Chapter 1

Introduction
The chapter briefly introduces the relevance of the present study in terms of development
of electro-active biocomposites as well as the various techniques used to characterize the
developed material system. Also, the importance of piezoelectric material as secondary
phase in improving the mechanical, electrical, antibacterial and cytocompatibility of
developed bioceramic composites is briefly mentioned. Towards the end, the objectives
and structure of the thesis has been elaborated.
1.1 Natural bone
Bone, a natural nanocomposite material, is a rigid body tissue that constitutes part of
the vertebral skeleton [1]. It contains almost 30-40 % of body’s weight. The mineralized
matrix of bone tissue consists of an organic component (mainly of collagen) and an
inorganic component (hydroxyapatite) [1]. Mineral component provides the compressive
strength and tensile strength is provided by the organic component [2]. The collagen also
provides toughness to the bone [3]. Natural bone possesses reasonable combination of
mechanical properties such as, fracture toughness (2-12 MPa.m"?), hardness (~1 GPa),
compressive strength (~131 MPa) and bending strength (~ 160 MPa) [4— 8] and electrical
properties such as, dielectric constant (~ 10) [9] and ac conductivity (~ 10® to 10
ohm™ cm™) [10]. Natural bone also possesses piezoelectric characteristic which control its
metabolism [11]. Due to piezoelectric property, the natural bone polarizes in response to
applied mechanical stimulation, which helps in bone growth [10]. The application of
compressive stress polarizes the bone negatively and the tensile stress polarizes it
positively [12]. The negative potential develops on the bone is responsible for the growth
of bone — like crystals. Overall, it can be realized that in addition to reasonable

mechanical strength, the natural living bone is an electrically active tissue.



1.2 Biomaterial

A synthetic biomaterial is the substance which has been skillfully and deliberately
fabricated to communicate with the biological systems [13]. There are two classical
definitions first; Biomaterial is used to make devices to replace a part or a function of the
body in a safe, reliable, economic and physiologically acceptable manner (Hench and
Erthridge, 1982) and second; Materials of synthetic as well as of natural origin in contact
with tissue, blood, biological fluids, and intended for use for prosthetic, diagnostic,
therapeutic, and storage applications without adversely affecting the living organism and
its components which was (Bruck,1980).

Among the several types of biomaterials, hydroxyapatite (HA), 45S5 bioglass(45S5 BG)
and 1393 bioglass (1393 BG) have generated great interest due to their excellent
biocompatibility and corrosion resistance in the body fluid environment [14].

1.3 Hydroxyapatite (HA), 45S5 bioglass and 1393 bioglass as the matrix

In last few decades, number of attempts has been made to develop various types of
biomaterials, based on the functional requirement of the host tissue. Metallic implants
such as stainless steel, Ti and its alloys etc. are being used as the orthopedic implant
material. Owing to wear, corrosion, mismatch in elastic modulus between implant and
host, fibrous tissue encapsulation etc., the applications of such implant materials are
limited, as far as the long term success of such implants are concerned. Towards this end,
the bioceramics and bioglasses appear to be superior alternatives.

Hydroxyapatite [Caio(PO4)s(OH)2, HA] is the foremost inorganic component of bones
and teeth, which exhibits hexagonal crystal structure and consists of about 65 wt. % of
bone [15]. HA is structurally similar to bone and teeth minerals which can adhere or
integrate with both, bone as well as soft tissues [16]. The calcium phosphate, available in

form of HA, has been extensively studied for bone replacement applications. Synthetic



hydroxyapatite is commonly used in tooth root replacement and healing of bones [17].
Bioglasses such as, 45S5 BG and 1393 BG also possess excellent osteoconductivity and
biocompatibility and are widely used for orthopaedic applications [18 —22]. Both, BGs
form a direct bond with the bone tissue due to the formation of hydroxyapatite layer on its
surface with the similar chemical composition as that of the bone which provides
augmented osteogenesis by synchronizing the induction and proliferation of the cells [23-
28]. However, low mechanical properties such as, fracture toughness (0.5 — 1 MPa.m*?)
[29], bending strength (40 — 120 MPa) [30 — 32] etc. of HA and BGs limit their
application in load bearing areas [33,34].

1.4 Sodium potassium niobate (NaosKosNbOs; NKN) as piezoelectric secondary
phase

Recently, NaysKosNbO3 (NKN) has been demonstrated to reveal high potentiality as the
biomaterial for electroactive bone applications [35,36]. It possesses excellent dielectric

and electrical properties such as, dielectric constant (~ 400), electrical conductivity (1.2 x

10”7 ohm™cm™) and reasonable mechanical properties such as, fracture toughness (1.4 +

0.1 MPa.m?), elastic modulus (140 GPa) and flexural strength (~ 90 MPa) [37 - 41]

1.5 Mechanical properties

It has been reported that the incorporation of piezoelectric materials such as BaTiOs,
LiTaOs etc., as secondary phases enhances the mechanical properties (fracture toughness,
hardness, and flexural strength) of ceramic composite system [42,43]. NKN is also a
promising candidate with high electromechanical coupling coefficient (~ 0.45). Apart
from fundamental toughening mechanisms such as, crack deflection, crack bridging,
microcrack toughening and transformation toughening, piezoelectric secondary phase

provides additional toughening via energy dissipation and domain switching mechanisms.



Owing to piezoelectricity, some of the crack energy dissipates in the process of domain
switching etc. which provide the additional toughening mechanism to composite system.
1.6 Dielectric and electrical properties

Since, natural bone is an electro-active tissue, the development of prosthetic materials for
mimicking the functional performance of bone also requires to consider their electro-
active response. NKN is one of the best known biocompatible piezoelectric materials with
excellent electrical properties, which can be examined as the secondary phase for
monolithic HA, 45S5 BG and 1393 BG compositions. The dielectric behavior of the
composite samples depends on the governing polarization mechanisms. It has been
reported that the conduction in HA occurs due to formation of vacancies at the hydroxyl
position while migration of alkali ions are responsible for conduction in both the
bioglasses.

1.7 Antibacterial behavior

Apart from mechanical, dielectric and electrical compatibility, bacterial infection on the
implants become a serious concern which causes the implant failure or often requires
revision surgery. Both, the bacterial cells, i.e., gram positive and gram negative bacteria
possess the negative charge [44]. Gram negative bacterial cells have more negative
charge than gram positive bacteria. Therefore, the charges on material’s surfaces can be
anticipated to induce the antibacterial response. However, the nature and amount of
charge needs to be analyzed to get the effective antibacterial response. NKN, being
excellent piezoelectric material, can generate large amount of surface charge after
electrical polarization.

1.8 Cellular response

HA / 45S5 BG / 1393 BG are well known biocompatible materials. Polarization induced

surface charges promote the cell adhesion [38]. It has been reported that the Ca** ions are



attracted towards negatively charged surface and promote the attachment of cell adhesion
factors (integrin and fibronectin proteins), which accelerate the cellular functionality [45].
In addition, external electrical stimulation further accelerates cell adhesion, proliferation
and biomineralisation by activating voltage gated Ca®* channels.

1.9 Objectives

The objective of the present work is to synthesize the electro-active biomaterial
compositions with bone mimicking mechanical, dielectric and electrical properties. In
addition, the antibacterial response and biocompatibility is attempted to enhance by
means of surface polarization.

The specific objectives are as follows:

(a). To synthesize HA / 45S5 BG / 1393 BG composites with varying amounts (10 — 30
wt. % for HA based composites and 10 30 vol. % for 45S5 BG / 1393 BG based
composites) of piezoelectric NKN as the secondary phase and to optimize the processing
parameters for these compositions to achieve maximum densification.

(b). To identify the phases, using X — ray diffraction and Fourier transform infrared
spectroscopy techniques for HA — (10 — 30 wt. %) NKN, 45S5 BG — (10 — 30 vol. %)
NKN and 1393 BG - (10-30 vol. %) NKN composite samples and to observe any
dissociation or reaction between the matrixes and secondary phase.

(c). To observe the microstructure of the developed samples.

(d). To evaluate the mechanical properties such as, hardness, fracture toughness, flexural
and compressive strength of sintered samples.

(e). To measure the dielectric and electrical properties such as, dielectric constant, loss
and ac conductivity of the sintered samples.

(). To observe the antibacterial response of developed composite samples by means of

surface polarization, quantitatively and qualitatively.



(9). To investigate the influence of surface charge and external electrical field on cell
adhesion and proliferation for HA / 45S5 BG / 1393 BG — NKN composites.

1.10 structure of the thesis

The entire thesis has been categorized into 7 chapters. Chapter 1 provides the relevance of
the present study. Chapter 2 reviews the studies, associated with the development of
various composite materials for bone replacement applications. This chapter also
demonstrates the fundamentals of toughening as well as piezoelectric toughening
mechanisms due to incorporation of secondary phase. In addition, the effect of
piezoelectric secondary phase in bioceramics on mechanical, dielectric and electrical,
antibacterial activity and cellular response of developed biomaterial has been reviewed.
Chapter 3 covers the entire methodology, used to develop and characterize the bioceramic
composites, including processing and various characterization techniques such as,
mechanical, dielectric and electrical, antibacterial behavior and cellular response. Chapter
4 elaborately discusses the densification behavior, phase evolution (XRD and FTIR) and
microstructural observations, mechanical, dielectric and electrical behavior, polarization
induced antibacterial response and cellular response with combined action of external
electric field and surface charge for the optimally processed HA — (10 — 30 wt. %) NKN
composites. In addition, to verify the antibacterial behavior, this chapter also discusses
the additional antibacterial characterization techniques such as disc diffusion test and
ROS generation with different methods such as, catalase activity assay, SOD assay, lipid
peroxidation assay and protein estimation assay. Chapter 5 covers the results and
discussion such as, phase identification, mechanical, dielectric and electrical properties,
antibacterial response and cellular functionality for the developed 45S5 BG — (10 — 30
vol. %) NKN composites. In addition, Kirby Bauer test has also been performed to verify

the antibacterial behavior. Chapter 6 discusses the results such as, phase identification,



mechanical behavior, antibacterial and cellular response for the developed 1393 BG — (10

— 30 vol. %) NKN composites. As a closure, chapter 7 provides the conclusions and

future scopes of this thesis. Fig. 1.1 summarizes the overall objectives of the present

work.
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