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Abstract

Abstract

Zinc oxide containing bone regenerative scaffolds have great potential in bone tissue
engineering since zinc oxide has multifunctional properties and is one of the most researched
metal oxide. Zinc oxide have been synthesized via different methods and in different
morphologies such as nanowires, rods and nanoparticles. It is a known antibacterial agent
and can promote cell growth, differentiation, and angiogenesis. Within this thesis, cerium,
zirconium and copper doped zinc oxides were synthesized using eco-friendly continuous
hydrothermal flow system. The nanoparticles were characterized and change in particle size
and morphology was seen. The zirconium doping resulted in smallest particle size i.e. from
83 nm (ZnO_2) to 45nm (ZrZnO5). The porous polyurethane-hydroxyapatite scaffolds
containing doped zinc oxides were fabricated using freeze extraction salt leaching process.
The 1% CeZn05, ZrZnO5 and CuZnO5 was added to polyurethane-hydroxyapatite scaffold.
The cell seeding efficiency data revealed 60% cell adhesion for PU-HA-CeZnO5 scaffold, 45%
cell adhesion for PU-HA-ZrZnO5 and 80% for PU-HA-CuZnO5 scaffolds when compared with
PU only or PU-HA and PU-HA-ZnO_2. The cell metabolic activity assay revealed highest cell
metabolic activity for scaffolds incorporated with doped zinc oxide nanoparticles. The raised
ALP levels were also detected with doped zinc oxide incorporated scaffolds which is an early
marker for bone regeneration. The current data suggested that the doped zinc oxide

nanoparticles can be used as additives for bone regenerative applications and angiogenesis.
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1.1 Introduction

Craniofacial Bone is a highly vascularized tissue and its repair and regeneration is
challenging, especially when the network of blood vessels is disrupted due to disease or injury
making the healing extremely difficult. Such injuries result mainly from trauma, which disrupts
the complex network of blood vessels, resulting in lack of blood supply to bone-forming
osteoblasts and a delay in the healing process. Currently, scaffold implantation when
undertaken for the purpose of bone repair induces an inflammatory healing response, which
usually takes weeks to form a network of blood vessels (Bramfeld et al., 2010). The currently
available scaffolds for craniofacial reconstruction do not induce angiogenesis (formation of
blood vessels) instead they rely on the inflammatory healing response that results in
insufficient oxygen and nutrient supply, hence resulting in non-uniform cell differentiation
and cell death (Bramfeld et al., 2010; Malda et al., 2004; Rouwkema et al., 2008).

Bone tissue engineering is a therapeutic strategy to combine different ceramic and
polymeric materials to obtain a graft or scaffold having the ability to induce bone cell
adhesion, proliferation and leading to bone repair. The scaffold is basically a three-
dimensional porous structure that is used to guide the cells towards bone formation. This
process is dependent on the surface properties of the scaffold as it comes into direct contact
with the biological environment. The major challenge is to mimic the extracellular (ECM)
environment for ideal bone repair. Researchers are identifying different biomaterials which
fulfil some requirements of ECM. Creating composites by combining different materials with
different properties might help with successful bone regeneration applications.

A biomimetic bone scaffold material should be osteoconductive, osteoinductive and
osteogenic (Vo et al., 2012) along with necessary properties, such as, biocompatibility,
bioresorbability and reasonable mechanical strength, mainly compressive strength (Butscher
et al., 2011). Osteoconduction requires enough porosity for cell adhesion and migration,
osteoinductive properties promote stem cell differentiation towards osteoblast formation
and osteogenesis. This involves stem cell metabolism, upregulation of growth factors and
bone regeneration (Gong et al., 2015).

Zinc oxide has recently caught attention in the field of nanomaterials for its ability to

induce upregulation of fibroblast growth factor (FGF) and vascular endothelial growth factor
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(VEGF) which result in angiogenesis and osteogenesis (Augustine, Dominic, et al., 2014b). B-
TCP and zinc oxide containing scaffolds have been found to upregulate bioactivity and
improve mechanical strength when compared with B-TCP scaffold alone (Feng et al., 2014;
Macchetta et al., 2009). Nano-Hydroxyapatite mimics natural bone mineral, addition of HA to
scaffolds has been shown previously to upregulate osteogenic gene expression and
osteogenic cell attachment to surfaces (Huang et al.,, 2013; Im et al., 2012). HA when
combined with B-TCP results in more hard bone with upregulation of the Collagen type | gene,
resulting in more calcification as compared to HA alone (Sulaiman et al., 2013). Copper is a
pro-angiogenic metal, Cerium and Zirconium are reported to enhance cell attachment
properties of material.

In the following thesis, | propose synthesis of novel composite materials made from
polyurethane, hydroxyapatite and doped zinc oxide nanoparticles. The dopants used in this
study are cerium, zirconium and copper. This thesis is focussed on exploring the role of doped
zinc oxides on cell metabolic activity and scaffold properties. This is the first study reporting
the cell metabolic activity of doped zinc oxide nanoparticles and their comparison between
themselves. The cerium, zirconium and copper doped zinc oxide incorporated scaffolds were
tested for cytotoxicity, metabolic activity, and potential bone regenerative materials. In this
research, we aim to identify the change in lattice properties by incorporation of above-
mentioned dopants followed by evaluation of variation in cell metabolic activity. This project
links the tailored chemistry approach with tailored biology.

One of the key objectives of this thesis was to identify easy and inexpensive methods
for synthesis of nanoceramics and scaffolds containing nanoceramics. In this study, the
continuous hydrothermal flow system is utilised for synthesis of zinc oxide and doped zinc
oxide which works on the principle of green technology and is highly efficient. Fabrication of
craniofacial scaffolds will be carried out using a solvent casting-salt leaching process.

In addition, it is envisaged that copper, cerium and zirconium would interact with the
lattice structure of zinc oxide which may alter its ability to produce reactive oxidative species
or hypoxia in the biological environment which might help in inducing the process of

angiogenesis and osteogenesis.
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Hypothesis

1.2 Hypothesis

Polymer/Apatite scaffolds loaded with doped zinc oxide can be synthesised with
appropriate morphology to act as a bone tissue engineering scaffolds. Such scaffolds will be
non-toxic to differentiating bone cells and support the cellular synthesis of the pro-angiogenic
growth factor VEGF.

It is hypothesised that incorporation of zinc oxide and doped zinc oxide i.e. cerium
doped zinc oxide, copper doped zinc oxide and zirconium doped zinc oxide will result in a
change in properties compared to those of zinc oxide alone, which would lead to a unique
biological properties of the final scaffold. Doped zinc oxide will upregulate cell metabolic

activity of osteogenic precursor cells and raise ALP activity, an early marker for osteogenesis.
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1.3 Aims and Objectives

1.3.1 Global Aim:

To design and test a set of composite scaffolds using ceramic particles known to be
inhibitors of bacterial growth and facilitators of angiogenesis, with the ability to induce
osteogenesis. A set of scaffolds will be produced that will be ready to progress to

angiogenic/osteogenic bone repair and pre-clinical testing.

1.3.2 Aim:

The main aim of the work presented in this thesis was to explore the properties of the doped
zinc oxide developed by a continuous hydrothermal flow system. The cytoxicity or cell
metabolic activity analysis of cerium, zirconium and copper zinc oxide nanoparticles have not
previously been evaluated. In This research, the cell growth kinetic and cytoxicity in response
to doped zinc oxide nanopowders will be evaluated. Furthermore, the influence of powders
containing different ionic dopings within porous scaffolds on cell growth, adhesion efficiency
and metabolic activity will be investigated. This contributes to the long-term goal of
fabricating a porous flexible scaffold incorporated with ceramic nanoparticles with potential

of osteogenesis and angiogenesis for craniofacial repair and regeneration.

To achieve the aim of the research, the project was divided into following objectives:

1. Synthesis and characterisation of zinc oxide and doped zinc oxide nanoparticles.

a. Two different concentrations of precursors were used to obtain tuneable sized
nanoparticles.

b. Different mole percentages of dopants were introduced during synthesisi.e 1, 3 and 5.

c. Characterisation of nanoparticles was performed to understand the effect of dopant
introduction.

d. Cell metabolic activity analysis was performed using nanoparticle suspensions in cell
culture media. The nanoparticle samples that resulted in high cell metabolic activity were

selected for scaffold synthesis.
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2. Porous scaffold synthesis.

a. The freeze extraction salt leaching process was used for scaffold synthesis.

b. The soluble products released from scaffolds were tested for cytotoxicity.

c. Cell attachment, seeding efficiency, growth kinetics were studied.

d. Alkaline phosphatase activity and VEGF ELISA were also performed to identify the
osteogenic potential of the scaffolds.

e. A comparison between cerium, zirconium and copper doped zinc oxide was performed to

identify potential nanoparticles for future work.
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1.4 Literature review

1.4.1 Craniofacial Bone Anatomy and Physiology

Human adult bones are classified into cortical bone or compact bone and cancellous
or trabecular bone depending upon the porosities. The porosity level of the bone is different
in different regions of the bone in response to mechanical needs. Mechanical forces are also
one of the triggers for adjustment of total bone mineral density through the process of bone
remodelling. Cortical bone is basically compact bone with dense structure and is less porous
however, the cancellous bone is highly porous (Wolff, 1870).

Compact Bone: Compact bone mainly contains osteons, which are composed of
concentrically arranged osteocytes around a central canal which contains blood vessels that
supply blood to osteons and deep bone tissue. Compact bone is thickest and withstands
forces along the axis of alighment.

Trabecular or cancellous bone: Trabecular bone is also known as spongy bone because
of high porosity. Trabecular bone is composed of meshwork fibres called trabeculae. Red
bone marrow is present between the trabeculae which produces red blood cells, the blood
vessels present in this tissue region provides the nutrients to trabeculae and remove the
waste (Fig 1.1). This bone type is present in regions that are subject to lower mechanical
forces because it is much lighter compared to compact bone and it reduces the weight of
skeleton to allow the smooth movement of bones (Hollinger et al., 2004). Depending on
where it is in the body, trabecular bone may also contain yellow bone marrow; adipose tissue

cells which act as energy reservoir for the body.
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Figure 1.1: A diagram of a human femur (thigh bone) illustrating the microstructure of

compact and trabecular bone. Image used with kind permission of Terese Winslow.

The skull is a complex 3D bony structure that houses the brain which is an essential
functional part of the human body. The skull acts as a protective barrier for soft tissue and
protects it from external forces that can lead to deformities. It is composed of compact and
trabecular bone in the form of three layers. The two rigid bony layers formed of compact bone
sandwiching trabecular in between are also known as dipole (DeSaix et al., 2013; Hollinger et

al., 2004)(fig 1.2).
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Figure 1.2: Three layered skull bone structure. Reprinted under Creative Commons Attribution

License 4.0 license (DeSaix et al., 2013).

The skull is divided into frontal, occipital, temporal and parietal regions. The temporal
and parietal regions of the skull are involved in the absorption of external forces. The
temporal region is thinner in comparison to the other regions because of medially concave
geometry and the parietal region is convex. The temporal and parietal regions are
constitutively identical despite variations in geometry (fig. 1.3). During aging, the bones of the
body reduce in density, but that’s not the case for skull bones. The skull bones are composed
of a high proportion of compact bone, which is less affected by bone resorption than

cancellous bone (Yoganandan & Pintar, 2004).
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Figure 1.3 : Skull diagram showing location of Frontal, Parietal, Occipital and temporal

regions.

1.4.2 Bone Structure and Osseous Tissue:

1.4.2.1 Bone Structure

Bone is a strong three-dimensional structure which can tolerate a reasonable range of
compression, bending and twisting forces. It is composed of matrix and cells. The cells are
classified as osteocytes, osteoblasts, osteogenic cells, and osteoclasts (fig.1.4). The bone
tissue or osseous tissue is supporting connective tissue containing specialized cells and
protein fibres. The tissue is solid and very dense in nature due to the presence of the
hydroxyapatite-based calcium salts around and embedded in the collagen fibres. The osseous
matrix contains bone cells-osteocytes which are present within lacunae and lacunae are

present around the blood vessels (Rizzo, 2015).
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Figure 1.4: The microstructure of trabecular bone. Reprinted under Creative Commons

Attribution 3.0 License (Setiawati & Rahardjo, 2019).

1.4.2.2 Bone Matrix

Two third (2/3 by weight) of bone matrix is composed of calcium phosphate
(Cas3(P0Oa4)2) containing mineral. The calcium phosphate reacts with Calcium hydroxide
(Ca(OH)3) to form Hydroxyapatite crystals.

Ca3(PO4)2 + Ca(OH), — >  Cai(PO4)s(OH)2

Formation of physiological hydroxyapatite crystals induces the incorporation of other
calcium salts and ions such as Calcium Carbonate, Sodium ion, Magnesium lon and Fluoride
lons. Hydroxyapatite crystals are strong and withstand high compression forces but are
inflexible and brittle which makes them unfavourable for bending and twisting forces.
However, one third (by weight) of bone is composed of collagen which is the organic part of
the bone. Collagen provides the bone with flexible and tough properties. It is present in the
form of long protein fibres which allow the deposition of Hydroxyapatite crystals in a

geometrical fashion (Kotodziejska et al., 2020)(plates and rods) (Fig 1.5). This protein crystal
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complex enables bone to tolerate compression, tension and bending/twisting forces, hence

prevents it from shattering under loading.

O o 2 . .
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Figure 1.5: Arrangement of apatite crystals on collagen fibres. Image is used under Creative

Common CC BY licence (Kotodziejska et al., 2020).

Hydroxyapatite synthesis and different substitutions in hydroxyapatite are being
carried out to find a bone substitute close to natural bone for reconstruction and regeneration
(Alhamoudi et al., 2021). Carbonated hydroxyapatite is available commercially and used as a
moldable bone substitute. Photo-acoustic Fourier transform infrared (FTIR) spectroscopy was
used to compare hydroxyapatite and carbonated hydroxyapatite to identify the differences
(Rehman & Bonfield, 1997). Carbonated apatite is a low order crystalline biomaterial that
resembles natural bone. carbonate apatite as bone substitute resulted in hardened fully
functional bone in less time. Carbonated apatite was found to be a better alloplastic material
as compared to hydroxyapatite for craniofacial reconstruction (Baker et al., 2002). It has been
found to degrade at low acidic environments via osteoclast resorption and promotes bone
regeneration within the bone graft without the formation of fibrous tissue (Rahyussalim et
al., 2019).
1.4.2.3 Bone Cells

Bone can undergo resorption or formation according to the need, this phenomenon is
known as bone remodelling. There are four types of bone cells: osteocytes, osteoblasts,

osteogenic cells and osteoclasts. Osteoclasts are present in the blood and recruited when
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bone resorption is required, however, the osteocytes, osteoblasts and osteogenic cells are all
present in the bone. The bone cells are responsible for normal bone function.

Mature human bone morphology is in the form of layers called lamellae, in between
lamella, pocket like structures are present called lacunae inhabited by osteocytes. One
osteocyte resides in each lacuna. Osteocytes are basically mature bone cells and lack the
ability to divide. All lacunae are connected with one another, with the matrix and to the
vascular system (Fig 1.4). The vascular system is composed of a network of nerves, veins, and
arteries responsible for nutrient and oxygen exchange (Fig 1.1). This system is connected via
a small tubular network of canaliculi which contain the cytoplasmic extensions of osteocytes.
Neighbouring osteocytes are connected by the gap junctions at the ends of these processes
for ions and small molecular exchange, such as hormones and nutrients. The interstitial fluid
surrounding the cells is also involved in the diffusion of the nutrients and waste products
(Setiawati & Rahardjo, 2019).

Osteogenic cells or osteoprogenitor cells: Osteogenic cells or osteoprogenitor cells originate
from mesenchymal stem cells (MSCs), present in a small number in bone tissue. These stem
cells differentiate into bone, fat, cartilage and muscle. So far no identifying markers have been
detected for stem cells to differentiate into bone (Pignolo, Robert J., Kaplan, 2008). MSCs
differentiates into osteogenic progenitor cells which later differentiate into osteoblasts

(Hollinger et al., 2004; Setiawati & Rahardjo, 2019).

Osteoblasts: The osteoblasts are differentiated form of osteoprogenitor cells which originate
from pluripotent mesenchymal stem cells of the bone marrow (Mohamed, 2008). Osteoblasts
are immature bone cells which are involved in new bone matrix formation, a phenomenon
known as ossification or osteogenesis. In active state they are in cuboidal shape and involve
in synthesis of proteins and other organic components to create the early stage organic matrix
called osteoid. Osteoid is then mineralised by deposition of the calcium phosphate-based salts
(DeSaix et al., 2013; Kotodziejska et al., 2020). Osteoblasts promote the local increase of the
calcium phosphates above solubility level to aid their deposition in the organic matrix. This
process converts osteoid to mineralised bone. Osteoblasts differentiate to osteocytes as they
become embedded in this matrix (Hollinger et al., 2004). Osteoblasts, in general, facilitate

mineralization which results in bone formation. They do so by three developmental stages;
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proliferation, matrix maturation and mineralisation (Karsdal et al., 2002; Katagiri & Takahashi,

2002).

Bone lining cells and Osteocytes: When is bone it in resting state i.e. it is not undergoing
formation or resorption, it is covered by flattened bone lining cells which prevent the bone

from osteoclast activity. These are post proliferative osteoblasts which can become active
osteoblasts in response to adequate bone formation signal (injury etc.). The osteocytes are
post-proliferative mature osteoblasts which are entrapped inside the bone. About 90% of all
bone cells are osteocytes. These are present in lacunae and finely distributed via. Canaliculi
in all directions. The distribution is in perpendicular to bone surface direction. The
interconnected distribution of osteocytes acts as main mechanoreceptor of the bone and
involve in secretion of paracrine factors such as insulin-like growth factor-l (IGF-1) and
express c-fos in response to mechanical forces (Mohamed, 2008). Osteocytes are involved in
maintaining the protein and mineral content of the bone matrix. Osteocytes are mature bone
cells and lack the ability to divide(Wolff, 1870) .Some researchers believe that osteocytes
induce the dissolution of adjacent matrix to release minerals which enter the circulation, and
they are involved in rebuilding the matrix by deposition of hydroxyapatite crystals. However,
this still needs more research to be accepted as a general fact. They are also involved in bone
repair in the case of injury, osteocytes can convert to less specialized cells such as osteoblasts,

upon release from lacunae (Hollinger et al., 2004).

Osteoclasts: Osteoclasts are derived from macrophage-monocyte cell. Osteoclasts are the
large multinucleated phagocytic cells which are responsible for bone resorption. They migrate
from bone marrow to required specific skeletal site, either fuse with existing osteoclasts or
remain as mononuclear cells for future recruitment (Mohamed, 2008). These cells secrete
protein digesting enzymes which break down the protein matrix and acid to dissolve the
stored minerals. These are then released into the vascular system to maintain the calcium
and phosphate ratio in the body fluids. The process is known as osteolysis or resorption.

In normal bone metabolism osteoblasts and osteoclasts work in a strict balance.
Osteoclasts continuously degrade bone matrix; however, osteoblasts are continuously
involved in bone formation. If the balance is disrupted, the bone either becomes weak or

compact (Florencio-Silva et al., 2015; Setiawati & Rahardjo, 2019).
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1.4.3 Phenomenon of Bone Growth:

Osteoblasts and osteoclasts are continuously working to meet functional
requirements of the bone. Bone development is divided into two main processes:
Intramembranous ossification: this happens in the development of the mandible, maxilla and
skull bones; where bones form from mesenchymal connective tissue.

Endochondral Ossification: In this type of ossification pre-existing hyaline cartilage is
replaced by bone tissue (DeSaix et al., 2013; Florencio-Silva et al., 2015; Setiawati & Rahardjo,
2019).

Ossification begins at the centre of the porous bony structure. The osteoid layer is
formed on top of the porous structure leading to formation of calcified bone. The cells present
in between the periosteum differentiate into osteoblasts and an increased quantity of alkaline
phosphatase is reported. The osteoblasts rearrange and begin synthesis of collagen fibres
around them resulting in trabeculae formation. This process makes the bone multi-layered.
The rate of formation of primary bone and the calcification process is variable in different
bone types (Hollinger et al., 2004). Fibroblast growth factor receptors (FGFR) 1 and 3 are
reported to have a regulatory role in the production of extracellular matrix and chondrocyte
proliferation and differentiation respectively in endochondral ossification, mutations in
FGFR3 lead to dwarfism. Bone development is a well-coordinated event which results due to

VEGF, FGF, BMPs and other signalling pathways (Setiawati & Rahardjo, 2019; Wolff, 2010).

Bone growth is initiated by perichondrium and tissue forming interzones which lead
to anincrease in intercellular matrix and multiplication of cartilage cells. Immature bone cells
are localized at the ends of the bone where most growth occurs; such cells are small in size
and lack specific arrangement. Upon growth signals, the cells start to proliferate and form a
closely packed cluster of flattened cells which start to produce matrix resulting in an increase
in intercellular matrix. The cells start to become larger and vesicular and then differentiate
into hypertrophic chondrocytes.

Hypertrophic Chondrocytes act as regulatory cells for bone growth process in long

bones. They are involved in localised mineralisation, induction of vascularisation by producing
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vascular endothelial growth factor (VEGF) and recruit chondroclasts which are associated with
matrix digestion. Hypertrophic chondrocytes induce the production of osteoblasts from
adjacent perichondral cells. Osteoblasts secrete bone matrix and start the process of bone
formation. The hypertrophic cells at this stage undergo apoptosis. The cartilage matrix then
acts as scaffold for osteoblasts, the bone and vessel ingrowth occur resulting in a porous bony

structure.

1.4.4. Regulation of Bone formation:

The regulation of bone formation was described by Julius Wolff in 1892. According to wolff’s
law, the bone density and organisation of bone trabeculae correlate with the magnitude and
direction of tensile and compressive stresses of loading. It is a known fact that the bone is
mechanosensitive and adapts to mechanical loading such as internal strain. Internal strain
within the bone results in four tissue level outcomes. 1) net mineral loss, 2) mineral
homeostasis, 3) net mineral gain, or 4) damage formation. Everyday mechanical strains are
expressed in terms of microstrains. The strains lie between minimum and lower effective
strains which were calculated to be approximately 1500-2500ue and 50-200ue respectively
(Fuchs et al., 2009). Within this window bone resorption equalled bone formation during
normal circumstances. When a fracture happens, stress shielding effect plays an important
role for complete healing. After bone union is performed successfully, the bone starts to
adapt to new mechanical environment. According to Wolff’s law, the density of new bone
formation is dependent on the stress conditions bone is under. If the stress is below than
normal physiological stress levels, the newly forming bone will have reduced bone density
hence leading to reduced strength (Wolff, 1870).

The fracture nature in paediatrics and adults is similar and so is the healing in terms
of healing phases. The fractured bone go through three phases 1) inflammation, 2) reparation
and 3) remodelling, before it is completely healed. The difference lies between the density of
the bone. The paediatric bone is more porous due to presence of haversian canals on a greater

portion of the bone as compared to adult bone. This makes the paediatric bone more flexible
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and very well vascularised. The presence of a dense layer of vascular connective tissue
(periosteum) allows the environment to be oxygen rich hence reducing the fracture healing
time as compared to adults. The paediatric bone is in growing phase which means the
osteogenic processes are already ongoing hence it accommodates the fracture healing
process quickly, however, in adults the bone structure is mature and in case of fracture the
osteogenic environment has to be created by the body in order to start the healing process
(Lindaman, 2001).

The bone fixatives used for bone union (for fracture repair) are crucial as they must
have optimal rigidity or mechanical stiffness close to natural bone. The stainless-steel
implants for lower load-bearing extremities is recommended to have 43-53% of fixation, while
for forearm it is approximately 30%. Inappropriate use of bone implants for fracture repair
may lead to abnormal stress shielding, leading to failure of fixation or refracture of the bone
after implant removal (Burke & Goodman, 2008). In case of paediatric fractures, the bone

union step must be taken immediately in order to obtain the correct healing regime.

The process of bone formation is a controlled mechanism which involves a number of
growth factors and enzymes working together. As soon as the mechanical signal is received,
the fracture site undergoes a cascade of chemical signals. As a result, a number of growth
factors are released which affect the osteoblasts’ regulation and differentiation. Some

important growth factors are described below.

1.4.4.1 Bone Morphogenetic Protein (BMPs)

These are among the most widely studied growth factors. About 15 different BMPs
have been identified in vertebrates which play important roles in bone repair and
regeneration. The growth factors are secreted primarily by osteoprogenitor cells and mature
osteoblasts. Upon secretion they act as activators for differentiation of cells. The most
significant BMPs are BMP-2, BMP-4 and BMP-7 (Karsdal et al., 2002; Katagiri & Takahashi,
2002). It has been studied that the BMP-2 poses a significant impact on healing of critical sized
bone defects in animal species which makes it promising for bone tissue engineering

(Lieberman et al., 2002).
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1.4.4.2 Transforming Growth Factor 8 (TGF 8)

TGF B is mainly secreted by platelets and it is known to interact with specific receptors
on osteoblasts which under certain circumstances aid cell differentiation. But the process
overall is complicated and not clear. It was analysed that to provide significant differentiation
a very high concentration of TGF B is required. Limited information about the process and
requirement of higher concentrations makes it less favourable for bone tissue engineering

(Bonewald, 2002; Karsenty, 1999).

1.4.4.3 Fibroblast growth Factor (FGF), Insulin Like Growth Factor (IGF-1) & Platelet derived
growth factor (PDGF)

Bone formation involves a cascade of processes involving FGF, IGF-1 and PDGF as
assistive factors. FGFs specifically FGF-2 and FGF-18 are involved in promoting osteoblast
proliferation. FGFs have no role in osteoblastic differentiation. However, IGF-1 and PDGF are
involved in osteoblastic proliferation and differentiation (Kubota et al., 2002; J.-Y. Lee et al.,

2002; Shimoaka et al., 2002).

1.4.5 Development of the Mandible

Mandible development requires an altered ossification process with respect to bone
growth patterns and orientation of trabeculae. The central mandible plates develop at a faster
rate with the borders of the bone being smooth.

Mandible reconstruction is a very complex process because of the presence of teeth and their
migration, along with maintaining a proper coordination between the mandible and the
maxilla. Endochondral ossification begins with the expression of the SOX9 gene by
chondrocytes which induces cellular proliferation. Hypertrophic chondrocytes produce Type

X Collagen and VEGF which lead to the onset of endochondral ossification and vascularisation
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respectively. Parathyroid hormone related protein (PTHrP) induces the differentiation of
mesenchymal cells into chondroblasts and osteoblasts.

A study performed on embryonic chicks demonstrated that there are three types of
mesenchymal cells; Myogenic cells, which migrate from other regions to the mandible region
and are associated with muscular functions. Chondrogenic and Osteogenic cells originate on
site and are involved in bone formation. Osteogenic cells are associated with the formation
of thick mouth epithelium which act as a ground for enamel organ in mammals. Further,
Meckel’s cartilage starts to form at 6th week in human embryonic development, which
undergoes ossification to become the mandible. At the end of the embryonic period, the
mandible is well defined, and ossification begins to spread to the posterior regions. The
process of foci calcification in the extracellular matrix occurs due to the expression of the
extracellular matrix protein osteopontin by chondrocytes, leading to periosteal bone
formation on upper and lateral regions of cartilage. At this point the functional vascular
penetrations occur and similarly, intramembranous ossification happens. It was reported that
the higher levels of VEGF leads to more bone formation (Karsenty, 1999; Katagiri & Takahashi,
2002).

1.4.6. Parietal and Frontal Bone

Skull bone development starts from the outer skeletogenic membrane. The sutures
present between the membrane bones of the skull are the active growth centres for skull
bone development because they house proliferating osteogenic stem cells. Osteogenic cells
are located at the periphery of membranes and on the inner and outer surfaces. The continual
skull growth during embryonic development depends on proliferation of osteogenic stem
cells and their differentiation to mature bone cells. The frontal occipital growth is induced by
the coronal suture which is present between frontal and parietal bones.

At suture edges, the osteoprogenitor cells proliferate and higher expression of FGF2
occurs. However, at the midsutural mesenchymal region, twist expression was reported
which is not associated with proliferation or differentiation. The area acts as a buffer zone
between the frontal and parietal proliferating region which connects to the region of cells co-

expressing both genes, FGF2 and twist. Low levels of FGF are associated with the proliferation
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of osteogenic stem cells, whereas the higher FGF1 levels are involved in their differentiation
(particularly FGF1). Once the differentiation is well established, FGF is downregulated. Cell
differentiation is a multi-step process involving several regulatory pathways which work in a
sequential manner. Osteonectin and alkaline phosphatase activity are differential indicators
which are generally found in regions of proliferation in preosteoblasts and osteoblasts at
earlier stages, however, osteopontin expression is recorded in mature osteoblasts in contact
with the osteoid. FGFR1 functions until the completion of differentiation. The parietal bones
grow rapidly till they reach a definitive shape, followed by slow growth till birth time. The

frontal sinuses are formed postnatally (Karsenty, 1999).

1.4.7. Angiogenesis

In the last decade, enormous research is being carried out regarding the importance
of vascularisation in bone tissue engineering. It has been investigated and believed that the
modification of the angiogenesis phenomenon can be a promising way to deal with life
threatening diseases such as cancer, cardiovascular abnormalities, wound healing etc. as well
as bone defect repair and regeneration.

Angiogenesis is defined as the propagation of blood vessels from a pre-existing
network of blood vessels. The process starts in the embryo and continues till death and
ensures that each metabolically active tissue is close to the capillary network (a few hundred
microns far) to aid exchange of nutrients and waste effectively. The change in hemodynamic
factors and tissue requirements changes the pattern of angiogenesis such as physical
activities, leading to angiogenesis in skeletal muscles. However, lack of exercise reduces the
renewal of blood vessels in the regions hence making it poorly vascularised over a period
leading to cardiovascular or muscular disorders (Bielenberg & D’Amore, 2008; Figg &

Folkman, 2008).

20



Chapter 1

1.4.8. Origin of Angiogenesis

The first organ that develops in an embryo is the cardiovascular system and circulatory
system which matures at quite early stages. The circulatory system is derived from mesoderm
which provides mesodermal stem cells that differentiate to give rise to hematopoietic stem
cells and angioblasts. Hematopoietic stem cells are blood forming cells; however, angioblasts
are undifferentiated endothelial cells due to lack of potential endothelial cell marker. The
Angioblasts act as precursor for the development of blood vessels in the embryo; the process

is known as vasculogenesis (fig.1.6). It undergoes complex cell to cell and cell to extra cellular

Endothelial Cells

Angioblast

Mesodermal Stem
Cells

Hemangioblast

Hematopoetic
Cells

Hematopoetic
Stem Cells

Figure 1.6: The process of vasculogenesis. The mesodermal cells differentiates into

endothelial cells resulting in tube/vessel formation.

matrix (ECM) interactions, followed by growth factors and morphogens leading to formation
of clusters of angioblasts and hematopoietic stem cells. The angioblasts with further Growth
factor signalling differentiate into endothelial cells and results in formation of de novo blood

vessel synthesis called vasculogenesis (Risau, 1997; Schmidt et al., 2007).
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1.4.9 Types of Angiogenesis

1.4.9.1 Sprouting Angiogenesis

Sprouting angiogenesis is characterised by formation of an endothelial sprout at the
end of a capillary towards angiogenic stimulus. The angiogenic stimulus is generally vascular
endothelial growth factor (VEGF) which is a vascular permeability factor and acts as a
proangiogenic. Sprouting is initiated in response to a hypoxic environment i.e., whenever a
tissue is deprived of oxygen it induces hypoxia signals which enable parenchymal cells to
secrete VEGF which further initiates the sprouting angiogenesis process. The process is
composed of several steps.

a. Enzymatic degradation of capillary basement membrane.

b. Proliferation of Endothelial Cells

c. Directed migration of Endothelial cells

d. Tubologenesis

e. Vessel Fusion

f.  Vessel pruning

g. Pericyte stabilization

The sprouting starts with two types of cells; tip cells which are non-proliferating and
endothelial cells that lack a lumen and Filopodia which are thin cytoplasmic projections that
are involved in directed angiogenesis. Tip cells control capillary sprouting towards the
stimulus via the extracellular matrix. Filopodia on tip cells secrete various proteolytic enzymes
associated with the VEGF receptors. VEGF receptors sense the VEGF and catalyse proteins in
line towards the stimulus to allow sprout elongation. Endothelial cells proliferate and migrate
at the growing sprout and there is elongation of capillary towards the stimulus. Once
sufficient elongation is achieved the lumen is developed within endothelial cells and the
sprout converges and fuses at the VEGF source. The lumen becomes continuous and
oxygenated blood starts to flow through it. The hypoxic tissue is supplied with oxygenated
blood followed by a reduction in hypoxia which reduces the elevated levels of VEGF to normal.
Furthermore, capillary maturation occurs with the help of pericytes and deposition of

extracellular matrix in response to shear stress and mechanical signals. Pericytes are basically
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supporting cells present along the walls of endothelial cells lining the capillaries, and help in
cell-cell signalling (Carmeliet et al., 2009; Chien, 2007; Gerhardt, 2008; Horowitz & Simons,
2008; Ruhrberg et al., 2002; Small et al., 2002; Van Hinsbergh & Koolwijk, 2007).

1.4.9.2. Intussusceptive Angiogenesis

Intussusceptive angiogenesis is also known as splitting angiogenesis which is
characterised by the splitting of an existing single vessel into two. This process is time efficient
as compared to sprouting angiogenesis. It requires reorganisation of existing endothelial cells
instead of de novo vessel formation. It is a common type of angiogenesis in an embryo as well
as throughout the life. It can only initiate at a site having existing capillaries and involves the
formation of capillaries, vein bifurcation, pruning of larger vessels and arteries.

Intussusceptive angiogenesis commonly occurs in choroid of eye, vascular baskets
around glands, intestinal mucosa, kidney, ovary, uterus, skeletal muscle, heart, and brain

(Burri et al., 2004; Kurz et al., 2003).

1.4.10. Influence of Metabolic Factors on Angiogenesis

The vasculature in general depends on metabolic activity, increased metabolic
activity, increased oxygen and nutrient demand leads to increased vessel formation to fulfil
the demands of the tissue. Extensive studies have been performed on skeletal muscles with
reference to angiogenesis and it is concluded that the capillary density is directly proportional
to metabolism of the tissue; the higher the tissue metabolism the higher would be the growth
of the vessels and vice versa.

The process of angiogenesis was studied in endurance training; it increased the
metabolic activity of the skeletal muscles which stimulated angiogenesis. Long-term muscle
inactivity reduced skeletal muscle metabolism and lead to deterioration of muscle vasculature
(Terjung et al., 2002; Wagner, 2001). The effect of oxygen on angiogenesis was studied in
developing chick embryos; when the chick was exposed to a hypoxic (low oxygen)
environment, the micro vessel growth and chorioallantoic membrane was stimulated along
with major artery formation in the embryo. However, micro vessel growth was inhibited when
the chick was exposed to a hyperoxic (high oxygen) environment ( Adair et al., 1990; Strick et

al., 1991). Similar results were obtained for avian and rodent models. An investigation of
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infants exposed to a hyperoxic environment demonstrated reduced retinal vasculature.
Oxygen levels are critical for stimulation and regulation of proangiogenic factors and
receptors to which they attach for functional activation. These include Vascular Endothelial
Growth Factor (VEGF) and its receptors, Placental Growth factor (PGF), Angiopoietin,
Fibroblast growth factor-2 (FGF-2), Transforming Growth Factor beta (TGF-B), Hypoxia
inducible factor-1 (HIF-1) and inducible nitric oxide synthase (iNOS). An oxygen deficient
environment can also control anti angiogenic factors such as endostatin and

thrombospondin-1 ( Adair & Montani, 2010).

1.4.11. Reactive Oxygen Species (ROS) in Angiogenesis

At a cellular level, reactive oxygen species are formed as a result of by products
produced by processes such as mitochondrial electron transport, NADPH oxidase, xanthase
oxidase and Nitric oxide synthase. ROS chemically are super oxides or hydrogen peroxides
which are involved in producing oxidative stress which is known to have pro angiogenic or
anti angiogenic properties depending upon the levels and times of release, the process is
complex and limited success has been achieved regarding the modulation of ROS as a
therapeutic agent. At low levels of ROS, it triggers FGF-2 release and induces the binding of
growth factors to their receptors which lead to angiogenesis signalling initiation. Along with
angiogenesis, ROS also enhances endothelial cell permeability and cell adhesion. However,
higher ROS levels are involved in inhibition of angiogenesis, necrosis and apoptosis (Bhadada

et al., 2011; Carmeliet, 2003; Simons, 2005).

1.4.12. Angiogenesis and Osteogenesis

A functional vascular system is very important for any process in the human body.
Angiogenesis is linked with skeletal development and bone damage repair. Once the bone
damage happens, the requirement of osteoblast progenitor cells is fulfilled by functional
blood vessels. So, the increased number of blood vessels increases the cascade of osteoblast
progenitors, which later mature, and speeds up the bone formation process. The blood
vessels in bone not only provide oxygen and nutrients at the defect site but also supply

building blocks such as calcium and phosphate for the mineralisation process. Angiogenesis
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and osteogenesis work in coordination for successful bone repair. The low oxygen levels in
bone and marrow play an important role in the activation of Hypoxia inducible Factors (HIF)
which results in Vascular endothelial growth factor (VEGF) release. VEGF acts in two ways
towards osteogenesis. Osteoblasts and Endothelial cells both express VEGF receptors
(VEGFR). VEGF accumulation directly promotes osteogenesis through VEGFR on osteoblasts
and indirectly through endothelial cells (fig. 1.7). The endothelial cells upon activation induce
angiogenesis which results in recruitment of growth factor, O3, nutrients and bone building
minerals on site which indirectly induce osteogenesis (Schipani et al., 2009; Stegen et al.,

2015).
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Figure 1.7: Regulation of angiogenesis and osteogenesis in response to oxygen. The low
oxygen levels activate the HIF leading to VEGF accumulation. The VEGF binds to VEGFR on
endothelial cells and osteoblasts inducing direct and indirect osteogenesis. The schematic

shows the coordinated function of angiogenesis and osteogenesis for successful bone repair.

1.4.13. The need for bone tissue engineering scaffolds:

Road accidents are the main cause of craniofacial injuries. Statistics reported that
more than a half of the craniofacial trauma is the result of severe road accidents. Almost 4000

people die and almost 8000 people are disabled. Injuries at work, while playing sports or due
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to falls also contribute to cranium injuries (Jones, 1997). The increase in incidence of facial
fractures has also been reported in England, Germany, Netherlands, and Norway; it is
increasing by 7% in terms of admissions to hospitals for skull or facial fractures (Rizzo, 2015).
These injuries happen either by being hit by a moving object or static object such as when a
motorbike crashes on the road with speed. The fractures can be divided into 1) Skull fractures

and 2) facial fractures.

1.4.13.1 Skull fractures

Skull injuries leading to cracking or breakage of the bone most likely occur because of
trauma. The fractures can be of varying types such as linear, comminuted, depressed or
stellate form which are mainly caused by the bruising process. Cranial fractures can allow a
route for infection which can lead to meningitis. So, the treatment strategy is designed to
prevent the infection. It is suggested that treatment should be provided within 24 hours which

is debridement of the wound and removal of the loose bone fragments.

1.4.13.2 Facial Fractures

The fractures to the facial region are classified by their anatomical position. These can be
scalp and skull fractures, infra-orbital fractures, and maxilla-mandibular fractures (Rizzo,
2015).

Over the past decades, significant advances have been carried out in terms of research
and management for trauma patients suffering from craniofacial injuries. Such injuries are a
leading cause of death, disability, and psychological effects. The craniofacial region has
significant importance in terms of function and aesthetics. Therefore, the approaches based
on advanced techniques for the survival and repair of congenital deformities along with
maintaining the aesthetic and functional aspects of the facial region are the focus of surgeons

and biomaterials scientists.
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1.4.14 Role of growth factors for bone repair and regeneration

Growth factors play an important role in the recruitment of necessary cells, inducing
the bone formation cascade and differentiation of cells at the injury site. The delivery of
growth factors directly at the site is a challenge and not very well understood yet. Several
studies have been performed on the use of growth factors for fracture repair and
regeneration. Transforming growth factor-Beta TGF-B is present in bone, platelets and
cartilage and has been found in increased levels during the early fracture healing period. The
effect of TGF-B on fracture repair was investigated on tibia fractures in thirty rabbits. 1 or
10 pg TGF-B was administered for a duration of six weeks and a significant increase in callus
formation was recorded. However, no difference was seen in bone mineral content or bone
thickness. With a dose of 1 ug of TGF-, significant increases in normal bending strength were
seen as compared to controls (Lind et al., 1993). Another study reported the use of 4 or 40
ng TGF-B injected into rats with tibia fractures. The group which received 40 ng demonstrated
a significant increase in ultimate strength as compared to the group which received 4 ng
(Nielsen et al., 1994). It was also reported that stable mechanical construct is also necessary
along with the TGF-B dose. Absence of stable mechanical construct led to minimal cartilage
and bone formation even with a high dose of TGF-B (600 ng) (Critchlow et al., 1995). The
current research involved different models and different doses; hence it is difficult to

conclude the clinical significance of TGF-B (Lieberman et al., 2002).

BMP-2 is a member of TGF- B which has a huge impact in field of bone regeneration
as it induces osteogenesis when implanted in extra skeletal soft tissue. It was discovered by
Marshall R. Urist in 1965. BMP-2 and BMP-7are being employed for clinical studies. BMP-2
injection at a fracture site in a rat model resulted in accelerated healing. Recombinant human
BMP-2 was found to be effective for patients with resistant non-unions. Recombinant BMP-2
was delivered, bound to allogenic bone (Johnson et al., 1992). BMP-2 was FDA approved as
an alternative to autograft for tibial nonunions and maxillofacial reconstructions. In united
States, 2002 onwards the use of BMP-2 drastically increased from 0.7% to 24.9% and by 2007
it further increased to 50% (Ong et al., 2010). Another study reported recombinant BMP-2 as
an additive for a collagen sponge (Govender et al., 2002; Nordsletten, 2006). The BMP-2
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loaded collagen sponge resulted in speedy fracture healing in open tibial fractures.
Recombinant BMP-7 was reported to have an 82% successful healing rate in the United
Kingdom (653 subjects), which included open fractures, non-unions, periprosthetic fractures,
free fibular grafts etc (Giannoudis & Tzioupis, 2005). The BMP administration was also
associated with stimulation of angiogenesis and reduced onset of infection (Nordsletten &
Madsen, 2006). Further, it was associated with the reduced operation and recovery time
which lead to exponential rise in use of BMP-2 as an alternative to autografts (Garrison et al.,
2007).

FDA approved 1.5mg/ml BMP-2 concentration for effective fracture healing, however,
the frequent use of BMP-2 lead to side effects such as ectopic bone formation (Carragee et
al., 2011; James et al., 2016). This happens due to premature leakage of BMP-2 out of fracture
site. Another common side effect of BMP-2 treated spinal surgeries is activation of osteolysis.
The osteoclast activity is increased leading to formation of osteolytic cystic lesions, implant
loosening or displacement (Burkus et al., 2002; James et al., 2016). Bone cyst formation,
inflammatory complications and risk of tumor formation were also recorded as adverse
effects of BMP-2. Though the administration of growth factors was found to be effective in
many studies but still the autologous bone grafts is considered to be a gold standard (Gautschi
et al., 2007). The current data shows that use of growth factors with an appropriate carrier
(collagen, polymer etc) can lead to the development of a non-invasive bone regenerative
technique. Further clinical studies and dose optimisation of growth factors is required

(Devescovi et al., 2008; Lieberman et al., 2002).

1.4.15 Biomaterials in Tissue engineering

Biomaterial or biomedical material is defined as “a material designed to take a form
that can direct, through interactions with living systems, the course of any therapeutic or
diagnostic procedure”. And the tissue engineering is defined as “the use of cells, biomaterials
and suitable molecular or physical factors, alone or in combination, to repair or replace tissue

to improve clinical outcomes”. Tissue engineering and biomaterials are correlated.
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Tissue engineering using biomaterials having functional properties such as porosity to
promote cell attachment and regeneration is a key therapeutic approach for regenerative
medicine. Scaffold materials must be designed in a way that favours cell adhesion and
attachment on the surface as well as migration into the material and thus promotes
proliferation. The material architecture should provide a favourable microenvironment for
nutrient and growth factor transport. The scaffold material plays an important role in eliciting
the appropriate biological response. If the surface topography, degree of porosity and
interconnectivity is adequate it should result in enhanced tissue regeneration at the defect
site (Hollister, 2005; Hollister et al., 2005; S. Wu et al., 2014). Furthermore, properties such
as cytotoxicity, biocompatibility and biodegradation are also to be considered for designing
an ideal scaffold for specific applications. Depending upon the intended application, the
proposed materials need to be screened for chemical and physical properties. Nanoparticles
are defined as materials having at least one dimension of a size of <100 nm. Studies have
shown that nanosized particles have enhanced properties when compared with the same
material with particle sizes in millimetres. Recent advancement in research have been
focussed on controlled synthesis of biomaterials and investigations to better understand the
chemical and physical properties. biomaterials have many applications in a broad range of
fields such as cancer therapy, drug delivery systems, medical imaging, and electronics field

(Roduner, 2006; Tsuzuki, 2009).

1.4.16 Effect of Biomaterials on Bone Cell Differentiation and angiogenesis

Biomaterial properties such as surface properties play a significant role in interactions
with the biological environment. Surface properties can be divided into chemical and
morphological; morphological properties are very well studied and play a significant role in
implant integration. The biomaterial surface is capable of inducing or inhibiting cell adhesion
or proliferation for example a rough, porous surface facilitates cell attachment. Biomaterial
interactions with the biological environment are basically the interaction between surface,
cells, and proteins (matrix). This complex is of significant importance because it is the basis

for mineralisation. Surface properties of a biomaterial are involved in cytocompatibility, it is
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known that the same material with different surface treatments can lead to different
responses in a biological environment (Anselme, 2000).

High surface roughness is a morphological feature which assists cell adhesion. Better
cell adhesion generally assists better proliferation and matrix formation. Finally, bone
mineralisation happens as a result of enzyme and cell mediated processes. It is believed that
increased surface area (high surface porosity or roughness) of the biomaterial will promote
osteoblast proliferation and differentiation. Some studies performed on titanium implants
demonstrate higher surface roughness leading to better osteoblast attachment to implants,
and higher alkaline phosphatase, osteocalcin and TGF B activity which favour osteoblast
differentiation (Boyan et al., 2001; Morra, 2001). Studies of fibroblast cell culture on
Polystyrene & Poly (4-Bromostyrene) reported that moving from microscale to nanoscale
surfaces, cell adhesion and gene upregulation is increased. Nanoscale surface roughness
further improves the surface to promote osteointegration in bone tissue engineering.

Surface chemistry plays a significant role in cell adhesion and proliferation. Bioglass is
a perfect example of surface chemistry assisting cellular responses (Xynos et al., 2000).
Bioglass, when exposed to aqueous buffer solution undergoes a series of reactions which
results in formation of a layer of carbonated Hydroxyapatite. The layer changes the surface
chemistry of the bioglass and promotes osteoblast proliferation on site. Surface chemistry
can also affect protein adsorption and protein activity on the site which has profound effect
on osteoblast adhesion and proliferation. It is reported that the addition of a fluorapatite
layer over a hydroxyapatite surface changes the orientation of some proteins which are
involved in calcium binding, this process enhances cell attachment (Rezania & Healy, 2000).
The material sterilisation process is also of significant importance as inadequate sterilisation
techniques can alter surface properties. Thus, materials used in bone tissue engineering must
present appropriate signals at appropriate time scale. Surface properties should be
homogenous in order to induce effective cell attachment and functional differentiation

(McFarland et al., 2000; Rezania & Healy, 2000; Stephansson et al., 2002; Xynos et al., 2000).
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1.4.17 Synthesis of Nanoparticles

Nanoparticles can be synthesized via two approaches; Top down and bottom up. The
top-down approach depends upon the structural decomposition of bulk materials to
synthesise nano sized materials such as mechanical grinding, milling, etching and lithography
but these processes have limited control over the size of the particles, are energy intensive
and imprecise (Cao, 2004; Hornyak et al., 2008; Sebastian et al., 2014; Yu et al., 2013). The
bottom-up approach initiates at an atomic or molecular level. It utilizes precursors which
chemically interact and form nano sized particles. Such methods include dry methods, wet
methods, and high temperature processes. The dry methods include solid state and
mechanochemical methods, these processes promise high crystallinity but are limited to
micron sized particles. Wet methods include chemical precipitation, hydrolysis, and sol-gel,
these are most commonly used methods for nanoceramic synthesis as they give nanosized
particles, but limitations lie in terms of crystallinity which is variable and often difficult to
control. High temperature processes include the combustion method and pyrolysis methods,
they do give high crystallinity and nanosized particles but require high energy (Sadat-Shojai
et al., 2013). Such methods enable precise size control of morphology, hence the research
advancement is focussing on bottom up approaches for synthesis of biomaterials (Cushing et

al., 2004; Hornyak et al., 2008).

1.4.17.1 Zinc oxide Synthesis

Zinc oxide exists in a range of morphologies having high surface areas (sizes from
micrometres to nanometres). The morphologies may be in the form of thin sheets, nanorods,
nanowires, nanobelts, nanotubes, nanorings, flower like, multipods and tetrapods (Abd-Ellah
et al., 2016; Calestani et al., 2010; Chen et al., 2010; Gazia et al., 2012; Laurenti et al., 2014;
Pacholski et al., 2002; Shi et al., 2012). Zinc oxide is very easy to synthesise using various
synthesis techniques such as sol-gel, hydrothermal and sonochemical. To obtain nanorods &
nanowires generally a hydrothermal system is used and to obtain thin sheets solgel is used
(Baruwati et al., 2006; Dumontel et al., 2017; Kandjani et al., 2008). Zinc oxide has been
recognised as a safe material by the Food and Drug Administration, it is classified as GRAS

(generally recognised as safe substance). The FDA has approved the use of zinc oxide as skin
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protectants, color additive for drugs and cosmetics and food fortification. Zinc oxide can be
found in food products such as breakfast cereals, nutrition drinks/bars, food supplements etc.
Due to the ease of synthesis, biosafety and functional properties, zinc oxide is used
commercially in a number of cosmetics, health care products such as baby creams and sun
screens (Rasmussen et al., 2010). Furthermore, due to the optical properties of zinc oxide, it
is also used in the fabrication of biosensors. It has also been investigated that the electrical
properties of zinc oxide plays and important role in adsorption-desorption of biomolecules
which can be exploited for different biomedical applications and targeted therapy (Miccoli et

al., 2016; Sanginario et al., 2016; Zhu et al., 2016).

1.4.17.2 Zinc oxide in biological systems

Biocompatibility plays an important role when it comes to use of biomaterials.
Biocompatibility is defined as “the ability of a material to perform with an appropriate host
response in a specific application”. To evaluate biocompatibility of zinc oxide several
biological tests have been reported. A human osteoblast cell line was used to evaluate the
effect of microphase and nanophase zinc oxide, it was reported that the cells’ adhesion and
metabolic activity was significantly improved in the presence of nanophase zinc oxide which
further