
contains 10 to 30% of the beta phase and alloys with higher beta stabilizer where the beta
phase is formed by fast cooling are known as metastable beta alloys. Generally, a +  or
metastable B alloys are employed in the biomedical application. Among all these alloys a and
(o + B) alloys are considered as first-generation Ti alloy and they posses high value of
Young’s modulus (110GPa). The development of second generation Ti alloy i.e. B aFlloy
came in existence since 1990 [73]. Due to its ability of possessing lower value of Young’s
modulus (55-90GPa) B alloys are material of choice for orthopedic application. Different Ti
alloys along with their mechanical property used for biomedical application is mentioned in
Table 1.4. Due to appropriate mechanical and biocompatible properties Ti and its alloys are
material of ultimate choice for implant application.

Tablel.4 Mechanical Properties of Ti and Alloys

Material Standard | Modulus Tensile Alloy

(GPa) Strength Type

Department of Ceramic Engineering IIT (BHU) Page 22



Chapter 1: Introduction

(MPa)

First Generation biomaterials (1950-1990)

Commercially pure Ti ASTM
100 240-550 o
(Cp grade 1-4) 1341
Ti-6Al-4V ELI wrought ASTM
110 860-965 at+P
F136
Ti-6Al-4V ELI Standard ASTM
112 895-930 at+P
grade F1472
Ti-6Al-7Nb Wrought ASTM
110 900-1050 at+P
1295
Ti-5AIl-2.5Fe 110 1020 at+p

Second generation biomaterials (1990-till date)

Ti—13Nb-13Zr Wrought ASTM Metastable
79-84 973-1037
F1713 B
Ti-12Mo-6Zr-2Fe ASTM
74-85 1060-1100 B
(TMZF) F1813
Ti-35Nb-7Zr-5Ta
55 596 B
(TNZT)
Ti-29Nb-13Ta—4.6Zr 65 911 B
Ti-35Nb-5Ta-72r-0.40
66 1010 B
(TNZTO)
Ti-15Mo-5Zr-3Al 22 NA B
Ti-Mo ASTM NA B
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F2066

1.4.1. Methods of Preparing Titanium based foams Using Powder Metallurgy

Technique

Ti based materials have low thermal conductivity and high reactivity with surrounding
environment due to this it’s machining and melting as well as casting becomes difficult.
Therefore the Ti components are generally machined from forged Ti blanks at a low speed,
in this procedure about 95% of the raw materials are lost as a scrap and recycling of these
scrap is still a challenge [74]. In order to reduce the stress shielding effect in Ti based
implants incorporation of pores is a promising solution but manufacturing porous Ti
structure is not technically easier or simple. However, researcher communities have
developed number of manufacturing technique to develop porous Ti structure. In order to
reduce the effect of stress shielding, elastic moduli of the implant should be reduced. The use
of porous material is suggested to mitigate this problem. The use of porous material in
artificial joint replacement is an attractive field of research as it includes different methods
and materials which can be used to reduce stiffness mismatch. In the next chapter i.e.
Chapter 2- Literature Survey, a brief study on different methods of synthesis of porous

Titanium alloy scaffold are described.

1.5. Hydroxyapatite: Ideal Material for Biomedical Application

Hydroxyapatite (HAp) with chemical formula Cai0(POs)s(OH)2 has drawn great interest of

researchers in the field of development of biomaterials. HAp has wide applications like
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development of bone scaffold for tissue engineering [75], bioactive coatings [76], repairing
of soft tissues [77]-[80], drug delivery [81]-[87] etc. HAp have hexagonal crystal structure
with the lattice parameter of a=b= 9.432 an c¢= 6.881 A and y = 120°. The Ca/P molar ratio of
HAp is about 1.67 and its pH ranges in between 4 to 12 [88]. It is found that HAp can also
exist in other crystal form i.e. monoclinic with space group of P21/B, the major difference
between the hexagonal and monoclinic form is orientation of hydroxyl group (OHs) [89].
The HAp synthesized by precipitation from supersaturated solutions at low temperraures
generally hav hexagonal crystal structre while HAp synthesized by heating abov 850 °C
shows monoclinic crysture structure. HAp was first clinically used in 1975 for the filling of
periodontal defect [90] followed to this the commercial use of HAp was started and it was
introduced in market in 1981 as a granuals for alveolar ridge augmentation and to fill
periodontal lesions [91]. HAp has potential to be used as a coating material on metallic
implant to imrove osseointegration in orthopedic implant which was explained by Soballe et

al. in 2003 [92].
1.5.1. Advantages and Disadvantages of HAp

HAp is a material of choice in the field of development of synthetic biomaterials used as
bone graft for the purpose of bone regeneration. The main advantage of HAp is its properties
like biocompatibility and osteoconductive properties but inspite of number of advantages
there are certain disadvantages like lack of mechanical strength, ease of degdration in the
biological environment, relative lower loading capacity, absence of targeting efficiency as
delivery system, etc, are also associated with the application of HAp in the field of

biomedical applications.
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1.5.2. Examples of Applications of HAp

There are numbers of field in which HAp can be utilized as a potential candidate for bone
and tooth repair. HAp has similar composition with that of human bone and teeths which
makes it an ideal material for hard tissue repairing. HAp powder and granules are applied in
bone and tooth defect fillings, they are generally used as a material for developing porous
scaffold for cell growth and new bone development. HAp based ceramic coatings over
metallic implant are quite obvious for dental and orthopedic implants [76], [93]. HAp has
ability to solve large size bone defects. It can be used as a fabricating scaffold which may act
as temporary substrate which allows cell in-growth and proliferation. It can be employed in
the field of soft tissue repairing like gums, muscles and skins. Okabayashi et al. in their study
showed HAp has ability to activate fibroblasts and accumulate vessels endothelial cells and
thus, promoting healing of skin injuries [77]. HAp due to its excellent biocompatibility can
also be utilized drug, gene and protein carriers. Thus, it is worth to mention that HAp is a

ideal biomaterial candidate for biomedical applications.

1.6. Biocompatibility of Materials

According to Williams 1987 [94] the biocompatibility of any material can be defined as
“ability of material to perform with an appropriate host response in a specific application”
means a biocompatible material should be bioactive and bio-functional. According to B.D.
Retner [95] no material can be biocompatible if it leaches cytotoxic substance when they are
implanted. Thus, Bio-implant should be Bio-active and Bio-compatible which means that it
should be highly innocuous i.e. they don’t cause any allergic reaction in the human body. The

success of implant surgery generally depends on the reaction which undergoes between the
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implant and the human body. There are some factors like Toxicology (study and
measurement of the effect of material leaching from biomaterials), Mechanical effects (such
as rubbing, compression modulus mismatch, and irritation), size of the implant and broad
range of bio-specific interaction with surrounding protein and cells should be considered
before designing a biocompatible biomaterial. Detailed study of biocompatibility of Titanium

and Hydroxyapatite are discussed in next chapters.

1.7. Thesis Outline

The main aim of the presented chapter is to create an insight and understanding to the basics
of biomaterials employed for biomedical applications. Characteristis of biomaterials are
briefly explained and the major focus was on explaining the factors which are responsible for
designing of bio-implant. Apart from this a dedicated section on bone metabolism is added in
order to conceptualize and visualize the interaction of synthetic biomaterials with the natural
system. The subsequent chapters will explain the below mentioned content to achieve the

objective as mentioned.

Chapter 2 explains a literature review designed to provide a summary of previous work done

by the researchers in the field associated with the desired are of interest

Chapter 3 will expain the objective of the present work, material selected for the prepration

of composites, the method adopted to synthesis the composite

Chapter 4 explains about the various characterization techniques adopted to study physical,

mechanical and biological properties of porus composite
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Chapter 5 explains about mechanical and biological behaviour of porous Ti-SiO2 scaffold

for tissue engineering application

Chapter 6 explains about low-cost approach to develop HAp/SiO2 based scaffold by

valorizing animal bone waste and rice husk for tissue engineering applications

Chapter 7 provides a summary of the findings of this research work and outlines specific
conclusion drawn from both the experimental and analytical efforts and suggests ideas and

direction for future research.
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