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Figure 39 Cells attachment and growth analysis using resen cell viability assa
on synthesised porous scaffolds for 30 days. Data represantsan SD
n=3*3.

Chapter 4

Figure 4.1 XRD patterns of Zinc oxide and Zirconium doped Zinc oxideMKDH
B) 1M KOH as precursor.

Figure 4.2 The XRD peadhift due to Zirconium incorporation into the zinc oxic

lattice during the synthesis process.

Figure 4.3 Scanning Electron Micrographs of Zirconium doped Zinc oxide

nanoparticles at 23kx magnification.



Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Chapter 5
Figure 5.1
Figure 5.2

List of Figures

Transmission Electron Micrographs reweglmorphology of ZnO
nanoparticles and effect of Zirconium doping on nanopatrticle
morphology. A) ZnO_1 B) ZnO_2 C) ZrZnO1 D) ZrZnO2 E) ZrZnO:
ZrZn04 G) ZrZnO5 H) ZrZnO6
Cell Metabolic Activity of MG63 cultured in nanoparticle media
suspensin A)5ug/ml, B) 10ug/ml , expressed with absorbance unit:
mean+S.D, n=3*3, **** <0.0001.

Metabolic Activity of Y201 cells cultured in nanoparticle media
suspension (1Qg/ml), expressed with fluorescent units at Day 1, 7,
14, 21 and 28 days. mea5.D, n=3*3, **** <0.0001.

Effect of soluble products eluted from the scaffolds (when submer
in cell culture media for 14 days) The cells were in contact with ell
media for 24 hours. A) hBdPs, B) Y201, meanS.D, n=3*3.

Cell Seeding Efficiency after 16 hoursulmettion with Y201 cells. The
metabolic activity assay was performed to identify cells attached or
scaffolds andissueculture plastic. A) The scaffolds were transferred
new well plate before performing resazurin assay to evaluate the c
metabolic actvity on TCP and scaffolds. B) the percentage cell
attachment is shown with control (cells with standard media) being
considered 100%. ZrZnO5 incorporated scaffolds showed over 459
attachment. Data represents mearS.D, n=3*3.

Y201 Growthkinetic with Bioactive scaffolds containing ZnO_2
ZrZnO5 verses control PU &4PlA. Data represents mearS.D, n=3*3,
% <0.0001.

Y201 proliferation kinetic with bioactive scaffolds containing 1%, 3!
and 5% PWHAZnO_2 and 1%, 3% aB#h PUHAZrZnO5 verses

control.

XRD pattern of Zinc oxide and Copper Doped Zinc oxide.
The appearance of another phase due to copper incorporation duri

the synthesis process is shown in this XRD pattern.



Figure5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Chapter 6

List of Figures

Peak match of new Phase with PDF0d@ 158 which is referred to
Copper Oxide.
SEM micrograph of CuzZnO1, CuzZnO2, CuZnO3 at 6.00kx magnifi
and CuzZnO4, CuzZnO5 and CuzZnO6 at 23kx magnification.
Transmission Electron Micrograph captured at 23kx. at higher Cc
contents agglomeration of nanoparticles is visible.
Metabolic Activity of MG63 cultured in nanoparticle media suspens
(A)(5pg/ml),(B) (1Qug/ml), expressed as resazuribsmrbance units,
mean etc at Day 1, 3, 5 and 7. Data represents me&rD, n=3*3.
Metabolic Activity of Y201 cells cultured in nanoparticle media
suspensions (1Qg/ml), expressed as fluorescent units of resazurin i
Days 1, 7, 14, 21 and 28 of culture. Data represemgan SD, n=3*3
Effect of soluble products eluted fmothe scaffolds (when submerge:
in cell culture media for 14 days) A) RE8s cell line. B) Y201 cell lin
The data represents. meanS.D, n=3*3, **** <0.0001 of resazurin
fluorescence units measured after 24 hours exposure with elute:
media.
Cell Seeding Efficiency after 16 hours of incubation with Y201 cells
metabolic activity assay was performed to identify cells attached
scaffolds and tissue culture plastic. A) The scaffolds were transferr
new well plate before perfioning resazurin assay to evaluate the ce
metabolic activity on TCP and scaffolds. B) the percentage cel
attachment is shown with control (cell with standard media) being
considered 100%. CuzZnOS5 incorporated scaffolds showed 80%
attachment. Data regesents meart S.D n= 3*3
Y201 cells Proliferation kinetic with Bioactive scaffolds containing Zr

and CuzZnO_5 verses control PU &HPAI (****p<0.0001)



Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

List of Figures

FTIR absorbance Spectra oflRAZinc oxide_2 composigzaffold
showing characteristic peaks for PU and Hydroxyapatite. Data
represents mean (n=5).
Stacked FTIR absorbance Spectra eGHARZNnO 2, PUHACezZnO5, RPU
HAZrZnO5 and RPHA-CuZnO5 composite scaffolds. All spectra we
found to have charaetistic peaks for PU and Hydroxyapatite.
Scanning Electron Microscope micrograph showing porosity
distribution in PU, PBIA, PLHAZNO_2, PUHACeZnO5, RHA
ZrZnO5 and PHACuzZnO5
Tensile properties of composite polyurethane scaffolds. Sstess
relations of cerium, zirconium and copper doped Zinc oxide
incorporated scaffolds confirms differences in tensile strength
compared to unmodified Polyurethane scaffolds. Stress Vs Straies
of PU, PtHA, PLHAZNO 2, PHACeZnO5, PHAZrZnO5 and RU
HACuZnO5 werproduced n=5
SEM micrographs of cell attachment on Polyurethane porous scaff
Cells were seeded on scaffolds overnight. The scaffolds were
dehydrated the ext day and SEM analysis was performed at a
magnification of 1000x.
Cell Seeding Efficiency after 16 hours incubation with Y201 cells.
metabolic activity assay was performed to identify viable cells attac
on scaffolds and Tissue Cultylestic. A) The scaffolds were
transferred to new well plate before performing resazurin assay.
the percentage cell attachment is shown with control (PUHALR PU
HAZnO_2) being considered 100%. CuZnO5 incorporated scaffc
showed 80% cell atdoment. Data represents mean+S.D, n= 3*3
Cell metabolic activity assay showing the proliferation of Y201 cel
on composite scaffolds for 30 days. Data represe3b, *p<0.05. n=3*
Cell metabolic activity assay showing the lgepation of Y201 cell line
on composite scaffolds for 30 days. (A) in Basal Media. (B) in Ostec

Media. Data shows SD, n=3



Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

List of Figures

Measurement of ALP enzyme activity in the Y201 cells seeded on
Scaffolds incorporated with Polyurethane, Polyurethane
Hydroxyapatite, Polyurethane Hydroxyapatite Zinc oxide, Polyuretf
Hydroxyapatite CeZnO5, Polyurethane Hydroxyapatite ZrZnO5 anc
Polyurghane Hydroxyapatite CuZnO5. Data represent me&m,
n=3*3.
A) Standard curve for VEGF. B) Vascular Endothelial growth f
(VEGF) release from Y201 cells attached to porous scaffolds
secreted VEGF concentrations were evaluated inl amllture
supernatants at Day 14 and Day 21 (n=3) using VEGF ELISA Kit.
Schematic of cell adhesion to the surface. A) Initial attachment of ¢
and surface. B) Flattening or cell onto the surface C) Fully spreadil
cells on the surface.
MG63 cell attachment on micro and macrorough surfaces. A) 0.2 n
pores B) 0.4mm pores C) 1.0 mm Pores D) 3.0mm pores E) 5.0mn
pores F) 8.0mm pore. Image is used under Creative Commons
Attribution-NonCommerciaShareAlike3.0 License(S. J. Lee et al.,
2004)



Chapter 2
Table 2.1
Table 2.2

Table 2.3
Table 2.4

Table 2.5

Table 2.6

Chapter 3
Table 3.1

Table 3.2

Table 3.3

Table: 3.4

Chapter 4
Table 4.1

List of tables

List of Tables

List of materials used in the experiments

The concentrations of precursor solutions and dopant quantities use
synthesise Zinc oxide, cerium doped Zinc oxide, Zirconium doped Zinc
and Coppedoped Zinc oxide.

The XRD parameters used to analyse the Zinc oxide samples.

The nanoparticle suspension preparation from stock solution for cell meta
activity assay.

The type of media used for making cell metabolitivity assay working
solution for different cell types used in the study.

The method development for scaffold synthesis. A number of scaffolds
synthesised and tested to identify the appropriate solvent, polyn

salt/porogen concentrationgd freezing temperature.

The mean surface area and mean particle size of Zinc oxide and Cerium
Zinc oxide nanoparticles obtained using Dynamic Light scattering, Brun
EmmettTeller (BET), andRay Diffraction Analysis. n=3

The Raman spectra peak characterisati

Cell metabolic Activity difference on hlE®s due to CeZnO5 nanopartic
suspension as compared to only cells with standard media and Z
suspension.

Cell metabolic Activity differences between Y201 cells on poswasfolds
incorporating HA & CeZnO5 nanoparticles in comparison with scaf

containing only HA or HA and ZnO_2 as controls.

Physical properties of nanoparticles



Table 4.2

Table 4.3

Chapter 5

Table 5.1
Table 5.2

Table 5.3

Chapter 6

Table6.1
Table 6.2

List of tables

Cell metabolic Activity difference on {#MPs due to ZrZnO&anoparticle
suspension as compared to only cells with standard media and Z
suspension.

The cell metabolic Activity difference (Y201 cells) due to ZrZnO5 incorpc
scaffolds as compared to only A and PtHAZnO 2 scaffolds

The patrticle size calculated using different techniques

The cell metabolic activity difference (Y201 cells) due to CuzZnO5 as corr
to standard media and ZnO_2

The cell metabolic activity difference (Y2tHls) due to CuzZnO5 incorporatt

scaffolds as compared to only A and PtHAZnO_2 scaffolds

The FTIR peak analysis for Polyurethane porous scaffolds.

Mechanical properties of porous scaffolds calculated from stresgstrave

1C



Abstract

Abstract

Zinc oxidecontaining bone regenerative scaffolds have great potential in bone tissue
engineering sinceinc oxidenas multifunctional properties and is one of the most researched
metal oxide. Zinc oxidehave 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 growtltdifferentiation, and angiogenesis. Within this thesis, cerium,
zirconium and copper dopedinc oxids were synthesized using et@endly 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
83nm (ZnO 2) to &nm (ZZn(b). The porous polyurethareydroxyapatite scaffolds
containing dopedzinc oxide were fabricated using freeze extraction salt leaching process.
The 1% C&0b5, ZZn0b5 and CidnO5 was added to polyuretharleydroxyapatite scaffold.

The cell seeding efficiendata revealed 60% cell adhesion for-AB-CeZnO5 scaffold, 45%
cell adhesion for PBHAZIZnO5 and 80% for PBIACWnO5 scaffolds when compared with
PU only or PWHA and PtHAZnO 2. The cell metabolic activity assay revealed highest cell
metabolic activiy for scaffolds incorporated with dopegihc oxidenanoparticles. The raised
ALP levels were also detected with dopakc oxideincorporated scaffolds which is an early
marker for bone regeneration. The current data suggested that the daped oxide

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

1.1 Introduction

Craniofacial Bone is a highly vascularized tissue and its repair and regeneration is
challenging, especially when the network of blood vesselsigplied due to disease or injury
making the healing extremely difficult. Such injuries result mainly fraonma,which disrupts
the complex network of blood vessels, resulting in lack of blood supply to-fusneng
osteoblasts and a delay in the healipgocess. 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 vesgBtamfeld et al., 2010)The currently
available scaffolds for craniofacial reconstruction do not indaiegiogenesis (formation of
blood vessels) instead they rely on the inflammatory healing response that results in
insufficient oxygen and nutrient supply, hence resulting in-naiform cell differentiation
and cell deati{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- thre
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 ékegacellular (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 boregeneration applications.

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

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

induce upregulation of fibroblast growth factor (FGF) and vascular endothelial growtr fact
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Introduction

(VEGF) which result in angiogenesis and osteoge(®sgustine, Dominic, et al., 2014b}

TCP andzinc oxidecontaining scaffolds have been found to upregulate bioactivity and
AYLINR DS YSOKIYAOFf &G NSgPsiakoldibric Fohg € al.YAal4NS R
Macchetta et al., 2009)NaneHydroxyapatite mimics natural bone mineral, addition of HA to
scaffolds has been shown previously to upukate osteogenic gene expression and
osteogenic cell attachment to surfacésluang et al., 2013; Im et al., 2012A when

02 Yo Ay SRCPasesliltkin more hard bewith upregulation of the Collagen type | gene,
resulting in more calcification as compared to HA al@®elaiman etl., 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 dope zinc oxidenanoparicles The dopants used in this
study are cerium, zirconium and copper. This thesis is focussed on exploring the role of doped
zinc oxids on cell metabolic activity and scaffold properties. This is the first study reporting
the cell netabolic activity of dope@inc oxidenanoparticles and their comparison between
themselves. The cerium, zirconium and copper dopi@d oxidencorporated scaffolds were
tested for cytotoxicity, metabolic activity, and potential bone regenerative material 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 synthesizint oxideand doped zinc
oxidewhich works on the principle of green technology and is highly efficient. Fabrication of
craniofacial scaffolds will be carried out using a solvent castatiggjeaching process.

In addition, it is envisaged that copper, cerium and zirconnould interact with the
lattice structure ofzinc oxidewhich 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 loadedith doped zinc oxidecan be synthesised with
appropriate morphology to act as a bone tissue engineering scaffolds. Such scaffolds will be
non-toxic to differentiating bone cells and supporttleellular synthesis of the prangiogenic
growth factor VEGF.

It is hypothesised that incorporation @inc oxideand dopedzinc oxidei.e. cerium
doped zinc oxide copperdoped zinc oxideand zirconium dopedinc oxidewill result in a
change m properties compared to those ainc oxidealone, which would lead to a unique
biological properies of the final scaffold. Dopedinc oxidewill upregulate cell metabolic

activity of osteogenic precursor cells and raise ALP activity, an early markstéogenesis.
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Aims and Objectives

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 prodeess

angiogenic/osteogenibone repairand preclinical testing.

1.3.2 Aim:

The main aim of the work presented in this thesis was to explore the properties of the doped
zinc oxidedeveloped by a continuous hydrothermal flow system. The cytoxicity or cell
metabolic activity analysis of cerium, zirconium and cogiec oxidenanoparticleshavenot
previously been evaluated. Trnis research, the cell growth kinetic and cytoxicity in response
to dopedzinc oxidenanopowders 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 {emm 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 characterisationahc oxideand dopedzinc oxidenanoparticles.

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

b. Different mole percentages of dopants were introduced during sgsithi.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 thasulted in high cell metabolic activity were

selected for scaffold synthesis.



Aims and Objectives

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\ftotoxicity.

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 anghger dopedzinc oxidewvas performed to

identify potential nanopatrticles 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. Mechanicakfare 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 bonehgghly porougWolff, 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 alignment.

Trabecular or cancellous bone: Trabecular bone is also knowoagyonebecause
of high porosity Trabecular bonas composed of meshwork fibres called trabeculae. Red
bone marrow is present between the trabeculae whprieduces 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 coarpd to compact bone and it reduces the weight of
skeleton to allow the smooth movement of bonédollinger et al., 2004)Depending on
where it is in the bodytrabecularbone may also contain lew 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 bonémage 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 exter@al forces that can lead to deformities. It is composed of compact and
trabecularbone in the form of three layers. The two rigid bony layers formed of compact bone
sandwichingrabecularin between are also known as dipqBeSaix et al., 2013; Hollinger et
al., 2004ifig 1.2).
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Figure 1.2Three layered skull bone structure. Reprinted u@teative Commons Attribution

License 4.0 licengPeSaix et al., 2013)

Periosteum
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The skull is divided into frontal, occipital, temporal and parietal regions. Theaehp
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 parietgioms are
constitutively identical despite variations in geometfig. 1.3) During aging, the bones of the
02Re& NBRdzOS Ay RSyairidexr odzi GKFEGQa y20 GKS C
of a high proportion ofcompact bone, which is less affected by bone resorption than

cancellous bon¢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 thredimensional 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, osteogerits, and osteoclastgfig.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
hydroxyapatitebased calcium salts around and embedded in thiéagen fibres. The osseous
matrix contains bone celgsteocytes which are present within lacunae and lacunae are

present around the blood vessdRizzo, 2015)
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Figure 14: The microstructure dfabecularbone. Reprinted under Creative Commons
Attribution 3.0 LicensESetiawati & Rahardjo, 2019)

1.4.2.2 Bone Matrix

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

Ca(PQ).; +Ca(OH) — > Cao(PQ)s(OH}

Formation of physiological hydroxyapatite crystals induces therpaoration 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 demw and twisting forces.
However, one thirdby 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 thdeposition of Hydroxyapatite crystals in a

geometrical fashio Y 2 02 R1 A S 2 &(flates &hdi rods)f(§5). Thisi pratein crystal
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complex enables bone to tolerate compression, tension and bending/twisting forces, hence

prevents it from shattering under loading.

g -.\M %,ﬁi‘
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< ///“‘1 A\
osteons collagen fibers microfibrils apatite crystals
MACRO < > NANO

Figure 15: Arrangement of apatite crystals on collagen fibres. Image is used under Creative

Common CC BY licerc&y 2 U Zi&dt 4. 2828)

Hydroxyapatitesynthesisand 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. Photacoustic Fourier transform infradg(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 altapiaaterial
as compared to hydroxyapatite for craniofacial reconstruc{i®aker et al., 2002)t has been
found to degrade at low acidic environments via osteoclast resorption and promotes bone
regeneration within the bone graft without the formation obfous tissugRahyussalim 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 boe#s: osteocytes, osteoblasts,

osteogenic cells and osteoclasts. Osteoclasts are present in the blood and reevbied
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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, nwdmt
lamella, pocket like structures are present called lacunae inhabited by osteocytes. One
osteocyteresides in each lacuna. Osteocytes are basically mature bone cells and lack the
ability to divide. All lacunae are connected with one another, with thegrm and to the
vascular system (Fig4). The vascular system is composed of a network of neveass,and
arteries responsible for nutrient and oxygen exchange (Fig 1.1). This system is connected via
a small tubular network of canaliculi which contée 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 aldavolved in the diffusion of the nutrients and waste products
(Setiawati & Rahardjo, 2019)

Osteogenic cells or osteoprogenitor cellSsteogenic cells or osteoprogenitor callgginate

from mesenchymastem cells(MSCs)present in a small number in bone tisslitese stem

cells differentiate into bone, fat, cartilage and muscle. So far no identifying markers have been
detected for stem cells to differentiate into bor({@ignolo, Robert J., Kaplan, 2008)SCs
differentiates into osteogenic progenitor cells which later differentiate into osteoblasts

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

OsteoblastsThe osteoblasts are differentiated form of osteoprogenitor cells which originate
from pluripotent mesenchymal stem cells of the bone marr@ohamed, 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 @dag early stage organic matrix
called osteoid. Osteoid is then mineralised by deposition of the calcium phosphagesl salts
65S{IAE Si | f®Z HAwmOFtecodBDEIRDIA tBedokd] ihcredsé of thd =
calcium phosphates above solubility level to aid their deposition in the organic matrix. This
process converts osteoid to mineralised bone.gdblasts differentiate to osteocytes as they
become embedded in this matrfHollinger et al., 2004)Osteoblasts, in general, facilitate

mineralization which results in bone formation. They ddogathree developmental stages;
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proliferation, matrix maturation and mineralisatigkarsdal et al., 2002; Katagiri & Takahashi,
2002)

Bone lining cells andOsteocytes:When is bone it in resting state i.#.is not undergoing
formation or resorption, it is covered bilattened bone lining cells which prevent the bone

from osteoclast activity. These apmst proliferativeosteoblasts which can become active
osteoblasts in response to adegfie bone formation signal (injury etc.). The osteocytes are
postproliferative mature osteoblasts which are entrapped inside the batmut 90% of all

bone cells are osteocyte$heseare present in lacunae and finely distributed via. Canaliculi

in all drections. 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 iasulinlike growth factorl (IGH) and
expresc-fosin response to mechanical forcé@dohamed, 2008)Osteocytesare involved in
maintaining the protein and mineral content of the bone matrix. Osteocytes are mature bone
cells and lack thebility to dividgWolff, 1870).Someresearchers 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 alystHowever,

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 lacunagollinger et al., 2004)

Osteoclasts:Osteoclasts are derived from macrophagenocyte cell.Osteoclasts are the
largemultinucleated phagocyticells which are responsible for bone resorptidhey migrate
from bone marrow to required specific skeletal site, either fuse with existing osteoclasts or
remain as mononuclear cells for future recruitmgiMohamed, 2008)These cellssecrete
protein digesting enzymes which break down the protein matrix and acid to dissolve the
stored minerals. These are then released into the vascular sygieamaintain the calcium
and phosphate ratio in the body fluids. The process is known as gsiealr 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 bortkegibecomes weak or

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

Osteoblasts and osteoclasts are continuously working to meet functional
requirements of the bone. Bone development is divided into two mphocesses:
Intramembranousossification:this happens in the development of the mandibheaxilla and
skull bones; where bones form from mesenchymal connective tissue.

Endochondral Ossificationin this type of ossification prexisting hyaline cartilage is
replaced by bone tissu@eSaix et al., 2013; Floren&dva et al., 2015etiawati & 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 differentiat@io 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 bonelaydtied.

The rate of formatiorof 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 relin the production of extracellular matrix and chondrocyte
proliferation and differentiation respectively in endochondral ossification, mutations in
FGFR3 lead to dwarfism. Bone development is aseelldinated event which results due to
VEGF, FGF, BM@ad other signalling pathwaySetiawati & Rahardjo, 2019; Wolff, 2010)

Bone growth is initiated by perichadnum and tissue forming interzones which lead
to an increase 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 specifiarrangement. 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 tlffeneditiate
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 fagt (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 gpertrophic 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:

¢KS NB3IdzE FGA2y 2F 02yS F2NXNIGA2Y 61 a4 RSAONAO
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 kif@etrthat 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 formattweryday mechanical strains are
expressed in terms of microstrains. The strains lie between minimum and lower effective
strains which were calculated to be approximately 12800>Cand 50200>Crespectively
(Fuchs et al.2009) Within this window bone resorptioequalledbone 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 bares g0
FRIFLIWG G2 yS6 YSOKFIYAOFf SYy@ANRBYYSYyGd ! 002 NR.
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 hedaced bone density
hence leading to reduced strengivolff, 1870)

The fracture nature ipaediatricsand adults is similar and so is the healing in terms
of healing phases. The fractured bone go through three phases 1) inflamn2fi@paration
and 3) remodelling, before it is completely healed. The difference lies between tisitylef
the bone. Thepaediatricbone 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 laygasuular 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 acmmates 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 fixativesised for bone union (for fracture repai@ye crucial as they must
have optimal rigidity or mechanical stiffness close to natural bone. Sthalesssteel
implants for lower loaebearing extremities is recommendedhave 4353% 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 fixadraefracture of the bone
after implant removalBurke & Goodman, 2008)n case of paediatric fractures, the bone

union stepmustbe 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 togethéis soon as the mechanical signal is received,

the fracture ste undergoes a cascade of chemical signals. Asuat, a number of growth

Tl OG2NAR INBE NBfSIaSR ¢6KAOK | FFSOG (G(KS 2aa6Gs

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 BME BMP4 and BMP7 (Karsdal et al., 2002; Katagiri & Takahashi,
2002) It has been studied that the BMPposes a significant impact on healing of critical sized
bone defects in animal species which makes it promising for bone tissue engineering
(Liebeman et al., 2002)
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MdndndH C¢NI YaF2N¥YAY3I DNRgGK CFOG2NII o6¢DC i 0
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on osteoblasts which under certain circumstances aid cell differentiation. But the process
overall is complicated and not clear. It was analysed that to providefisaymti differentiation
I @SNE KAIK O2yOSYyiN)r A2y 2F ¢DC i Aa NXBIdz
requirement of higher concentrations makes it less favourable for bone tissue engineering

(Bonevald, 2002; Karsenty, 1999)

1.4.4.3 Fibroblast growth Factor (FGF), Insulin Like Growth Factel)(EsPlatelet derived
growth factor (PDGF)

Bone formation involves a cascade of processes involving FGE,d@F PDGF as
assistive factors. FGBpecifically FGE and FGHAS8 are involved in promoting osteoblast
proliferation. FGFs have no role in osteoblastic differentiation. However] i&fl PDGF are
involved in osteoblastic proliferation and differentiatigiiubota et al., 2002;-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 isaery 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 indusecellular proliferation. Hypertrophic chondrocytes produce Type

X Collagen and VE@AHich lead to the onset of endochondral ossification and vascularisation
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respectively. Parathyroid hormone related protein (PTHrP) induces the differentiation of
mesenchynmal 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 furmets. 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,
aS01St Qa OltiNrk fat 68h Sveel i Ihidard 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 caiftcation 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 formgti@misenty, 1999; Katagiri & Takahashi,
2002)

1.4.6. Parietal and Frontal Bone

Skull bone deviepment 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 athe 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 icediby
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 regiwist expression was reported
whichis 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 ani$t. Low levels of FGF are associatéithwhe 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 multistep process invalng 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, howevepsteopontin expression is recorded in mature osteoblasts in contact
with the osteoid. FGFR1 functionatil the completion of differentiation. The parietal bones
grow rapidly till they reach a definitive shape, followed by slow growth till birth time. Th

frontal sinuses are formed postnatallilarsenty, 1999)

1.4.7. Angiogenesis

In the last decade, enormous research is being carried out regarding the importance
of vascularisation in bone 8ge 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 defecrepair and regeneration.

Angiogenesis is defined as the propagation of blood vessels from -ax@#ng
network of blood vessels. The process starts in the embryo and continueedth 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 angiogenesk as physical
activities, leading to angiogenesis in skeletal musctiesvever,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 disordérs A St SYoSNH 3 5Q! Y2NB=X
Folkman, 2008)
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1.4.8. Origin oAngiogenesis

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 tcegilse 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 @éspment of blood vessels in the embryo; the process

is known as vasculogenesis (fig)11t undergoes complex cell to cell and cell to extra cellular

(L0
%

& o Angioblast Endothelial Cells
Mesodermal Stem  Hemangioblast
Cells
Hematopoetic Hematopoetic
Stem Cells Cells

Figure 16: The process ofasculogenesis. Timeesodermal celldifferentiates 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 furtheriGrowt
factor signalling differentiate into endothelial cells and results in formation of de novo blood

vessel synthesis called vasculogenéRisau, 1997; Schmidt et al., 2007)

21



Chapter 1

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 factoraatddas a
proangiogenic. Sprouting is initiated in response to a hypoxic environimemvhenever a
tissue is deprived of oxygen it induces hypoxia signals which enable parenchymal cells to
secrete VEGF which further initiates the sprouting angiogenasisess. 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 spraiting starts with two types of cells; tip cells which are spoliferating 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 dewthe
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. Endsitéil 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 soufithe 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 agurs 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
celkcell signalling(Carmeliet et al., 2009; Chien, 2007; Gerhardt, 2008; Horowitz & Simons,
2008; Ruhrberg et al., 2002n&ll 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 easittighelial cells
instead ofde novovessel 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 bifurcatiopyuning of larger vessels and arteries.

Intussusceptive angiogenesis commonly occurs in choroid of eye, vascular baskets
around glands, intestinal mucosa, kidney, ovary, uterus, skeletal musedet, 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 formafialfilto
the demands of the tissue. Extensive studies have been performed on skeletal musiales
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 angiogenesiss studied in endurance training; it increased the
metabolic activity of the skeletal muscles which stimulated angiogenesis-teongmuscle
inactivity reduced skeletal muscle metabolism and lead to deterioration of muscle vasculature
(Terjung et al., 2002; Wagner, 2001The 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 stiasulated along
with major artery formation in the embryo. However, micro vessel growth was inhibited when
the chick was exposed to a hyperoxic (high oxygen) environ(n&dair 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 retmagkulature.

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 f4&Gf), Angiopoietin,
Fibroblast growth facte® (FGR), Transforming Growth Factor beta (FGB = | @ LR EA |
inducible factorl (HIF1) and inducible nitric oxide synthase (iINOS). An oxygen deficient
environment can also control anti angiogenic factors suabk endostatin and

thrombospondinl ( 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 suels mitochondrial electron transport, NADPH oxidase, xanthase
oxidaseand Nitric oxide synthaseROS chemically aseiper oxidesor hydrogen peroxids
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 releaseyrtioess is
complex and limited success has been achieved regarding the modulation of ROS as a
therapeutic agent. At low levels of ROS, it triggers-E@#Hease and induces the binding of
growth factors to their receptors which lead to angiogenesis slgugainitiation. Along with
angiogenesis, ROS also enhances endothelial cell permeability and cell adhesion. However,
higher ROS levels are involved in inhibition of angiogenesis, necrosis and apfptasiada

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

1.4.12. Angiogenesis and Osteogenesis

A functional vascular system is very important for any process irhtimean 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 incri@sesscade 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 theermalisation 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 endotheligdowth 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
andindirectlythrough endothelal cells (fig. 7). The endothelial cells upon activation induce
angiogenesis which results in recruitment of growth factos, trients and bone building
minerals on site which indirectly induce osteogengSlshipani et al., @9; Stegen et al.,

2015)
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Figure 17: Regulation of angiogenesis and osteogenesis in response to oxydenlow
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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 osteogenesiadoessful 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 accidentsstAMo@0

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 injuri€dones, 1997)The increase in incidence of facial
fractures has also been reported in England, Germagtherlands,and Norway; it is
increasing by 7% in terms of admissions to hospitals for skull or facial fra(Rirgs, 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 because of
trauma. The fractures can be of varying types such as linear, comminuted, depressed or
stellate form which are mainly aged 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 debricement 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, infibital fractures, and maxillamandibular fractures(Rizzo,
2015)

Over the past decades, significant advances have been carried out in terms of research
and management for trauma patms suffering from craniofacial injuries. Such injuries are a
leading cause of deathjisability, and psychological effects. The craniofacial region has
significant importance in terms of function and aesthetics. Therefore, the approaches based
on advancedechniques 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 andeegration

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 wedlerstoodyet. Several
studies have been performed on the use of growth factors for fracture repair and
regeneration. Transforming growth fact®eta TGF A & LINBaSyd Ay 02y S:
cartilage and has been found in increased levels during thiy &acture healing period. The
effectof TGF 2y FNI OGdzNBE NBLI AN gl a Ay@SaidAiadal dSR
10ugTGF 6l a I RYAYAAGSNBR F2NJ I RdzNY GA2Y 2F aAa
formation was recorded. However, no difference was seen in bone mineral content or bone
thickness. With adose afugof TGF = & A AYATFTA Ol yi A yEmdythdetea Ay Y
seen as compared to controfkind et al., 1993) Anotherstudy reported the use of 4 or 40
ngTGF Ay2SOGSR Ayid2 NIGa 6AdGK {AmgidmorBthded i dzNB &
a significantincrease in ultimate strength as compared to the group which received 4 ng
(Nielsen et al., 1994)t was also reported that stable mechanical constigcilso necessary
alongwiththe TGF R2aS® ! 6aSyO0S 2F adGlotS YSOKIYyAOLf
and bone formation even with a high dose of #GF 6 c n(@ritcfad (et al.1995) The
current research involved different models and different doses; hence it is difficult to

conclude the clinical significance of FGfLieberman et al., 2002)

BMR2is a merherof TGFI g KA OK Kl a | KdzZAS AYLI OG Ay
as it induces osteogenesis when implantecxtra skeletakoft tissue. It was discovered by
Marshall R. Urist in 1968BMP2 and BMP7are being employed for clinical studies. BERIP
injedion at a fracture site in a rat model resulted in accelerated healing. Recombinant human
BMR2 was found to be effective for patients with resistant aemons. Recombinant BMP
was delivered, bound to allogenic bo@ohnson et al., 1992BMR2 was FDA approved as
an alternative to autograft for tibial anunions and maxillofacial reconstructions. In united
States, 2002 onwards the use of BidErastically increased from 0.7% to 24.9% and by 2007
it further increased to 50%Ong et al., 2010Another study reported recombinant BMPas
an additive for a collagen spond&ovender et al., 2002; Nordsletten, 2006he BMR2
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loaded collagen sponge resulted in spgefracture healing in open tibial fractures.
Recombinant BMHF was reported to have an 82% successful healing rate in the United
Kingdom (653 subjects), which included open fractures;unuons, periprosthetic fractures,
free fibular grafts etc(Giannoudis & Tzioupis, 2005)he BMP administration was als
associated with stimulation of angiogenesis and reduced onset of infe(flordsletten &
Madsen, 2006) Further, it was associated with the reduced operation and recovery time
which lead to exponential rise in use of BMRs an alternative to autograf(&arrison et al.,
2007)

FDA approved 1.5mg/ml BMPconcentration for effective fracture healing, however,
the frequent use of BMR2 lead to sideeffects such as ectopic bone formati¢Garragee et
al., 2011; James et al., 201®his happens due to premature leakage of BMt of fracture
site. Anotheé common side effect of BMP treated spinal surgeries is activation of osteolysis.
The osteoclast activity is increased leading to formation of osteolytic cystic lesions, implant
looseningor displacement(Burkus et al., 2002; James et al., 20B)ne cyst formation,
inflammatory complications and risk of tumor formation were also recorded as adverse
effects of BMP2. Though theadministration of growth factors was found to be effective in
many studes but still the autologous bone grafts is considered to be a gold staj@autschi
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-mwasive bone regenerative
technique. Krther 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

CA2YEFGSNRALFE 2NJ 0A2YSRAOFE YI GSNRaformA a RS
that can direct, through interactions with living systems, the course of any therapeutic or
RAFIAy2a0GA0 LINPOSRAINBéd ! yR GKS GA&d&adzS Sy3aays
and suitable molecular or physical factors, alone or in combinatmrepair or replace tissue
G2 AYLNRGS Ot AyAOIrf 2dzi0O2YSaéd ¢AaadzS SyaAaysS
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Tissue engineering usifgomaterials having functional properties such as porosity to
promote cell attachment and regeneration is a key tiggatic approach for regenerative
medicine. Scaffold materials must be designed in a Wy favourscell 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 @@y 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., 20&d)thermore, properties such
as cytotoxicity, lmcompatibility 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 propelawparticles
are defined as materials having at least one dimension of a size ofrel08tudies have
shown that nanosized particles have enhanced properties when compared with the same
material with particle sizes in millimetres. Recent advancement in research hese b
focussed on controlled synthesislmbmaterialsand investigations to better understand the
chemical and physical propertiesiomaterialshave many applications in a broad range of
fields such as cancer therapy, drug delivery systems, medieajing and electronics field

(Roduner, 2006; Tsuzuki, 2009)

1.4.16 Effect of Biomaterials on Bone Cell Differentiation and angiogenesi

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 afisegmti role in
implant integration. The biomaterial surface is capable of inducing or inhibiting cell adhesion
or proliferation for example aough, poroussurface facilitates cell attachment. Biomaterial
interactions with the biological environment are $ieally 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 mterial with different surface treatments can lead to different
responses in a biological environmdainselme, 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 processeseligved 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 dskest attachment to implants,
FYR KAIKSNI Ff1FfAYS LK2aLKIGFasSz 2aiGdS5S20Ft OA
differentiation (Boyan etal., 2001; Morra, 2001)Studies of fibroblast cell culture on
Polystyrene & Poly (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 respopXg®os et al., 2000)
Bioglass, when exposed to aqueous buffer solution undergoes a series obnsaathich
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 #ite 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 anbes cell attachmen(iRezania & 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 é)al., 200
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1.4.17 Synthesis of Nanoparticles

Nanoparticles can be synthesizeid 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 energgiugen
and imprecisgCao, 2004; Hornyak et al., 2008; Sebastian et al., 2014; Yu et al., P04 3)
bottom-up approach initiates at an atomic or molecular level. It utilizes precursors which
chemically interact and form nano sized particles. Smelthods 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 chemgpeatipitation, hydrolysis, and sgkl,
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 process include the combustion method and pyrolysis methods,
they do give high crystallinity and nanosized particles but require high eri®apatShojai
et al., 2013) Such methods enable precise size control of morphology, hence the research
advancement is focussing on bottom uppaoaches for synthesis bfomaterials(Cushing et
al., 2004; Hornyak et al., 2008)

1.417.1Zinc oxide&Synthesis

Zinc oxideexists in a range of morphologies having high surface areas (sizes from
micrometresto nanometreg. The morphologies may be in the form of thin sheets, nanorods,
nanowires, nanobelts, nanotubes, nanorings, flower like, multipods and tetraf@datsEllah
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., 201Znhc oxideis very easy to synthesise using various
synthesis techniques such as-gel, hydrothermal and sonochemical. To obtain nanorods &
nanowires generally a hydrothermal system is used and to obtamgheets solgel is used
(Baruwati et al., 2006; Dumontel et al., 2017; Kandjani et al., 2Q083 oxidehas been
recognised as a safe material by the Food and Drug Administration, it is classified as GRAS

(generally recognexd as safe substancéllhe FDA has approved the useziot oxideas skin
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protectants, color additive for drugs and cosmetics and food fortificatfonc oxidecan be

found in food products such as breakfast cereals, nutrition drinks/bars, food suppleratmt

Due to the ease of synthesis, biosafety and functional properizes; oxideis used
commercially in a number of cosmetics, health care products such as baby creams and sun
screeng Rasmussen et al., 201®urthermore, due to the optidgroperties ofzinc oxide it

is also used in the fabrication of biosensors. It has also been investigated that the electrical
properties ofzinc oxideplays and important role in adsorptiesiesorption of biomolecules
which can be exploited for differemiomedical applications and targeted theraficcoli et

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

1.4.17.2Zinc oxiden biological systems

Biocompatibility plays an important role when it comes to use of biomaterials.
. A202YLI GAOAfAGE AAa R SaFta peSoRrn witdan éapprpBatelhosh £ A G &
NBaLlRyasS Ay | &l evaldate Oiocdmipdtiliility Ofing oxady several
biological tests have beemported. A human osteoblast cell line was used to evaluate the
effect of microphase and nanophag@ec oxid€ AU ¢+ & NBLR2NISR GKFG G
metabolic activity was significantly improved in the presence of nanopiaseoxidewhich
further led to improved protein interaction due to high surface af€alon et al., 2006)n
another study, zinc oxide nanoflower morphology andidnc oxide flat thin films were
compared for improved biological response in the form of lamellipodia, filopodia, DNA
content and Alkaline Phosphatase Activity. The cell line MEXT&steoblasts were incubated
with both morphologies ofinc oxidefor up to 4 days ad it was noted that active filopodia
formation occurred on thezinc oxide nanoflowers morphology. The cell adhesion and
proliferation was improved in the case of nanoflowers (Z. Li et al., 2008). Ponausxide
films were cultured with NIH 3T3 fibrolsies, it was observed that a high degree of porosity
AAIAYATFTAOFyGft & AYLNRBOSR (KSHQDSargatal., 201Buchh £ A (0 &
findings depict the significance of topographyznic oxidein biological environment. The
differentiation of mesenchymal stem cells into osteoblasts in the presena@nofoxide
nanoparticles was also investigated using raale PCR, alkaline phosphatase activity and the
expression of osteopontin and osteocalcin. The cells were exposed tays5and evidence

of osteoblast formation was reported at optimum levelszofc oxide(30 pg/ml) (Foroutan,
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2014) Such investigations conclude thanhc oxideis a biocompatible and significantly

important material in field of bone tissue engineering.

1.4.17.3Zinc oxideand Angiogenesis

Angiogenesis is an important mechanism and manipulating angiogenesis is a
developing therapeutic approach for a number of physical or pathophysiological conditions.
Proangiogenic growth factors or cytokines are being employed to treadittons such as
cardiovascular disorder and ischemia. Proangiogenic factors such as vascular endothelial
growth factor are effective in the promotion of angiogenesis, but they are expensive and have
reduced stability which makes their use limited in theldiof tissue engineering. Current
research is focussed on finding materials which are cost effective and can be used in place of
angiogenic growth factors.

The proangiogenic potential of flowerlike@nc oxide particles was studied. The
Microwave technolgy was used to synthesise thiac oxideparticles followed byn vitroand
in vivoinvestigations to evaluate the proangiogenic potential of metal oxid#sc oxide
internalisation, cell cycle & proliferation and chick embryo angiogenesis assay weyseamhal
and a significant difference was observed. Cell cycle analysis demonstrated a significant
number of cells in S phase which involved DNA and centrosomes. TEM investigations
confirmed that thezinc oxideparticles penetrated the cells while cells wenealthy and
proliferating (Fig.B). Finally, chick embryo angiogenesis assay confirmedzhatoxide
nanoflowers initiated the formation of new blood vessels from-prasting oneg¢Barui et al.,
2012)
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TE buffer

ZnO (10 ug)

VEGF(10 ng)

Figure 18: The acceleration of angiogenic process in response to flower sizZapeaxide
The flower shapedinc oxidgarticles were internalised by the cells (shown by white arrows)
The increase in vessel formation with 1@higc oxidgdl black arrows). The positive and
negative controls are VEGF 10ng and TE buffer respectRagublished with permission of
the Roy& Society of Chemistry, frofBarui et al.,, 2012)Permission conveyed through

Copyright Clearance Center, Inc.

The phenomenon behind angiogenesis is generatiomyafrogen peroxidewhich
leads to ROS followed by initiation of angiogenic process. An investigation was performed to
evaluate the chemical factor @inc oxidewhich plays an important role in angiogene&isc
oxideis a ntype semiconductor having free electrons associated with anion vacancies in the
zinc oxidecrystal lattice. Due to whickinc oxide upon interaction with cells, chemisorbs

oxygen as &by receiving electrons from oxides and forimgdrogen peroxidén an aqueous
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environment which, as discussed above, leads to oxidative stress hence triggering a natural
angiogenic proceg®\ugustine et al., 20B). The oxidative stress triggers expression of VEGF
and FGF to initiate the cascade reactions leading to angiogenesis and improved cell adhesion.
In another study, poly caprolactorenc oxide electrospun composite caffolds were
synthesised with varying percentages aific oxide (0.5%, 1%, 2%, 4%, 6% by wt), it was
observed that the presence afinc oxide in the scaffolds significantly improved cell
attachment and 1wt%inc oxide(Fig 19) supported the formation of mature blood vessels

with highly branched capillarig®&ugustine, Dominic, et al., 2014a)

Figure 19: The optimal level afinc oxidethat is suitable for celiigrationand

angiogenesisA) fibroblast migration from sides of scaffolds was observed (purple dots) The
vessel sprouting was initiated with 12inc oxidemplantation in guinea pigsChe circular
arrangements of Red blood &(RBS) indicates the initiation of angiogend3j3he
maximum vessel formation was recorded for 286 oxiden CAM. The number of vessels
markedly increased (shown by black arrovi®published with permission of Royal Society
of Chemistry, fronm{Augustine, Dominic, et al., 2014lpermission conveyed through

Copyright Clearance Center, Inc.

Further,it was proposed that theelectron transfer mechanism fromnc oxideto O,
leading to the formation ofiydrogen peroxideand angiogenesis (Fig. 1(8htzaz et al., 2017)

Electrospun poly(vinylidene fluorideifluoroethylene)/zinc oxide nanocomposites were
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analysed with varying percentagesanic oxide(0%, 0.5%, 1%, 2%, and 4% w/w with respect
to the polymer) and it was observed that maximum cell attachment/proliferataind

angiogenesis was seen in samples havingi@éwxide(fig. 19) (Augustine et al., 2017)

Znoz— Oz‘ 0-2 + 2H+-H202
e-

l

VEGF_ «== Hypoxia
accumulation

/ \

Angiogenesis  Osteogenesis

Figure 110: Mechanism ofinc oxidenduced angiogenesis and Osteogenesis.

The ROS and O2 production in mitochondnare studied in response to ZnO
exposure. 2fg/ml and 5Qg/ml ZnO was introduced and significant increase in ROS was
observed Upregulation of four oxidative stressesponsive genes; Aldehyde oxidase 1, Heme
oxygerase 1, Neutrophil cytosolic factor 2 and Superoxide dismutase 3 in zinc oxide
nanoparticles treated HER93 cells for up to 48hours. Aldehyde oxidase 1 is a xenobiotic
metabolizing protein which promoted cell damage and fibrogenesis however, the othez thre
genes are responsible for antioxidative and antiammatory properties. The higher levels of
zinc oxide nanoparticles promoted the release of excess production of ROS in mitochondria
resulting in mitochondrial dysfunction and cell deathExcessexposure of zinc oxide
nanoparticles (2ag/ml & 50ug/ml) was reported to have genotoxic effects resulting in DNA
fragmentation and nuclear condensati¢g@houdhury et al., 2017%enotoxic behaviour of
zinc oxide makes the dose a critical aspect in tissue engineering.

The material properties of nanoceramics are igh#ficant importance, as mentioned
above, and surface topography plays an important role in particle internalization. Currently,
studies are being carried out to investigate the influence of surface charge, zeta potential and
lattice properties in the bilmgical environment. Titanium thin films were synthesised and
functionalised with different functional groups (CHCNH and COOH groups) in order to

create a different zeta potential for every sample, which was measured using XPS analysis.
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Results revelad that a lower the zeta potential would result in lower protein adsorp{(iGai

et al., 2006) Similarly, Cerium oxide nanopatrticles with varying zeta potential were evaluated
for adsorption of fetal bovine albumin and cellular internalization in adenocarcinoma lung
cells and it was revealed that the positive zeta potential was favourable formatbu
adsorption and negative zeta potential aided uptake of nanoparticles into the (&atd et

al., 2007) The results report preliminary studies, and more data is required to cortfiem

role of surface charge in the biological environment.

1.4.18 Selection of Dopants

1.4.18.1 Cerium
Cerium dopedznc oxideis a known photocatalyst. A number of studies have been
performed where successful cerium doping has been carried out for a number of applications
such as enhanced ionic and ferroelectric proper{i8sha et al., 2014preadth sensor to
detect the levels of acetone and ethanolamine at room temperature which are biomarkers
for diabetes mellitus and carcinom@ulandaisamy et al., 2016{letection of hazardous
chemicalgDar et al., 2012)enhanced optical and photoelectrochemical properti@sghai
Yang et al., 2008; Yousefi et, &011)and efficient photocatalyst@Rezai & HabibiYangjeh,
2013) A number of studies reported that cerium in the biological environment is nontoxic
and also has bacteriostatic propertiek. was investigated that cerium introduction into
bioactive glass scaffold increases thevitro bioactivity which makes it favourable for bone
tissue engineering 5 St A 2 NI Yy PZ H n el stydigsNibizé BeenSiblishetl @5 H .
on the angiogenigotential of Ce®@ and results revealed that it is proangiogenic and
dzLINB 3 dzf | 6 S& | @8LRREAI AYyRdzOA6tS FLEOG2NI m h §K.
that the size and morphology of the particles play a significant role in oxygen modulation
within the cells which leads toydrogen peroxidgroduction leading to angiogenegidas et
al., 2012; Nethi et al., 2017ptudies demonstratthat cerium incorporation results ininc
oxidelattice expansion, reduced grain size and increased ban@dapndaisamy et al., 2016;

Sinha et al., 2014)
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1.4.18.2 Copper

Copper is an emerging element in field of tissue engineering. It has been investigated
that copper ions interact with receptors on cells which are involved in angiogenic pathways.
Copper is involved in the upregulation of expression of fibroblast growttofgd FGF) and
vascular endothelial growth factor (VEGF). A study performechagnesiurmcopper alloys
revealed that the copper ions and Mgu alloys pose no cytotoxic effects to HUVECs and
MC3T3EL cells. Cu improved the biodegradation property of magmesind stabilised it in
the cellular environment. Furthermore, the alloy enhanced osteogenesis and angiogenesis in
invitro so that they can be used in orthopaedic applicatigis et al., 2016)n another study,
Cu doped bioglasga family of bioactive glasses composed of silicon dioxide, sodium oxide,
calcium oxide and phosphorus pentoxidegs investigated to have increased VEGF secretion
as compared to undoped bioglagBejarano et al., 2017)The doped bioglass also revealed
antibacterial and increased bioactive properties which reduced the chance of infection as well
as biofilm production compared to orthopaedic irapts (Bari et al., 2017)Copper is a
promising element in the field of bortéssue engineering, it has been reported that copper
doping inzinc oxideimproves the electrical properties ainc oxideand makes the grain size

more uniform(Shafi et al., 2013)

1.4.18.3. #conium

Zirconium substitution in hydroxyapatite and bioglass is wideported toimprove
the mechanical properties for orthopaedic applications. Zirconium dioxide and
Hydroxyapatite composite have been synthesised and results suggested that incorporation of
ZrQ leads to uniform porosity and enhanced cellular compatibiliyn et al., 2012)
Incorporation of zirconia into bioactive glasses has been reported to provide radiopacity t
the final composite which is promising for injectable bone cements which can be visualised
with the help of fluoroscopic contrdlTallia et al., 2014) ZrQ is also known to have to high
wear resistance and is frequently used in hip or joeglacement implant¢Chevalier, 2006;
B. Wang et al., 2012Multi layered composite scaffolds using biphasic calcium phosphate and
Zr& were successfullysynthessed, and it was reported that there was a significant
improvement in collagen incorporation which led to bone regeneration without any
immunogenic reactionf.inh et al., 20157rQ significantly improves the mechanical strength
specifically the compressive strength and osteointegration of the scafi8ddic et al., 2017,
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Sapkal et al., 2017)n this research we plan to investigate the role of zirconium incorporation

in zinc oxidefor angiogenic applications.

1.4.19Polyurethane as a biomaterial

Polyurethane is a synthetic polymer which has been used in biomedicine since 1958
as material for implantable medical devices such as {atdic balloons, heart valves and
stents (Grad et al., 2003)It has leen demonstrated to have long durability under the
biological environment and have been examined to have adequate biodegradability,
biocompatibility, biostability, good hydrolytic and processability properties and mechanical
strength for bone regenerativapplicationgS. A. Guelcher, 2008; S. a. Guelcher et al., 2004)
A range of properties from flexible to rigid scaffolds and from fast degradingwodegrading
scaffolds can be prepared by varying the concentrations and choice of basic materials
(Zdrahala & Zdrahala, 1999)he mechanical properties of a scaffold arggnificant factor
which need to be controlled depending upon the application, in the case of polyurethane the
microphase between the soft segment and hard segment enables stress resistance, improved
mechanicalresilience,and allows proliferation of ostgrogenitor cells under mechanical
cycle conditiongSittichockechaiwut et al., 2009; Sittichokechaiwetial., 2010; G. Tetteh et
al., 2014) It also demonstrates mechanical stability under cyclic loading by providing a high
yield strain and fatigue which is a significant factor in craniofacial bone tissue engineering.
Such promising properties makes it significant in the field of bone tissgmeering as it can
be tailored to withstand cyclic loading and fatigue which are very important mechanical

properties for craniofacial bone graf&orna & Gogolewski, 2003)

1.4.20 Polyurethane anzinc oxidecomposite naterials for tissue engineering

applications:

Polyurethane andzinc oxideseparately are biocompatible and researched well for
tissue engineering purposes. Recently composite materials have gained much attention,
especially combining polymers with nanoasrics to obtain added functionality for desired

applications. 3D porous scaffolds and nanofibers have attracted attention in the field of tissue
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engineering due to their potential for a number of applications such as repair and
regeneration of complex 30ksll fractures or load bearing fractures, bone tumours, bone
defects or for drug deliveryFrenot & Chronakis, 20Q3Polyurethane containing calcium
phosphate sponges were prepared. The resultant sponge/scaffold was three dimensional and
microporous (50Qm-800um). The study reported that the porosity obtained was
interconnected. As the scaffold contained calcium pitade, it might be a good candidate
for bone tissue engineering. Improved interconnected porosity and compressive strength was
reported but no cell culture studies were performéBark et al., 2006) Another study
reported zinc oxidedoped polyurethane nanofibers synthesised via the electrospinning
process. The composite was made using 10% polyurethane anth&%xideand electrospun
to obtain fibres of around 406m diamete. Fibroblasts were culture and MTT assay was
performed at Days 3, 5 and 7. The cells adhered really well and proliferated in presence of
zinc oxideas compared to the contr¢Amna et al., 2013)

Zinc oxideéhas the ability to generate Reactive Oxidative species (ROS), and the role of
ROS in cell growth and wound healing is very well established. The zinc ion is a trace element
which is present naturally ithe body and plays a role in DNA and RNA synthesis which lead
to cell growth, differentiation and cell transcription. 10% Polycaprolactone and (0019%0)
and (26%)zinc oxideelectro spun fibres were synthesised and evaluated for antimicrobial
and filtroblast cell attachment and proliferation. Cell viability assay was performed to analyse
cell proliferation. Lowerinc oxidepercentage (0.20.9 %) resulted in smooth fibres (fig. 1)1
however as the percentage aihc oxidewas increased the fibre mohplogy became rough
and zinc oxideagglomerates were spotted on the fibres. With the increaseziot oxide
content over 6n:%, the solution viscosity was increased and fibre formation was difficult

(Augustine, Dominiet al., 2014a)
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s
."‘

10kV X5,000

10kV X5,000 21/NOV/11

Fig 1.11: The morphology difference between I¥c oxideand 2%zinc oxideincorporated
electrospun fibres. Small pores within fibres were observed withr%oxideincorporates
electro spun fibresRepublished with permission of Royal Society of Chemistry, from
(Augustine, Dominic, et al., 2014b); permission conveyed thrGogkiright Clearance Center,

Inc.
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When cell viability with a fibroblast cell line was evaluated, 1 weigtdin% oxide
containing nanofibers increased the cell viability, however fibres containing more than 1 wt
% of zinc oxideshowed considerable reduction in cell attachment and proliferation
(Augustine, Malik, et al., 20L4PLGA nanainc aide composites were found to have
antimicrobial properties against Grapositive bacterieéStaphylococcus
aureus Staphylococcus  epidermidis andBacillus  subtiliand the Grammegative
bacteriaEscherichia cqlKlebsiella pneumonia&almonella abongndPseudomonas
aeruginosaand the yeas€Candida albicansSuch properties along with being biocompatible
make zinc oxidel 0 SGUSNJ OFYRARIFGS F2NJ 0A2YSRAOI
Another study on electrospun fibres was reported whpodyurethane (8%) was incorporated
with zinc oxide(0.2%) and carbon nanotubes (0.4%). Randomly oriented fibres were used to
perform biomineralization and antibacterial studies. The results showed the formation of a
hydroxyapatite layer at the end of the SBF studye biecomposite was subjected to
antibacterial evaluation and the results were favourable when compared to control i.e. 148%
and 158% higher than the mats containing only PU against S. Aureus and E coli. The
antimicrobial activity was related to the pduction of ROS which is destructive for bacterial
cell membrane and disintegrates the lipids and proteins present the in membrane in a short
time. The biecomposite was also cytocompatible with cells of the MCBIZXell line. The
cells adhered, prolifetad and differentiated in a healthy manner. The composite also raised
ALP levels and collagen type | producti8hrestha et al., 2017)

Shitole et al.,(2019) synthesised Polycaprolactone, hydroxyapatite and oxide
composite scaffolds and evaluated the physical, chemical and biological properties. The in
vitro cell viability assay was performed using the ®&cell line and 1% 5% zinc oxide
containing scaffolds increased the cell viability, however-B0%zinc oxde content caused
cytotoxic effects. Alkaline phosphatase Activity assay revealed thd&%%mnc oxideraised
ALP levels which were further backed up by a mineralisation g&atole et al., 2019)
Thermoplastic polyurethane andinc oxidecomposie foams with increasinginc oxide
content (1%, 2%, 5% and 10%) were synthesised for wound dressing applications. Human
adiposederived stem cells (hASC) were used for cell viability and improved cell response was
recorded with 1%b5% zinc oxideincorporated foams and no significant improvement was

seen with 10%zinc oxide It was also revealed that 108tc oxidemade the celldosetheir

42



Chapter 1

fibroblastlike shape and become more rounded and they formed tighter graupsdzO | N2 @& 1 |
et al., 2019) Solutioncasting shape memory palgethane andzinc oxidecomposites with
zinc oxideconcentrations 0, 0.5, 1.0, 1.5 and 2.0% were synthesised. The cytocompatibility
assay was performed using mouse fibrobladt829 and Cell Counting #8t(CCK3) assay was
performed. The assay is a sensitive colorimetric determination of viable cells in proliferation
assays. The results suggested improved cell viability upon introductzncobxide(Y. Wang
et al., 2020)

Finally, Polyurethaneinc oxide composite has been investigated to have important
antifungal properties as well which are very important in biomedical applications. As
antimicrobial antifungal properties are very important to avoid the infections related to

implant and prevents th implant failure(Vlad et al., 2012)

1.5 Summary

Antibacterial and angiogenic properties nhc oxideare well established, however
the pathway by whiclzinc oxideinduces angiogenesis is still not very clear. Low leveisof
oxidein the form of composite scaffolds have been found to increase cell metabolic activity,
improve seedingefficiency and anggenesis. A few studies are published on polyurethane
and zinc oxidecomposites concluding that-2% ofzinc oxideincreases cell adhesion and
proliferation. Cerium,zirconium, and copper dopedzinc oxide have previously been
synthesised for photocatalyti applications but for bone tissue engineering these
nanoparticles have never been tested. This thesis will elaborate the properties of dimged

oxideas potential bone regenerative additive.
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Chapter 2. Material and/lethods

2.1 Materials

Table 2.1 List of materials used in the experiments:

© 00 N O

11
12

13

14

15

16

17
18

Reagents

Zinc nitrate hexa hydrate
Zn(NO3)2.6H20

Potassium hydroxide

KOH

Cerium (11l) Nitrate hexahydrate 99.5%
Zirconyle (IV) Nitrate hydrate 99.5%
Copper (lI) Nitrate
hemi(pentahydrate) (Cu(NO3)2.2H20) 99.9%
Hydroxyapatite commercial grade
Dimethyle sulfoxide (DMSO)

DMF

1,4Dioxane

Ethanol

IMS

Avalon 85AE

Avalon 85AB

Irogran CA11-200

Sodium Chloride

I f LIKI a2RAFTASR-MEM3f Sa

Fetal Bovine Serum (FBS)
L-glutamine (EG)
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Supplier
Alfa Aesa,

EMSURE

ACROS Organics
ACROS Organics
Merck

Finceramica
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Honeywell
Honeywell
Supplied by Huntsmal
Holland BV, Netherlands
Supplied
Holland BV, Netherlands

by Huntsmai

Supplied by Huntsmal
Holland BVNetherlands
Sigma Aldrich

¢ Lonza UK

Gibco Life Technologies

SigmaAldrich, UK



19
20
21

22
23
24
25
26

27

28
29
30
31
32
33
34

35

36

37

Penicillin and streptomycin (P/S)

Gelatine

Human Embryonic Stem Gdkrived Mesenchyma

Progenitor (hE®P) cells

Phosphate buffer saline (PBS)
Trypsin/EDTA (0.25%/0.02%)

Haemocytometer

Minimum Essential Medium Eagle (MEME)
Murine Lone Bone Osteocy#5 (MLGAS)

human vascular endothelial growth factor (hVEC(

ELISA kit

0.2 MNaOH:MeOH (1:1)

3.7% formaldehyde

5% vl/v perchloric acid

Alizarin Red dye

Phosphate buffer saline (PBS)

Sirius Red dye

n QX -diamidine2-phenylindole
(DAPI) fluorescent dye

dihydrochloride

Immunocytochemistry (ICC) buffer (1% BSA, C

Triton X100 in PBS)
PhalloidinTetramethyl
(TRTC) fluorescent dye

Rhodamine

Phosphate buffer saline (PBS)

45

Isothiocyana

SigmaAldrich, UK
SigmaAldrich, UK

Cellartis, Sweden

SigmaAldrich, UK
SigmaAldrich, UK
SigmaAldrich, UK
SigmaAldrich, UK
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Donated by Professor Lync

Bonewald
Biotechne

SigmaAldrich, UK
SigmaAldrich, UK
SigmaAldrich, UK
SigmaAldrich, UK
SigmaAldrich, UK
SigmaAldrich, UK

SigmaAldrich, UK

SigmaAldrich, UK

Thermo Fisher Scientific

SigmaAldrich, UK
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2.2. Methods

2.2.1 Synthesis d@inc oxide continuous hydrothermal flow system (CHFS):

An ecofriendly green technology was used to synthesise the nanoparticles. The first
step was synthesis anc oxideand dopedzinc oxidenanopatrticles. Cerium, zirconium and
copper were selected as dopants due to their potential benefits for bone reg#inarand
angiogenesis, as discussed in chapter 1. The synthesis of nanoparticles was performed at
School of Chemistry, University College London.

The figure 2.1 shows the schematic of the CHFS pilot plant that was used for synthesis
of nanoparticles. Theilot lab scale plant was used which was comprised of three pumps to
supply pressurised precursor feeds into the system. Pump 1 (P1) was used to feed deionized
water at flow rate of 80 ml/min (supercritical water at 450°C), Pump 2 (P2) was used to feed
Paassium Hydroxide (KOH) Solution and Pump 3 (P3) was used to feed Zinc nitrate Solution
at flow rate of 40ml/ml respectively. Supercritical water was produced by pumping water
through Pump 1 (P1) with flow rate of 80 ml/min, passed through heating chawibere it
gta KSFGSR G npne/kunn o6FNJAY 2NRSN) (2 {SSL
centre.

The process was initiated by preparation of precursor solution at room temperature.
The magnetic stirrer was used to prepare KOH and zinc nitrdi#icoin deionised water.

The concentration of precursor solutions was increased to obtain larger particles. 0.2M KOH
and 0.1M Zn precursor solutions were used to synthesise group 1 bigger nanoparticles. 1M
KOH and 0.5M Zn solutions were usedkainrelatively small nanoparticles called group 2.
Table 2.2 shows the concentrations of precursor solution and dopants used (Table 2.2). To
synthesize dopeainc oxids, preweighed dopant sources [Ce(b)e6HO, copper nitrate

and zirconium nitrate] wereadded to zinc nitrate solution which was under continuous
stirring. (For Amounts See table 2.2)

The precursor solutions prepared at room temperature were pumped through pumps
P2 and P3 (Fig.2.1) at a flow rate of 40 ml/min. Both the solutions were punfpedgh
Polytetrafluoroethylene (PTFE) tubing which was connected with a 3/4in@1@STpiece

serving as reaction mixer. The mixture was pumped to the reaction centre (R) where it came
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into contact with supercritical water which acted as crystallisatioadium. The zinc salts
were converted intozinc oxide due to rapid hydrolysis and dehydration. The resultant
LINE RdzO ¢l a O22fSR (2 nne/ o0& LI aaiay3a KN
product or slurry was then passed through back pressuraleggr (BPR) in order to maintain
the pressure in the system. The resulting nanopatrticles in the form of a slurry were collected
AY | 0SFE{SNIIG Hpel @

The slurry was washed with deionised water twice and suspended in deionised water.
The washing procesgas undertaken by suspending the particles in deionised water followed
by centrifugation to obtain sedimentation of nanoparticles. The nanoparticles were again
suspended in deionised water and packed in dialysis tubes. The dialysis tubes were sealed
carefdly and left in a tank filled with deionised water to remove any soluble impurities or
salts present in the slurry. After 24 hours the slurry was separated from deionised water and
FNESIT S RNASR O0+x+ANIA&a DSySaira op- 020 HOpds /& fT226N
hours at vacuum of <13.3 Pa to obtain nanopowd@&ise copper dopedinc oxidepowders
were grey to black in colour. The reason might be presence of copper oxide (black colored
oxide) along withzinc oxide The further characterisation deta will be discussed in later
chapters.The powders were stored in glass tubes, labelled and stored at room temperatures

for further experiments (fig. 2.2).
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Figure 2.1 Schematic diagram of hydrothermal flow sy)s{tem
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Figure 2.2The continuous flow system used for nanoparticle synthesis. A) Lab scale pilot plant
continuous flow system for nanopatrticles synthesis. B) The nanoparticle suspension obtained
was poured in dialysis tubes. C) Dialysis for 24 hours to remove impuritlesals. D)

Nanopatrticles settle down after 24 hours of dialysis. E) Freeze dried samples obtained.
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Table 2.2The concentrations of precursor solutions and dopant quantities used to synthesise

Zinc oxidecerium dopedinc oxidezirconium dopedinc oideand copper dopedinc oxide

[KOH] | [Zn]* Volume | Mass Mass
NAMES (M) (M) M precursor [M] (L) Zn* (g) (9)
/n0 1 0.2 0.1 N/A 0 1 29.75 0.00
n0 2 1 0.5 N/A 0 0.5 74.37 0.00
Z1n0O1 0.2 0.099 | ZrO(NQ)2.6H0 0.001 |1 29.45 0.30
ZiZn@ 0.2 0.097 | ZrO(NQ@)2.6HO 0.003 |1 28.85 0.89
Z1ZnCB 0.2 0.095 | ZrO(NQ@)2.6HO 0.005 |1 28.26 | 1.49
Z1ZnCGt 1 0.495 | ZrO(NQ)2.6H0 0.005 |05 73.62 0.74
21ZnGb 1 0.485 | ZrO(NQ)2.6H0 0.015 |05 72.14 2.23
Z1ZnGb 1 0.475 | ZrO(N@)2.6HO 0.025 |05 70.65 |3.72
CgnQ 0.2 0.099 | Ce(N@s.6H:0 0.001 |1 29.45 0.43
Cgn@ 0.2 0.097 | Ce(NQ@)3.6H0 0.003 |1 28.85 1.30
Cgn 0.2 0.095 | Ce(NQ@)3.6HO 0.005 |1 28.26 2.17
C&nOot 1 0.495 | Ce(NQ@)s.6H:0 0.005 | 0.5 73.62 1.09
cen® 1 0.485 | Ce(NQ)3.6HO 0.015 |05 72.14 | 3.26
Cgn® 1 0.475 | Ce(NQ@)3.6H0 0.025 |05 70.65 5.43
cZnQ 0.2 0.099 | Cu(NQ@)2.3HO0 0.001 |1 29.45 0.24
01174 (0 0.2 0.097 | Cu(NQ@)2.3H0 0.003 |1 28.85 0.72
CwZnCs 0.2 0.095 | Cu(N@)2.3H0 0.005 |1 28.26 1.21
cwznot 1 0.495 | Cu(N@)2.3H0 0.005 | 0.5 73.62 0.60
CZn® 1 0.485 | Cu(NQ@)2.30 0.015 |05 72.14 1.81
CwZnGb 1 0.475 | Cu(NQ@)2.3H0 0.025 |05 70.65 3.02
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2.2.2 Characterisation of nanoparticles:

The nanopowders synthesised using CHFS were subjected to chemical and physical
characterisation. The aim of characterisation step was to explore if the nanopowders
obtained had incorporated the dopants and to assess whether the compositions contained

impurities i.e. oxides etc.

2.2.2.1 Dynamic Light scattering Measurements

Dynamic light scattering is a process which uses nanopatrticle suspension in deionised
water to determine the hydrodynamic diameter of the particles. The suspension was
introduced into the machine in a closed cuvette. Electromagnetic light waves were passed
through the suspension inducing oscillations of electrons in the particles which lead to path
deviation for the incident light. The scattered light was collected to obtain the diffusion rate.
The environmental conditions such as temperature have to bestirae for all the samples
as it affects the Brownian motion which is indirectly proportional to the size of the particles.

Dynamic Light scattering was used to obtain the hydrodynamic diameter of the

synthesised particles using a Zeta Ziser Nanoséig 2.3). The nanoparticles were sonicated
in 1 ml water for 5min and readings were obtained.

The hydrodynamic diameter is the diameter of a solid sphere eteated around
the nanoparticle which in this case is the sphere or bubble created grwaidlecules around
the nanoparticleqfig. 2.3) Generally, DLS provides an output value as a range, where the
boundaries of the range can be smaller or larger than the average value obtained. Overall,
this average of the range given will be larger thdme tactual particle size because of
suspension in water. The DLS analysis is a preliminary method to identify a range of sizes in

which the nanoparticles lie. It was performed soon after synthesis to check the particle size.
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Figure 2.3Theoretical cocept of hydrodynamic diameter.

The Zeta Ziser Nanoseries works on the principle of StEkestein Equation to
calculate hydrodynamic diameter.
dul' 1 ¢x o~
dn= hydrodynamic diameter (m)
k = Boltzman constant (J/K)
T = Temperature (K)
=solvent viscosity (kg/m.s)

D = diffusion coefficient (fs)

It is affected by particle properties such as agglomeratidrich is not aprecise
measurement of size but provides an approximation of size range (fig. 2.3). The
measurements were performed theetimes and a mean calculated was taken to obtain the
hydrodynamic diameters ainc oxideand dopedzinc oxidenanoparticles.
2.2.2.2Raman Spectroscopy ainc oxideSamples

Ramancharacterisation was performed usiiRpmanDXR Xi to obtaiRamarspectra

by R

of the samples. ThBamanspectra were obtained using laser 780y’ I LIS NJi dzNB
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2.2.2.3 Xray Diffraction (XRD)
The XRay Diffraction analysis was performed by using Brukb2rPhaser. The

parameters used were same for all the sample (Table 2.3).

Table 2.3: The XRD parameters used to analysartbexidesamples.

Effective total time 310.8 s

Time 0.600 s
2 theta 30-80
Voltage 30V
Current 10A

The{ OK S NdiBtibdEWaS used to calculate the crystallite sitiee dominant peak at 36.4
degrees was selected to calculate crystallite size YsiGhK S NeDUBLN) &

5L I 6nddn f <O0OK I F [ 2a&a
Dp= average crystallite size

j ' tAYyS ONRIRSYAYy3I Ay NIRAFYaA

Braggs angle

< ' -ray wavelength

2.2.2.4 BrunaueEmmettTeller (BET)

Physical Adsorption isotherms of2MNat -m dc 6 / GSNBE YSI &ddz2NBER 6
Micrometrics. All the samples were degassed undet NI  Mp ne / T2NJ mH K2 dzN
surface area from Nisatherms were measured. The measurements were performed at 10

points.

53



Chapter 2

2.2.2.5 Scanning Electron Microscopy

The morphology of Nano powders was investigated using scanning electron
microscopy Vega 3 LMYJTESCAN. The nanopowders were suspended in absoluteath
using a sonicator followed by dropping 1@0on an SEM Stub. The stub was left for ethanol
evaporation for 5 minutes followed by gold coating with a thickness of 250 A using a coating
unit. Elemental analysis was carried out using an Oxford Instits"®&SD detector attached
to a VEGA3 TESCAN Scanning Electron Microscope.
2.2.2.6 Transmission Electron Microscopy (TEM)

To perform TEM, the copper palladium carbamated grids were glow discharged
using an Agar Scientific glow discharge unit attachedgar scientific turbo carbon coater
unit (Agar Scientific Stansted Essex UK). The nanoparticles were suspended in absolute
ethanol and sonicated for 2 hours. The @i&ample was dropped ontdischargedlEM grids
and left to dry for 10 minutesThe excesgthanol was removed carefully using clean filter
paper (Whatman grade 1 GE HealthCare UK, Little Chalfont, TEK)grids were visualised
using FEI Tecnai G2 Biotwin Tranmisdibectron Microscope (FEI Cambridge, UK) at an
operating voltage of 80kv. Micrographs weobtained using Gatan Orius 1000B digital

camera. The Gatan Digital Micrograph software suite (Gatan Ltd, Corby UK) was used.

2.2.3 Cell Metabolic Activity AssalyNanoparticles

Sterilisation of Nanoparticles: 2000 microgram nanoparticles were weighed on an
electronic balance and stored in Eppendorf tubes. The Eppendorf tubes were packed in
autoclave bags and sealed with autoclave tapes. The bags were autoelad2d°C for 30
minutes to sterilise the nanoparticles. The autoclave bags containing Eppendorf tubes were
placed in drying cabinet at 70°C overnight to dry the moisture in the bags. The Eppendorf
tubes containing sterilised nanopatrticles were stored boa on shelf and were only opened
in cell culture hoodt is installed with HEPA filters and creates sterile environment for cell
culture experiments, prevents the samples from contaminatiol) prevent the

contamination.
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2.2.3.2 Preparation of stock spensions of nanoparticles for Cell culture:

To prepare nanoparticle stock solutions, 2Q@ nanoparticles were weighed in an
eppendorf. The eppendorf tubes were autoclaved. 2000 ul of serum free media (DMEM for
MG63 and Alpha MEM for hBB8Ps) was addetb the eppendorf tubes. The Eppendorf tubes
were sonicated at room temperature for 30 minutes to create homogenous suspensions. The
working solutions were prepared by taking the desired amount of stock solution and diluting
itinto serum free media in astile environment (table 2.4). The stock suspension was created
in a way that Jul contained 2ug of nanoparticles.

Stock Solution concentrationyp@/1pl

Working solution prepared in serum free DMEM or Alpha MEM.

Table 2.4:The nanoparticle suspension preparation from stock solution for cell metabolic

activity assay.

Desired Required Suspension Amount of Serum Fre
concentration = Suspension guantity stock Media (DMEM or Alph¢
quantity (ul) solution(pl) MEM) (ul)
5 pug/ml 100 2.5 97.5
10 pg/mi 100 5 95

2.2.3.5 Cell metabolic activity assay or Resazurin Assay:

Preparation of Resazurin Stock Solution: 1mM Resazurin stock solution was prepared
by dissolving 0.018 in 50ml deionised water. The resazurin salt was miwedl and filtered
using a syringe filter inside theell culture hoodto maintain sterility environment. The

container was wrapped with Aluminium Foil and stored at 4°C.

Preparation of Resazurin Working Solution: The resazurin working solution was

prepared by making 10% stock solution in Serum free Media (table 2.5).
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Table 2.5:The type of media used for making cell metabolic activity assay working solution

for different cell types used in the study.

Cell Type Media used for working
solution

MG63 DMEM

Y201 cell line DMEM with nucleotides

hESMPs Alpha MEM

Assay Procesdhe well plate to be analysed was taken out of the incubator. The media was
discarded, and each well was washed at least once with PBS. Theh ré@azurin working
solution was added to each well (24 well plate), the plate was wrapped in Aluminiuta foil
prevent light exposure. The plate was stored in the D@ubator for 2 hours.

After 2 hours the resazurin solution was transferred into a new well plate and readings
were taken in a plate reader. The original 24 well plate was washed with PBS toerampv
residual resazurin solution. The cell culture media wasmt®duced and well plates were
returned to the CQ@incubator. The resazurin reading was recorded at Dayl, Day3, Day5 and

Day 7 using the microplate reader.

2.2.3.3 Preparation of MG63 céiie for cell metabolic activity assay:

The MG63 cells belong to osteosarcoma cell line which is an experimental model of
osteoblasts. The advantage of this cell line is that it proliferates rapidly as compared to
primary cells and are immortal. It is theast differentiated cell line and have been in use in a
number of assays while investigating biomater{@®golewski & Gorna, 2007)

Media PreparationThe basal media for MG63 cell line consisted of DMEM with 10% FBS and
0.2% pencillirstreptomycin and 0.2% Glutamine. The media was stored in fridge at 4°C until
used.

T75 Flask preparation or Cell line propagation from a frozen \Aalrozen cell Viakas taken

and thawed on water bath at 37°C. Once the vial was thawed, the contents were quickly
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transferred to a centrifuge tube containing 5ml media. The tube was centrifuged at 10000
rpm for 5 minutes. The supernatant was discarded, and the pellet wesolded in fresh
media. The cell suspension was introduced into a T75 flask containing 10ml prepared media
which was then placed in G@cubator at 37°C. The flask was visualised everyday under light
microscopy for cell attachment and growth. The medaswarefully changed every two days.

A T75 flask takes about8Bdays to become confluent. The flask was visualised under light
microscope for confluence, if there are no spaces between cells, this indicated that the flask
is confluent and is ready to uggg. 2.4).

Cell FreezingFreezing solution preparation: Freezing solution is prepared by mixing DMSO
and fetal calf serum at a ratio of 1:9. The cell suspension that is required to be stored was
counted using a haemocytometer. Cells were stored at amim density of 1 X f@ells per

ml.

2.2.3.4 Cells seeding for cell metabolic Activity Assay:

The cells were counted and suspended in the required amount of media such that
there was a known number of cells in per ml of cell culture expansion media. €or th
experiment 24 well plates were used, and 1 X délls were used per ml per well. The well
plates were incubated for 24 hours to allow cells to attach. After 24 hours the media was
removed, and cells were washed once with PBS to remove amattached ell and cell
waste. The nanoparticle suspension was pipetted onto the cells.

Two concentrations of nanoparticle suspension were tested)ml and 10ug/ml.

The experiment was repeated 3 times and the mean calculated. The resazurin assay was
performed atDay 1, Day 3, Day 5 and Day 7. The assay is a semi quantitative assay to
determine cell metabolic activity overall in the culture well, the output obtained is an
indicator of cell number assuming that the metabolic activity per cell remains the same and

is not affected by the test samples.

2.2.3.6 28 Day Cell metabolic activity Assay usingMiES

Introduction: Human Embryonic mesenchymal like stem cells were used to evaluate
the cell viability of selected nanopatrticles for up to 28 days. The study wesldo analyse

the longterm cell viability (28 days) in presence of nanoparticles before scaffold synthesis.
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hESMPs is a human embryonic stem eddlrived mesenchymal progenitor cell line. The
advantage of this cell line is reduced risk of donor sitebiaity and ample availability for in

vitro cell culture for tissue engineering experimentations. These cells are capable to
differentiate towards osteogenic lineages in presence of osteogenic supplements. This
property makes these cells a good choice fovestigation of osteogenic potential of

biomaterials(DelaineSmith et al., 2012)

Media Preparation¢ KS h a9a> t{ FyR C.{ #SNB LI I OSR
OpnYt AY npnYt hag9gauv | y RTheiNgrediants webel mixedlwBlIR S R
and stored at 4°C.
hESMPs ExpansionThe hE®/Ps were grown from a frozen vial. The vial was kept at 37°C
until it melted. The cell solution was transferred to a centrifuge tube containingl16f
basal/expansion mediah€ tube was centrifuged at 1000 RPM for 5minutes. The supernatant
was discarded, and the pellet was resuspended in 3ml media. A T75 flask was used for cell
expansion, 12 ml Media was introduced in the flask followed by introduction-sfispended
cells. he flask was kept at 37°C in aLubator for at least 5 days until the cells became
confluent. The media was changed every two days.

Once the flask was 100% confluent, the cells were transferred to a flask or in a well
plate depending upon the requireemt. In order to do that, the media was removed from a
T75 flask, followed by PBS washing twice (to remove any debris or dead celtd)oBtEy/psin
was added and incubated at 37°C fors@@onds. The flask was given a gentle jerk to promote
cell detaciment. The trypsin was deactivated by the addition of 7ml of cell culture basal media
(double the amount of Trypsin). The content was transferred to a centrifuge tube for
centrifugation at 1000 RPM for 5min. The supernatant was removed, and the pellet was
resuspended in 3ml media.

The haemocytometer was used to count the cells. Thal@ll suspension was used

and introduced to a clean haemocytometer. The cells were counted under a light microscope.
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The cell seeding plan is shown in fig 2.4. Only the selected nanoparticles were tested
with hESMPs from the previous cell metabolic activity assay performed with MG63. The 10

Hg/500ul was used for 28 day cell metabolic activity assay.

3] 6

ZrZn0O_5
1x10%

10pg/500ul

CuZnO_
1x104

10pg/500p!

CeZn0O_5
1x104

10pg/500ul

D

Figure 2.4Experimental plan for Cell viability Assay of selected nanoparticles wihlRES

2.2.4 Scaffold Synthesis: Method Development troubleshooting

The solvents; 1,4 Dioxane, Dimethyle Sulfoxide and Dimethyle formamiddeséed
with three different polyurethane types; Avalon 85AE, Avalon 85AB and Irogran 280217
A 10% PU solution was made up in each solvent and a total of 36 samples was prepared (table
2.6). Each polymer mixture was poured into a petri dish to ohtsntical scaffolds. The petri

dishes were frozen a20°C 0or-80°C (table 2.6) for 24 hours. The frozen petri dishes were
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transferred to 10% ethanol water for salt leaching for 10 days. The ethanol water was changed
once every 24 hours. The resultant doids were dried in a drying cabinet at 60°C for 24

hours to obtain PU foams. At this stage qualitative analysis was performed, mainly to identify
a better solvent. The scaffold strength and porosity were seen visually to identify which ones

seem better fo scanning electron microscopy analysis.
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Table 2.6:The method development for scaffold synthesis. A numbescaffolds were

synthesised and tested to identify the appropriate solvent, polymer, salt/porogen

concentration and freezing temperature.

Type of solvent

1,4 Dioxane
1,4 Dioxane

1,4 Dioxane

1,4 Dioxane
1,4 Dioxane

1,4 Dioxane

1,4 Dioxane
1,4 Dioxane

1,4 Dioxane

1,4 Dioxane
1,4 Dioxane

1,4 Dioxane

Dimethylformamide
Dimethylformamide

Dimethylformamide

Dimethylformamide
Dimethylformamide

Dimethylformamide

Type of Polymer
(Polymer
concentration
10% by weight)
Avalon 85AE
Avalon 85AB
Irogran CA117/
200

Avalon 85AE
Avalon 85AB
Irogran CA117/
200

Avalon 85AE
Avalon 85AB
Irogran CA117/
200

Avalon 85AE
Avalon 85AB
Irogran CA117/
200

Avalon 85AE
Avalon 85AB
Irogran CA117
200

Avalon 85AE
Avalon 85AB
Irogran CA117
200

Freezing
Condition
(°C)

-20
-20

61

Salt
guantity
(9)

14
14
14

14
14
14

14
14
14

Sample

name

DX1
DX 2
DX 3

DX 4
DX 5
DX 6

DX7
DX 8
DX 9

DX 10
DX 11
DX 12

DMF 1
DMF 2
DMF 3

DMF 4
DMF 5
DMF 6



19
20
21

22
23
24

25

26

27

28

29

30

31

32

33

34

35

36

Dimethylformamide
Dimethylformamide

Dimethylformamide

Dimethylformamide
Dimethylformamide

Dimethylformamide
Dimethylsulfoxide
Dimethylsulfoxide
Dimethylsulfoxide
Dimethylsulfoxide
Dimethylsulfoxide
Dimethylsulfoxide
Dimethylsulfoxide
Dimethylsulfoxide
Dimethylsulfoxide
Dimethylsulfoxide

Dimethylsulfoxide

Dimethylsulfoxide

Avalon 85AE
Avalon 85AB
Irogran CA117
200

Avalon 85AE
Avalon 85AB
Irogran CA117
200

Avalon 85AE
Avalon 85AB
Irogran CA117
200

Avalon 85AE
Avalon 85AB
Irogran CA117
200

Avalon 85AE
Avalon 85AB
Irogran CA117
200

Avalon 85AE

Avalon 85AB

Irogran CA117
200

80
-80
80

-80
-80
80

-20
-20
20

-20
-20
20

-80
-80
80

-80

-80

80
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14
14
14

14
14
14

14

14

14

DMF 7
DMF 8
DMF 9

DMF 10
DMF 11
DMF 12

DMSO 1
DMSO 2
DMSO 3

DMSO 4
DMSO 5
DMSO 6

DMSO 7
DMSO 8
DMSO 9

DMSO
10
DMSO
11
DMSO
12
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2.2.4.1 Choice of Solvent:

DMF was ruled out as a solvent because its freezing temperatw@lLi€. It was not
possible to completely freeze the polymer mixture even-&2°C in 24 hours. The visual
appearance of the scaffold was the main criterion for solvent selection. 8scifi the
thickness of the scaffold is uniform, no big pores as a result of air bubbles and if the scaffold
is fragile etc. DMSO was able to produce foam like porous 3D scaffolds. 1, 4 dixoane were not

appropriate as the scaffolds stuck to the mould ancetapart upon removal (fig 2.5).

4

Aigh

10% PU, Solvent:1,4 dioxide  10% PU, Solvent: DMSO

Figure 2.5Scaffold appearance using different solvents.

2.2.4.2 Choice of Polymer:
SEM was performed to evaluate the porosity of the three polymers. Avalon AE and Avalon
AB were appropriate because of foam ltexture and visible porosity, however, irogran CA

117-200 was found rough and fragile as compared to other two (fig. 2.6 & 2.7).
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Figure 2.6:SEM micrograph of porous scaffolds synthesised using different polyurethane
types. The Avalon 85AE and Avalon 85AB was foam like highly porous without gaps, however
Irogran CA 11200 was fragile.

400

350

T

Avalon85AE Avalon85AB Irogran CA 117-200

Average pore size (um)
[ [ N N w
o w o u o
& © & o o

wv
o

Figure 2.7Pore size comparison of different polymérke pore size was calculated in Image

J. A total of 25 pores were measured and data was compared to select appropriate polymer

type.
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2.2.4.3 Amount of Salt:

79 or 149 salt was used per 50ml of polymer solution. The SEM was performed, and
Image J was used to calculate the pore size. The porosity and physical appearance were not
much different because of salt concentratiofhe 14g salt settled more quickly atfke
scaffold was more dense on one side than the other, however, the porosity when compared

was the sameTherefore, 79 salt quantity was selected for further scaffold synthesis (fig. 2.8).

Figure 2.8:SEM micrograph of porous scaffolds synthesisedgugg and 14 g Sodium

Chloride porogen. The porosity was not affected by quantity of salt.

2.2.4.4 Freezing temperature:

The -80°C and-20°C freezing temperature were usee20°C was found to be
appropriate as -80°C yielded fragile scaffoldBhe rigorous mixing of polymer solution with
salt resulted in a suspension with a lot of air bubbthge to highly viscous nature of
polyurethane solution-80°Ctemperature resulted in quick freezing, hence not allowing the
air bubbles to come on the surface.ihesulted in void spaces in middle of the dried scaffold
resulting in a fragile structur®n the other hand;20°C resulted in slow freezing as compared

to -80°C, allowing ample time for air bubbles to escape from the surface.
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2.2.5 Optimisedscaffold Synthesis

Apparatus: Round Bottom Flask, Condenser, Oil Bath, Hot plate, magnetic stirrer,
thermometer, spatula, weighing balance, weighing boats, measuring cylinder, Drying cabinet
(Fig 2.D).

Materials: Degradable polyurethane Avalon 85AE, Dimethyle Sulfoxide, Sodiumdghlor
10% Ethanol.

2.2.5.3 Process:

PU Scaffolds (control)The 10% polyurethane solution in DMSO was used for scaffold
synthesis. The 5g PU was weighed carefully and added to the round bottom flask, followed by
addition of 50ml DMSO. The apparatus wasas shown in fig 20. The temperature of the

oil bath was maintained at 780°C. The PU was left on continuous stirring for 24 hours.

After 24 hours, a viscous PU Solution was obtained. The solution was poured into a
beaker and 7g salt was introduceallbwed by rigorous mixing with a spatula for aboud 2
minutes. Once the salt was uniformly distributed, the mixture was divided into two Petri
dishes and stored a20°C for 24 hours. Once the mixture was completely frozen, the petri
dishes were transfeed to 500ml 10% ethanol water for salt and solvent leaching for 10 days.
The ethanol water was changed once every 24 hours. The scaffolds were dried in a drying
cabinet at 60°C for 24 hours to obtain PU foams (Rig 2.

4

%%‘:‘;1” particles

., of salt
$

Submerged in
— water/10%
ethanol

transfer Freezing

s

2] to the mold at -20C

salt dispersed in
polymer solution polymer solution

Figure 29: The freeze Extractiegalt leaching process used for Scaffold synthesis.
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Figure 2.D: Experimental setup for Scaffold Synthesis

PU hydroxyapatite ScaffoldThe 10% PU solution was prepared as mentioned above, after
24 hours of dissolution 5% HA (2.5%¢gs added and left for dissolution for 24 hours before
freezing. Once a complete homogenous solution was obtained, salt was added and mixed
well. The solution was poured into petri dishes followed by freezing and Salt/Solvent leaching
as mentioned before.
PU HAZnO Scaffold:In order to make composite scaffolds, the 5g PU was dissolved in 45 m|
DMSO, andinc oxideor dopedzinc oxidewas added to 5ml DMSO and left for stirring for 24
hours in a glass reagent botiseparately Once a homogenous DM&@c oxidesolution was
obtained, it was added to the PU/HA mixture and left on continuous stirring for 24 hours
before freezing. The sation was transferred to Petri dishes and frozen2Q°C followed by
Salt/Solvent leaching for 10 Days.

Scaffolds were prepared PU, 14, PUHAZNO 2, PUHAC&n05, PUHAZIZNnO5
and PUHACuzZnO5. The aim was to identify the effect of different dopingghm the
composite on cell metabolic activity. 1%, 3% and 5% weight percent nanoparticles were

loaded during scaffold synthesis to identify the dose effect on cells.
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2.2.6 Scaffold Characterisation

2.2.6.1 FTIR
The Polyurethane and Polyurethane composite scaffolds were characterised using
ATR Nicolet iS5 ThermoScientific in the Diamond Building, University of Sheffield. The

resolution was kept 8 and 128 scans were recorded per sample.
2.2.6.2 Tensile Testing
The scaffolds were cut in 8cm strips with 3cm width. Shimadzu 5 kN Universal Testing

Machines (Tension, Compression, Flexural) was used for tensile t&s@iplg/minute load

was used for the testin@ig. 2.11).

Elastic Plastic
strain strain

Yield

strEngth Ultlmate

strength

Stress

Q
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Figure 2.1: The standard stress strain curve was used to calculate the yield strength and
Ultimate strength/tensile strength.
2.2.6.3 Scanning Electron microscopy

The scaffolds were cut into 20mm*10mm squares and were gold coated. A Hitachi
TM3030PIlus Tabletop ScangiElectron Microscope (SEM) was used for taking images at

different magnifications.

2.2.7 Cell Culture Evaluation of synthesised scaffolds
2.2.7.1 Scaffold Sterilisation

The scaffolds were cut into 5m*5mm squares using paper cutter. The measurement
wasperformed using Vernier callipers. Scaffold squares were sterilised using two alternative
methods to identify the appropriate one.

Ethanol/UV sterilisation:Fresh 70% ethanol in water was prepared. The scaffolds were
placed in a labelled 24 well plate. 1ml 70% ethanol was added to each scaffold. The plate was
sealed using parafilm and placed on a rocker for 2 hours. After 2 hours the parafiim was
removed ingile the cell culture hoodand ethanol was aspirated. The scaffolds were left to

dry inside thecell culture hoodovernight to avoid any contamination. The dried scaffolds
were washed with PBS thrice and once with expansion media.

After the process, the stfalds were submerged in expansion media in a 24 well plate
overnight in the fridge. The well plate was sealed using parafilm to avoid any contamination

to the samples. The cell seeding process was performed the next day.

Autoclave method:The scaffoldsvere cut and sealed in autoclave bags. Labelled and tagged
with autoclave tape to ensure the sterilisation process. The bags were autoclaved at 121°C
for 30 minutes. The samples were left in a drying cabinet at 50°C overnight for drying.

The autoclavedamnples were opened insidecall culture hoodand submerged in the
cell culture expansion media overnight in the fridge. The cell seeding process was done the

next day.
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2.2.7.2 Evaluating the effect of soluble products on cell viability $affolds

The analysis was performed to evaluate the effect of released substances from
scaffolds on hEBIPs and Y201 cell lines.

Y201 Cell linefhe Y201 cell line is also known as bone marrow derived mesenchymal
stromal cell line. It is derived fromesn cells and is capable of differentiation into adipigenic,
chondrogenic and osteogenic lineages depending upon environment such as chemical
induction. The advantage of this cell line is that it is immortalised through over expression of
telomerase reversdranscriptase This makes it to grow exponentially and prese nt surface
markers as that of MSCs. The research showed no evidence of tumorigenicity, hence making
this cell line popular foexperimentsin tissue engineering.

The 5Smmx5mm scaffolds were subrged in cell culture expansion media (1ml per
well) in a 24 well plate (fig. 2L The well plate was stored at 37°C in & @@ubator. The
same conditions were used as for cell expansion. The media was frozen at Day 1, Day 7, Day
14 and Day 21 (§iZ2.12), this media is scaffoldonditioned media. The process was
performed for both Alpha MEM and DMEM for hA8s and Y201 cell lines.

The hE®MPs and Y201 were seeded in a 96 well plate at a seeding density df 1x10
per well (Fig 2.3). The welplates were incubated at 37°C in aZ@@ubator for 24 hours to
allow cell attachment. The light microscope images were recorded to make sure that the cells
were attached by visual inspection. The media was aspirated and frozen conditioned media
of Days 17, 14 and 21 of incubation was introduced. The well plate was incubated for

48hours, followed by a resazurin reading.
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Figure 2.2: A: The 5Smmx5mm scaffolds were submerged in cell culture expansion media. B:
The medium was collected in eppendorf tuaeBay 1, Day 7, Day 14 and Day 21 to create
scaffoldconditioned media. The collected media was store@@tC. C: The frozen

conditioned media was used for cell expansion in 96 well plates to evaluate the effect of

soluble products on cell metabolic &y .
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Figure 2.B: Cell Seeding plan for evaluating effect of soluble products released from the

scaffolds.

2.2.7.3 Cell Seeding Efficiency:

The scaffolds were cut into 5m*5mm squares and sterilised. 48 well plates were used for this
experiment. Tk wells were carefully labelled, and scaffolds were transferred to the well plate
and fixed at the bottom. 1xP(cells per scaffolds were seeded. The cells were seeded in a
way that 10ul of expansion media contained 1*1€klls to allow the cells to interact with
scaffold surface. The well plates were incubated for 4 hours followed by the addition pf 500
expansion media. The well plates were incubated in theiG¢dbator at 37°C.

After 24 hours, one set of the scalifis were transferred to a new well plate and
resazurin assay was performed on both plaeg. 2.4). The other set of scaffolds were
washed with PBS and fixed for scanning electron microscopy analysis. The 2.5%
glutaraldehyde solution was used as fixatiihe washed scaffolds were submerged in 2.5%
glutaraldehyde for 2 hours at 4°C. The scaffolds were washed and dehydrated using a series
of ethanol solutions (20%, 40%, 60%, 80%, 96% and absolute ethanol) three times in each for
3 minutes. The scaffoldsese immersed in hexamethyldisilazane (HMDS) in a fume hood
(exhaust provides local ventilation to prevent the worker/lab from exposure of toxic

chemicalspvernight. The SEM micrographs were taken the next day.
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Figure 2.8: The resazurin assay performedter 24 hours to investigate cell seeding

efficiency.

2.2.7.4 Growth Kinetic analysis using resazurin assay for 30 days:

The scaffolds were cut into 5mm*5mm squares and sterilised and scaffolds were
transferred to the wells of a 48 well plate afided at the bottom by pressing down the
scaffolds before cell seeding. 1®1dklls per scaffolds were seeded. The well plates were
incubated for 4 hours followed by the addition of 5@0expansion medium a G@cubator
at 37°C.

The scaffolds were trafierred to a new well plate on Day 3. The resazurin readings

were recorded at day 3, 7, 14, 21 and(80. 2.5).
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Figure 2.5: Resazurin assay reading plate just before recording the reading at day 30.

2.2.7.5 Comparison of growth kinetics addferentiation markers in Basal media and
Osteogenic media:

Basal Media Compositionthe basal media was basically the conventional media that is used

for HTERT a{/ a ,Hnm OStf fAySd® 5a9a @gAIGK Dfdzil YI
penicillin,and 1081 ! k Y[ aGNBLII2Y@OAYy O[AFS ¢SOKyz2f 23
temperature in sterile environment. The media bottle was stored at 4°C and consumed within

2 weeks.

Osteogenic Media Compositiofl:he osteogenic media is supplemented with the ingredient

that promote osteogeneis or cell differentiation. The media was prepared by adding
NOPRERSEI YSUKI>ARYESZ | A2 ND A O sddidnk Rlycdroptiosphate Y
(Gibco BRL) to basal media in a sterile environment. The media was labelled and st5@d at

and consumed within 2 weeks.

For cell seeding, the same process was used as section 2.2.3.4. Once the cell seeding was

undertaken, one group had basal media and the other had osteogenic media added after 4
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hours of incubation. The media was changecrgvtwo days. The resazurin assay was
performed at Day 5, Day 10, Day 15, Day 20 and Day 25.

2.2.7.6 Alkaline Phosphatase Activity (ALP):

For ALP activity analysis the experiment was stopped at Day 20. The scaffolds were
washed with PBS twice followed loell lysis. The cell lysis was performed to extract the
cellular components from cells attached on the scaffolds. Cell lysis solution was prepared
using Trizma hydrochloride solution (CAB), autoclavdl &hd Triton X. To make 20 ml cell
lysis solution, 81l CAB, 17ml #D and 20Qul Triton X was used. The Vortex was used to mix
the ingredients well. Once the cell lysis buffer was ready, the well plate containing scaffolds
were washed with PBS and 5@Dof cell lysis buffer was added to all the scaffoldse Well
plate was incubated at room temperature insideeal culture hoodor 30 minutes and at 4°C
overnight.

The freeze thaw cycles were performed three times, for this the well plate was frozen
at -80°C for 15minutes followed by thawing at 37°C (15minutes) in an egg incubator on an
orbital shaker. The process was repeated three times to ensure sufficient s&ié lwas
extracted. The buffer was transferred to Eppendorf tubes, labelled and store80a€C until
used for DNA and ALP analysis.

For ALP/DNA analysis, Quahtds DNA Assay Kit and a black 96 well plate was used.
The kit was brought to room temperateirand reagents were prepared as per Kit instructions.
The first step was to prepare the working solution for HS reagent by diluting the HS reagent
in HS buffer at a of ratio 1:200. @0of working solution was added into each well in black 96
well plate bllowed by the addition of 10l lysate solution. The wells were carefully labelled.
The plate was read in microplate reader with a 10 second shaker function to ensure proper
mixing of buffer and lysate before recording the reading. The plate was resekat485nm,
<SY Yim @igP16). A standard curve of DNAGDNng was also run. 10 standard was
added to 90ul working reagent in the same well plate.

All the samples and standard were run in triplicate and average (mean) was taken.

75



Chapter 2

;'l*.n,k..n,v W R W LN o ))7
R T h -

Figure 2.5: The cell seeding for ALP analysis (left). The ALP analysis plate just after recording

the reading in microplate reader (right).

The well plate prepared for ALP analysis with basal media and osteogenic media
comparison (left image). The colour change as a result of mixing of lysate and HS reagent
working solution.

ALP Activity Analysi®PNPP Phosphatase Substrate kit was useddordeALP activity. The
reagents were prepared as per kit instructions. The substrate was prepared by dissolving the
tablet in deionised wate& buffer mixture(4:1). 1 tablet was dissolved Bml deionised water

& buffermixture. 180ul of substrate solubn was added to clear 96 well plate. 20 pl cell lysate
was added and wells were carefully labelled. The plate was closed and incubated at room
temperature until a slight colour change happened from clear to slightly yellow or for
30 minutes. The microplat reader was used to record the reading.

The ALP activity is expressed in nmol of p nitrophenol per minute (nmol pNP/min).
20 ul lysate was analysed for DNA, ALP activity was normalised to DNA by dividing the ALP

values with respective DNA values tlesultant value was ALP activity per ng of DNA.

22779 dzk yGAYSQ 9[L{! =+9DC ! aate dzaAy3a [/ Stt /[ dz
The Cell culture supernatants were stored from the experiment Growth Kinetic
analysis section 2.2.7.3.2 at Day 20. The cell culture medra transferred to labelled
eppendorf tubes and stored a80°C until used for ELISA.
The Quantine ELISA VEGF kit was used, and the reagents were prepared as per Kit
instructions. The wash buffer was prepared (for Bd0wash buffer solution, 2thl wash
buffer concentrate was mixed in 480 deionised water). Human VEGF standard was

dissolved in 1ml RDSK and mixed carefully to avoid bubbles. Once the VEGF was dissolved,
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serial dilutions were prepared using RDKS5. In order to perform serial dilutions,endqup
tubes were labelled and 5Q@ of RDK5 was added to all the tubes. 500 pl of standard VEGF
was added to tube 1 and mixed well. Followed by extraction of 500 pl from tube 1, which was

added to tube 2 and so on (Fig 2.1

s T s T e T - S < S < S
_
1 2 3 4 5 6
;
t
Human VEGF RDK5

Figure: 2.7: Serial dilution of Human VEGF standard for VEGF ELISA analysis

The cell culture supernatants were brought to room temperature and centrifuged at
1000 RPM for 5 minutes. VEGF ELISA strips were arranged in the holder and labelled. 50 pl
assay diluent RD1W was added to all the wells. 200 pl standard and cell culturaagapée
were added. The wells were covered with adhesive tape and placed on an orbital shaker at
room temperature for 2 hours. After 2 hours all the wells were aspirated and 300 pl wash
buffer was added to each well and aspirated. This step was refddatee times. 200 pl of
human VEGF conjugate was added to each well and covered by adhesive tape. The plate was
incubated at room temperature on an orbital shaker for 2 hours. Washing with wash buffer
was performed three times, followed by the additioh290 pl of substrate solution. The plate

was covered with aluminium foil and incubated for 20 minutes on an orbital shaker thgh 50
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stop solution was added to all the wells. The plate was tapped gently to mix the stop solution
to allow uniform colour cange (fig. 2.8). The microplate reader was used to record the

optical density ak n mm.

Figure 2.B: The colour change after adding stop solution VEGF ELISA last step.

78



Chapter 3

Chapter 3 Identifying working range of cerium dopethc oxide
substituted bioactive scaffolds for craniofacial bone regeneration

and vascularisation

3.1 Introduction

A key requirement of craniofacial bone regeneration is a highly vascularised tissue.
Vascularisation is disrupted due to disease or injury making the healing extremely difficult.
Such injuries happen mainly due t@uma, which disrupts the complex networdf blood
vessels in bone and the surrounding soft tissues, resulting in a lack of blood supply to bone
cells which delays the healing process. The currently available scaffolds for craniofacial
reconstruction do not induce angiogenesis (formation of bleedsels) instead they rely on
an inflammatory healing response that results in insufficient oxygen and nutrient supply,
hence resulting in nomniform cell differentiation and cell deatfBramfeld et al., 2010; Malda
et al., 2004; Rouwkema et al., 200Barui, A.ket alreported the proangiogenic poterai of
flowerlike zinc oxideparticles. Microwave technology was used to synthesisezihe oxide
particles followed byn vitroandin vivoinvestigations to evaluate the proangiogenic potential
of metal oxideszinc oxideinternalisation, cell proliferabn and VEGF assay were analysed,

and significant differences were observed between different sam{Basui et al., 2012)

On the other handseveralktudies reported that cerium in the biological environment
is nontoxicandhas bacteriostatic properties. It was investigated that cerium introduction into
bioactive glass scaffolds increases ihitro bioactivity which makeg favourable for bone
tissue engineering 5 St A 2 NI Yy PZ H n M few studiéshidgziublishdion thd &= H
angiogenic potential of CeQand resits revealed that it is proangiogenic and upregulates
Ke&LREAIFI AYyRdzOA6tS FLOG2NI m h gKAOK fSIR&a (2
and morphology of the particles play a significant role in oxygen modulation within the cells
which lead tohydrogen peroxidgroduction leading to angiogenediBas et al., 2012; Nethi

et al., 2017) Studies demonstrated that cerium incorporation resultedzimc oxidelattice
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expansion, reduced grain size and increased ban@galandaisamy et al., 2016; Sinha et al.,
2014) These findings from previous studies enabled us to select cerium as plaatdd his
chapter is focussed on synthesis and characterisation of cerium dapsd oxide
nanoparticles and explores the biological properties of cerium d@oedoxidenanoparticles

in form of nanepowders as well as within a porous composite scaffold.
3.2 Aims and Objectives

Zinc oxidéhas proangiogenic potential vitro & in vivo(CAM) and Cefis bioactivan
vitro. Cerium dopedzinc oxidehas been shown to caussgnc oxidelattice expansion and
reduced particle size, however to my knowledge no biological analysis has been carried out
to date. The aim of this chapter is to evaluate appropriate cerium dopeuhc oxide
nanoparticle samples for use in scaffold synthesis amdvitro cell culture analysisTo

achieve this, the following objectives were addressed in this chapter.

1) Synthesise and characterise nasiaed cerium dopedinc oxidenanoparticles with

different concentrations of cerium.

2) Analyse and compare cell metdiocactivity of cells when exposedzmc oxideand cerium

dopedzinc oxids, at varying concentrations of cerium.

3) Fabricate cerium doperinc oxidecontaining composite scaffolds with polyurethane and

explore their potential as bone tissue graft substitutes.

3.3 Materials and methods

Zinc oxideand cerium dopedzinc oxide nanoparticles were synthesised using a
hydrothermal flow system, followed bgharacterisation using XRD, SEM, TEM and cell
metabolic activity assay using the MG63 cell lineZn®8 was selected for scaffold synthesis
and further study. The freeze extraction salt leaching technique was used to fabricate porous
polyurethane foams dwstituted with nano hydroxyapatite andnO_2or CeZn0O5. Human

Embryonic Stem Celllesenchymal progenitors (hEBIPs) and Bone Marrow Stromal cells
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from the Y201 cell line were used to evaluate the effect of soluble products from the scaffolds.
Cell metabdt activity, cell adhesion and cell seeding efficiency was evaluated using Y201

cells. These methods are all described in detail in Chapter 2 (Heading no. 2.2.7).

3.4 Results

3.4.1 Dynamic Light Scattering (DLS) for Hydrodynamic diameter

measurements:

The hydrodynamic diameters of all the samples were measured at room temperature
(Table 1). The hydrodynamic diameter of nanoparticles was observed to be in a range
between 21nm to 134nm (Table 3.1). It was observed that varying the concentration of
precusor solutions i.e. potassium hydroxide and zinc nitrate led to notable differences in
hydrodynamic diameter size. But a less notable difference was observed when samples were
introduced with cerium, copper and zirconium. Furthermore, it was observedretasing

the dopant amount led to bigger particle sizes (table 3.1).

Table 3.1The mean surface area and mean particle sizgznafoxideand cerium dopedinc
oxidenanoparticles obtained using Dynamic Light scattering, Brurgkiramett Teller (BET),
and XRay Diffraction Analysis. n=3

Sample Name | Hydrody | BET Crystallite Size Average
namic Surface (Scherrer Particle size

Diamete | Area m2/g | Equation) (nm) | (calculated

r (nm) from TEM
imaging) (nm)
1|2Zn0O_1 21.02 6.76 32.35 83.16
2 | Zn0O_2 13450 | 11.35 31.70 45.23
3 | CezZnO1 100.70 | 15.64 31.38 88.45
4 | CeZn0O2 88.88 12.88 32.45 67.30
5 | CezZnO3 101.70 | 13.68 31.41 49.88
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6 | CeZnO4 70.49 12.32 31.23 79.21
7 | CeZnO5 98.95 13.68 31.30 51.67

3.4.2 BrunauetEmmetg Teller (BET):

The preliminary DLS findings were further confirmed by using BET surface area
analysis. The change in precursor solution concentration led to significant variation in surface
area in the case of puranc oxide but for dopedzinc oxideno notable differece was seen
(Table 3.1).

3.4.3Ramanspectralanalysis ofinc oxideandcerium dopedznc oxide

Live Ramanspectral analysis was performed to investigate R@manscattering ofzinc
oxide nanoparticles and the influence of Cerium doping on characteust oxideRaman
scattering. All the spectra were recorded at room temperatenc oxidesynthesisedvia
Hydrothermal flow was characterised aairtzite (crystal structure having hexagahunite
cell), zinc oxidebecause of the presence of eight characteristic optical phonon modes at the
OSYiNB 2F . NRff2dzZAy ®%2yS 01 L2 ARAmabsgecti@ dfa dzNB

pure zinc oxide

1 I' Mm!'Mm b H. M b M9M b HO9H
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Figure 3.1Ramanspectral analysis of synthesis&uO 1.The peaks are labelled.

The spectra demonstrated the four characteristic peaks at 100, 380, 437 and

580 cm'l which are characteristic phonon modes of hexagamat oxide The peaks were

characterised as:E A1(TO), f5, and A1(LO) respectively (Table 3.2).

Table 3.2TheRamanspectra peak characterisation

Wave numbeicnt?) Assignment References
1 100 B
(Zeferino et al., 2011)
2 380 Al (Zeferino et al., 2011)
3 437 EH (Zeferino et al., 2011)
4 580 Ai(LO) (Zeferino et al., 2011)
5 465 Fog (Chouchene et al., 2016)
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Al, E and Ewere characterised aBamanactive modes. Aand & were categorised
as polar branches. The polar branches divide into longitudinal Optical (LO) and transversal
optical components which weresaociated with different frequencies due to LO phonons
associated electric fields. The Bamannonpolar mode associated with low frequency was
classified as &zwhich depicted a heavy Zn sub lattice. However, nonpolar high frequency

mode Enonly involvedoxygen atomgZeferino et al., 2011)

The spectra demonstrated the appearanceRaimanactive mode ky (Fig. 3.2) which
is the characteristic peak for the Cegibic structured lattice. The remaining peaks associated

with the zinc oxide hexagonal structure were found at the same position. Thg F
corresponded to a ceria (CeQvibrational unit which showthe oxidation of C%Jr during

hydrothermal synthesis. This confirmed the presence of two phases in the samplexide

and CeQrespectively(Chouchene et al., 2016)

Cerium Oxide (Cefbelongs to the group of cubic fluorite structures. In samples in
which cerium was introduced intonc oxide the first orderRamanactive phonon mode &
appeared as shown in Figure3with reduced amounts of cerium there (fig2Bthere was

1

no longe evidence of theRamancharacteristic peak afinc oxideat 380cm ~ A1(TO) which

is one of three characteristic vibration modeswadirtzite zinc oxidewith P63mc symmetry

(Fig 32) (Chouchene et al., 2016; Zamiri et al., 2015; Zeferino et al., 2011)
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Zn0O_1 andZnO_2 showsRamanspectra of purezinc oxice, moving upwards aO1
to Ce&ZnO3 is one cerium group and BeX- CeZzn(6 is another cerium group having cerium

content 1 mole %, 3 mole % and 5 mole % respectively djg 3.

As the cerium content was increased the partial oxidation of 6appened during
the hydrothermal process at 3359eading to formation of cubic Ce@ was observed that
the peak intensities for characteristic wurtzizac oxidereduced as the cerium content was
increased (shown by purple dots), however, R@maractive mode for ceriadgincreased as
the cerium content was increased (indicated by the green triafigl82) (Chouchene et al.,
2016).
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Figure 32: Comparative analysis of purec oxideas control and Cerium dopethc oxiden

varying concentrations
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3.4.4. XRay Diffraction Analysis (XRD):

Zinc oxideand Cerium dopedinc oxidegroup was analysed usingry diffraction

patternsto investigate the composition and crystal properties of synthesisgtbceramics.

Figure 33 shows thepure zinc oxide synthesised via the hydrothermal process, match
with PDF 0@36-1541. The diffraction pattern matched exactly to thec oxidePDF patrn
which confirmed the successful synthesigiot oxide(fig 33), the pattern showed very sharp
peaks which indicated the high crystallinity and hexagonal wurtzite crystal structure of the
sample (Chouchene et al., 2016; Zeferino et al., 20Hpwever, the addition of cerium
content resulted in the appearance of a signal at 33 degrees which was attributediton
oxide (Ce®) (figure 33), after matching with the PDF 667-0123 (figure 3) (BuencFerrer
et al., 2010)

CeZn0O5
—— PDF 00-036-1541 ZnO
—— PDF 00-067-0123 CeO,

Intensity (a.u)

1000
1 | I
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v ‘r‘“r"‘!"v' ‘ l 7"‘v'r—v-~r~f|l-v—'lv ~

40 50 60 70
2 theta

Figure 33: Peak match of Cerium dopé&ihc oxidesynthesised via Hydrothermal
Flow with XRD library PDF-086- 1541 and PDF 6067-0123.

The peak at 33 degrees was observed as a weak signal at lower (1mole%)
concentration of cerium but was more evident with higher addition of cerium (figube Bhe
peak at 33 degrees is negligible inZGEL but with an increase in Cerium concentration the

intensity of the peak increased (De® & C&n(3). A similar pattern was observed in other
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cerium groups (CanQt, C&ZnG & C&Zn(B). The sharpness of the pealsnained the same

even after doping which confirmed good crystallinity (figur4).3.

Further, the peak at 47.5 degrees resulted in increased intensity with an increase in
cerium content. This peak is associated with thac oxide & CeQ lattices, which
demonstrated the change in geometry of the overall crystal structure. PDE6B0123
matching demonstrated the cubic fluorite like structure, increase in intensities of the peaks
associated with Cefronfirmed the presence of two phases; hexagonal and c(fn®©&

CeQ) but the dominant phase observed was hexagonal due to maximum intensity (fi@yre 3.
(BuencFerrer et al., 2010; Zeferino et al., 2011)

The crystallite/grain size was observed to be almost the same for all the samples, no
significant change in size was observed with variations in precursor concentrations or doping

concentrations (Table 3.1).

3.4.5 Transmission Electron Microscopy (TEM)

A TEM study was performed to analyse the change in physical properties of
nanoparticles with increase in doping concentration. For mime oxide the structure was
rod shaped and the size was around 10-150nm. However, with addition of cerium
content, the shape remained rod like, but the size of the rods reduced significantly. The size
range for C&nO1 is 50nm- 100nm. With increase in cerium content, 2 morphologies were
observed (C&02), rounded particles and rod like particles. At a further,@ase in cerium
content (C&n03) most particles were spherical, and size redufdble 3.1)significantly
(Figure 34). The introduction of ions resulted in expansion of #ec oxidelattice which
resulted in a reduction in grain size and increase in bandgap (Kulandaisamy et al., 2016; Sinha
et al., 2014). It is evident that doping resulted in a change in particle size and, partly, particle

morphology.
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Zn0_1 Ce-Zn0_1 Ce-Zn0_2 Ce-Zn0_3

Figure 34: TEM imaging of paicles fabricated with concentrations of Cerium

3.4.6 Cell Metabolic Activity Assay with a Human Osteoblast like cell line (MG63)

The test was performed usirigug/ml and 10ug/ml nanoparticle suspensions in cell
culture media for 7 days usirgglls from the human osteosarcoma cell line (MG63). At day 1
(24 hours), using aj5g/ml nanoparticle suspension in contact with cells, no cell inhibition or
morphological changes were observed. Different concentrations of cerium dapeal
showed differentcell metabolic activityZnO 1 and CEnQ showed improved response and
similarlyZnO 2 and CEn(b increased cell proliferation up to day 7. In order to check the
dose response, increased nanoparticle concentrations were used. The results showed the
same tend with C&n@ and CZnCb showing maximum cell viability for up to 7 défyg 35).
No nanoparticle was found toxic or inhibited cell proliferation when compared with only cell
O2yiNRt ® ¢dzl S&€Qa Ydzf GALIX S O2YLI NR&A2Yy GSad ol

significant or not.
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Figure 35: 7-Day Cell viability assay uginanoparticle suspensiofA) 5ug/ml nanoparticle
suspension. (B) 1@/ml nanoparticle suspensioBata represents mean SD, n=3*3, *=
p<0.05.
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3.4.7 28 Daycell metabolic activityassay using cells from tH&EaSMPs cell line

(10 pg/ml nanoparticle suspension):

Human embryonic mesenchymal like stem cdlSS{MPs) were selected for a 28 day
study in order to evaluate the lorgrm contact effect on cells and to ensure the safe use of
cerium dopedzinc oxiddor craniofacial bone scaffis.ZnO 2 and CEn(b were selected for
further investigations based on nanoparticle siZea@ 2 and CZn(b have a smaller particle
size (Table 3.1) and preliminary improved cell viability response.

At Day 1, there was no significant difference between controlzar@ 2, C&n05 (Fig
3.6). The cells were attached to tissue culture plastic and no adhesion rimmgaii was
observed under the microscope. At Dayd® 2 and C2n0O5 improved cell metabolic activity
significantly as compared to the cells only control, however no notable difference was
observed betweerZnO 2 and C&n05. A similar pattern was observedrfdays 14, 21 and
28.Zn0O_2 and C&n05 clearly improved the cell proliferation for up to Day 28 (Fig.3
¢dzl SeQa YdzZ GALX S O2YLI NR&A2Y (GS&0G 2n@Blhas LIS NF 2
significantly improved cell metabolic activity, it was confirmed thhée tdifference is
significant (p value 0.0198) as compared to the cells only control forzh2 and C&nO5.

However, no significant difference was observed betwge® 2 and C&n05 (Table 3.3).
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OJ *kkk
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Figure 36: 28-Daycell viability assay using 1fdg/ml nanoparticle suspension in cell culture
media. Data representsmean SD, n=3*3, *= p<0.05.
Table 3.3:Cell metabolic Activity difference on $iMPs due to C&(0b nanoparticle

suspension as compared to only cells with standard medi&Za@d2 suspension.

Analysis  Timg Comparison of ZnO2 and| P Value
point CeZznQwith Standard media
Day 1 Standard media Vs 2a(b 0.9558 ns
Zn0 2 Vs C&nG 0.9978 ns
Day 7 Standard media Vs @a(b <0.0001 ****
Zn0Q 2 Vs Cénb 0.6952 ns
Day 14 Standard media Vs @a(b 0.0061 **
ZnQ 2 Vs C&nG 0.6361 ns
Day 21 Standard media Vs @a(b 0.0188 *
Zn0 2 Vs Cénb 0.9971 ns
Day 28 Standard media Vs @a(b 0.0198 *
ZnQ 2 Vs C&nG 0.4942 ns

Conclusions; Nanoparticle Analysis:

The C&n(b nanoparticles were investigated to have two phases: hexagimabxide
and cubic Ce® The average particle size was calculated78snm The nanoparticle
suspension in cell culture media was used to analyse cell metabolic activity assay with MG63
and hESMPs, the results suggested increased metabolic activity witnCe suspension in
comparison to standard cell culture media. TherefoBZn( was selected for scaffold

synthesis and further evaluations.
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3.5 Cell Culture investigation of porous composite scaffolds

incorporated with cerium dopeddnc oxide

Introduction to the PU scaffolds:

Porous scaffolds were synthesised using a solvent casting salt leaching technique.

Polyurethane was used as polymer base and 2.5% hydroxyapatite Zn@e2 and CEnCb

were used in composite scaffolds. The aim of this section was to identify the working
concentration of C&n0b for the scaffoldand if the cerium dopedznc oxideincreases the
OStfQa NBalLRyaSe® ¢KS RSGIAfA 2F aoOlFlFF2tR
2.2.5).

3.5.1 Evaluating the effects of soluble products released froaffcdds over

time on cell metabolic activity from scaffolds:

Cell metabolic activity levels were found to be statistically similar compared to those
cultured with either frozen media or fresh media. Metabolic activity was statistically similar

andthere was no evidence of a cytotoxic response for collected media at Day 14 (Fiure 3.
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Figure 37: Effect of soluble products (when submerged in media for 14 days) from
scaffolds (A)hESMPs cellslata. (B) Y201 cells datBata represents mean SD n=3*3
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3.5.2 Cell Seeding Efficiency

The Scaffolds incorporated with ZE#5 showed notably higher cell attachment as compared
to the other scaffolds (Fig 3.Approximately 60% cells adhered to the scaffatd®rporated
with CeZnO5 and 40% to scaffolds incorporated with ZnO_2. However, PU ardé PU

retained less than 40%.
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Figure 38: Cell Seeding efficiency as measured by comparing the metabolic activity of cells
attached on surrounding tissue culture plastic (TCP) with cells attached to scaffolds. A). The
scaffolds were transferred to a new well plate before performingzesn assay to evaluate

the cell metabolic activity on TCP and scaffolds. B) the percentage cell attachment is shown
using cells that were seeded in parallel on TCP in monolayer as the 100% matk€b Ce

incorporated scaffolds showed over 60% cell attaeht. Data represents mean SD n=3*3.
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3.5.3 Y201 cells growth kinetics wiibrous composite scaffolds

Figure 2 shows the cell metabolic activity of the Polyuretharseaffolds
incorporating Hydroxyapatite only, Hydroxyapatf@O 2 andHydroxyapatiteCe&Zn(b. The
Y201 cells were cultured for 30 days. Cells were seeded on the sterilised scaffolds and
resazurin assay was performed to record cell viability. The Y201s attached and proliferated
on all the scaffolds except PU only foams. At Band Day 7, some cell attachment was
observed, and cells proliferated up to day 7, however the adhesion was weak or impaired
after Day 7 and cell number seemed to drop (F®).3The scaffolds incorporating with HA,
ZnO 2 and CEn(b showed better attachmnt and cell proliferation for up to 30 days when
compared with PU only. At Day 3, no significant difference was observed betweldA Rd
ZnQ 2 (table 3.4), however significantly improved cell metabolic activity was seen with
scaffolds incorporated withCeZnO5. With increasing time, the cell growth became
significantly higher foZnO 2 and C&n0O5 as compared to PU_HA. At Day 30, th&nt®
supported a significantly higher number of Y201 cells compared tbl&REdndZznO_2 hence
making the CEnO5 a better saffold in terms of cell attachment and proliferation for up to
30 days. NeitheZnO_2 nor C&En(b were found to be toxic or posed inhibitory effects for cell

attachment or proliferation during the complete duration of experiment.
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Figure 39: Cells attachment and growth analysis using resazurin cell viability assay
on synthesised porous scaffolds for 30 days. Data represenésn SD n=3*3.

<0.0001 ****,

Table: 3.4:Cell metabolic Activity differences between Y201 cells on porous scaffolds
incorporating HA & (06 nanoparticles in comparison with scaffolds containing only HA or
HA andZnO 2 as controls.

Analysis | Comparison of PWAZNO 2, PU P Value
Time point HACeZn05 1% and PHHA

Day 3 PUHA Vs PHHACe&NO5 1% 0.0741 ns
Zn0O_2 VSPUHACe&ZNn(b 1 % 0.0445 *

Day 7 PUHA Vs PLHA-CeZnO5 1% <0.0001 ****
Zn0O_2 Vs PLHACeznO5 1 % <0.0001 ****

Day 14 | PUHA Vs PLHACeZnO5 1% <0.0001 *x**
Zn0O_2 Vs PLHACezn05 1 % <0.0001 ****

Day 21 | PUHA Vs PLHACeZn(O5 1% <0.0001 ****
Zn0O_2Vs PUHACeZnO5 1 % <0.0001 ****

Day 30 | PUHA Vs PLHACe&Zn(b 1% <0.0001 ****
Zn0O_2 Vs PLHACeznO5 1 % <0.0001 ****
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3.6 Discussion

Angiogenesis in bone tissue engineering has gained much attention as it is believed it
is required for speedy bone regeneration. The initiation of neovascularization and
angiogenesis at a defect site is an important strategy to recruit osteoblasts atittarke site
and leads to new bone growtlZinc oxidels known to generate reactive oxidative species
which initiate the process of angiogenesis with the help of growth factor mediated
mechanisms. The use of metal oxides in tissue engineering scaffoldsefgrurpose of
angiogenesis was first reported in 2014 and since then it has gained attention as
vascularisation is prerequisite for most repair or regeneration applicatigngyustine,
Dominic, et al.,, 2014b, 2014a; Augustine, Malik, et al., 20R9S production leads to
expression of VEGF and FGF which are key proangiogenic factors. Considering the properties
of zinc oxide based on the literature, this cpger focussed on the synthesis of cerium doped
zinc oxide The resultant oxides were characterised and differences in size, morphology and
biological properties were evaluated in comparison with pare oxide The research was
aimed to synthesise phasauge and Cerium dopednc oxidenanoparticles and introduce
them into the scaffolds. It was envisaged that the resultant composite will result in unique

lattice and surface properties which would affect biological performance of the final scaffold.

The fist task was to select a nanoceramic synthesis method which can yield nanosized
particles and give reproducible results. A number of popular methods such as solgel, liquid
phase synthesis, gas phase synthesis and several physical methods are being uBedllgpec
for synthesis ofinc oxidenanoparticles(Naveed Ul Haq et al., 201’ However, all of them
have limitations, such as not being able to achieve nanosized particles in a reproducible
manner, difficulty of controlling the morphology of the particles, and the high costs of these
methods. The continuous hydrothermal flow systeises supercritical water (at temp. 200
400°C) which interacts with the metal salt at room temperature and causes crystallisation of
inorganic materials within seconds to a few minutes duration. The precipitated nanopatrticles
are then washed and dried to tdin nanopowders. The process is ddendly as it only uses
water rather than organic solven{®arr et al., 2017)The technique is reproducible and has
been reported in a number of studies. The reaction parameters were adjusted to obtain

nanosizedzinc oxideand cerium dopedinc oxideparticles. The results indicated that the
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change in concentration of precursor reactant solutions i.e. potassium hydroxide and zinc
nitrate resulted in a change in size of particles. To obtain nanosized particles was a key aim at
this stage as the parties will be used in polymeric scaffolds and cell culture experiments. It
has been previously established that the smaller the size of nanoparticles, the lower are the
chances that the cells will detect them as foreign bodies and create adverse effects.
Narosized particles have higher surface areas hence it is easier for them to cross the cell
membrane in a concentration and timedependent manner through the process of
endocytosis(Panyam & Labhasetwar, 2003; Salatin et al., 205 particles of less than
100nm have shown greater cellular uptake than microparticles. @acells were treated

with 100nm and 210 pum particles and results demonstrated 1380 times higher particle
internalisation for 10Ghm nanopatrticles. It was reported that microparticles tend to stay in
epithelial lining however, nanoparticle uptake allowed penetration and distribution
throughout submucosal layel(®esai et al., 1996)Also, nanoparticles can be administered

into system® OA NDdzA F GA2Yy da GKS&@ IINB GAyeé FyR O yg
have been reported to have higher efficiency for cellular uptake based on data with different
cell lines i.e. Hepa-&, HepG2 and KLN 2@Bauner et al., 2001)The concentrated reactant

solutions resulted in smaller particle sizes in the case of control sanfpl€s I &Zn0O _2).

The shape of nanoparticles is equally ortant in tissue engineering applications as
it affects the biodistribution, residence time and circulation inside a living cell. Achieving
elongated particle morphology such as rods or needles is highly efficient for cell attachment
as they have higher siace area and aspect ratio specifically for endothelial ¢Siédatin et
al., 2015) The nanoparticles were further subjectedRamarAnalysis to investigate the role
of cerium incorporation ofRamanScattering ofzinc oxidenanoparticles. The analysis further
supported the hypothesis that cerium incorporation poses changes in lattice structure which
continually change upon increase iancentration (Srisuvetha et al., 2020Yhe data also
supported the BET surface area analysis as doping resulted in change in size of particles. So,
the initial plan of changing the concentration of precursor solutions to obtain different sized
nanoparticles was achieved as hoped. The techmican be explored further to optimise the

particle size for customised nanoparticles.
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The chemical limitation of the synthesis method was detection of cerium oxide phase
along withzinc oxide While analysing XRD data, the presence of more than one pkise
is generally considered to be an impurity. The doping involves incorporation of ions to the
lattice for functional modification; however, substitution is replacing an ion with another one.
The synthesis aim was to dope cerium ion intozime oxideattice to obtain added functional
benefits, but the result obtained was Ce&hdzinc oxide It was concluded that the finaano
powder might contain two types of particles: rod shapadc oxideand cubic or rounded
CeQ(Srisuvetha et al., 2020y he conclusion was made based on XRD and TEM data, as TEM
micrographs also spotted rounded particlasd rod like particles. The presence of another
phase can be called unsuccessful doping. However, this chemical synthesis limitation was
found not to inhibit biological activity at this stage. The cell metabolic activity of MG63 was
recorded to be higherdr C&Zn05 and C&n06 as compared t@nO_1 orZznO 2.

CeQ nanoparticles as additives to the scaffolds are reported to facilitate cell
proliferation and differentiation of human mesenchymal stem cells (hMSCs)., CeO
nanoparticles act as a free radical scavenger when loaded in low concentrations. Higher CeO
loading in PLGA scaffolds (20%) led to agglomeration of nanoparticles hence reducing the
scavenging activity. In another study, PLGA composite with 6 widafd@e@nanoparticles
respectively were compared, better cell attachment and proliferation was recbfdePLGA
CeQ composite scaffold§Hosseini & Mozafari, 2020The Ce@is thought to have better
biochemical interaction with the cells as compared to,la® Ce®is in trivalent state which
is more stable and acts as antioxidant which plays an important role in enhanded cel
LINPEAFSNI GAZ2Yyd 2KSYy FNBS NIRAOIFf& INBE 3ISYSNI
normal growth. Ce®is a free radical scavenger, which scavenges oxygen molecules. This
oxygen molecule scavenging significantly improved bone regeneratibime superoxide
radicals when in contact with Ce@re converted into peroxides, such peroxides are attached
to the surface of Cef3tronger than that of Oxygen molecule. In this way, g&idoparticles
regulate oxygen within the cells which is the key éador cell growth and proliferation
(Hosseini & Mozafari, 2020Yhe synthesis method was in agreemevith the reported
literature in terms of size and shape of particles obtained. Based on literature, the particles

with CeQphase were the better combination for cell culture studies.
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CeQ also known as Ceria on its own promotes angiogenesis and bgeaeeation
by upregulating the proliferation of vascular endothelial cells and Alkaline phosphatase
activity. Ceria also plays an important role in cell migration and osteogenic differentiation of
BMSCs by the Smad1/5/8 signalling pathway. Ceria contdiggasses were found to act
as anttinflammatory and no cytotoxicity was recorded in mouse osteoblast 7F2 cells nor in
human mesenchymal stem cells (HMSE®sseini & Mozafari, 2020)

The C&n05 incorporated scaffolds were tested for cell metabolic activity and clearly
the cell metabolic activity was higher in samples containingn©&. In light of the literature,
the presence of CeQOnight have an impact on cell attachment and migration leading to
proliferation. However, investigating the PCR based markers for bone regemerd
angiogenesis is required. A cell differentiation study is also required to make conclusions

about bone regenerative potential of @&0b5.

3.7 Conclusiona

The Ceén05 incorporated scaffolds showed better cell metabolic activity than
scaffolds without cerium with no obvious cell growth inhibition. The cell attachment was
recorded to be 60% for these scaffolds and the cell growth kinetics was significantly higher
than the control for up to 30 days. PHIACe&Zn(0b is a novel composite séald that can

further be explored for bone tissue regeneration and angiogenesis.
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Chapter 4. Synthesis and characterisation of Zirconium dof&ac
oxide and identification of a working range of Zirconium dopefinc

oxide for cranidfacial bone regeneration and vascularisation

Chapter Objectives:

1) Characterise thginc oxideand zirconium dopedzinc oxidenanopatrticles.

2) Assess biological properties of zirconium dopead oxideas nanoparticles and in the form
of porous composite scaffolds.

3) Investigate if the porous compositeZa05 containing scaffolds have potential for bone

regeneration.

4.1 Introduction:

Biomaterials are important in the field of tissue engineeringgeesally implantable
materials including fixatives, replacements,or reconstruction of damaged bone tissue. A
number of metal oxides have been introduced into the field of biomaterials based on
properties such as mechanical strength and chemi&aphysical properties that are
compatible withthe biologicaknvironment. In the previous chapter, the properties of cerium
doped zinc oxidewere discussed. Cerium dopadc oxideincorporated scaffolds were found
to have better biological properties as compared to scaffolds incorporatingzordyoxideor
Hydroxyapatite. The basic cell seeding efficiency and growth kineticke#@sn significant
improvement compared to controls. Zirconia is also a promising ceramic candidate due to its
mechanical properties in load bearing applications. Zirconia based implants are used in
orthopaedics for femoral heads for total hip and kne@leements due to toughness and
corrosion resistant propertiegTosiriwatanapong & Singhatanadgit, 2018his chapter
investigated the properties of Zirconium dopeihc oxide nanoparticles a a potential
candidate for bone regeneration. The particle morphology, size and surface area were
analysed, anghorous scaffolds were synthesised. The scaffolds were subjected to cell culture
analysis to explore the effect of zirconium dopadc oxideon cell growth in order to identify

if zirconium dopedinc oxidehas potential for bone tissue engineering applications.
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4.2 Materials and methods

Zinc oxideand zirconium doped zinc oxidenanoparticles were synthesised using a
hydrothermal flow system, followed by characterisatoo@rZznO5 was selected for scaffold
synthesis and further study. The scaffold synthesis was done using freeze extraction salt
leaching techniqgue. Human Embryor@tem CelMesenchymal progenitors (hE\8Ps) and
Bone Marrow Stromal cells Y201 cells were used to evaluate the effect of solubility products
from scaffold. Cell metabolic activity, cell Seeding efficiency and the ability of scaffolds to
support cell adhesin was evaluated using Y201 cells. These methods are all described in

detail in Chapter 2 (Heading no. 2.2.7.)
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4.3 Results

4.3.1 XRD

The XRD results farconium dopedzinc oxideshowed sharp peaks when analysed
with XRD which demonstrated high crystallinity of the nanopowders. The Zr dopedxide
(Fig 41) was found to be similar thexagonalwurtzite zinc oxide No oxide or any other
phases were spotted. However, the increas Zr content led to a shift of the spectra slightly,
to the lower angle. This effect was associated with the increased ionic siz& tfadr Zri?,
upon substitution Z¥* crystal lattice distortion happened which resulted in reduced particle
size as th Zr content was increased (Table 4.1). The peak shift to a lower angle as the
concentration (fig £) was increased confirmed the substitution of Zr into tec oxide
(Zhang et al., 2011). Similar data was observed in other Zr dopedxidegroups aswell,
GKAOK RSGSNXYAYSR (KIG GKS OKFy3aS Ay NBIOillY

nano-powder chemistry or properties.
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Figure 4.1XRD patterns of Zinc oxide and Zirconium doped Zinc oxid2 i)KOH
B) 1M KOHas precursor.
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Figure 42: The XRD peak shift due to Zirconium incorporation intaitheoxiddattice

during the synthesis process.

4.3.2 BrunaustEmmettg Teller (BET):

The BET data showed that thehange in precursor solution concentration led to
significant variation in surface area in the case of mime oxidebut for dopedzinc oxideno

significant variation was seen (Table 4.1).
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Table 4.1Physical properties of nanopatrticles

Sr.no.|Sample Name BET Surface Ar{Crystallite sizq Average
m?/g (Scherrer particle size
Equation) (calculated
nm from TEM
imaging)nm
1 Zn0_1 6.77 32.35 83.16
2 Zn0_2 11.35 31.70 45.23
3 ZrZn0O1 16.99 29.04 43.32
4 ZrZn0O2 24.44 25.78 42.30
5 ZrZn0O3 29.07 29.12 73.50
6 ZrZn0O4 16.11 31.21 49.55
7 ZrZn0O5 26.18 31.20 54.39
8 ZrZn0O6 29.84 32.36 58.16

4.3.3. Scanning Electron Microscopy

The nanopowders formed agglomerates of several particles (fig@je Phe samples
were sonicated before SEM analysis, but particle separation was not achieved which might
be due to weak physical forces. The nanoparticles were found fused together to make micron
sized particles. Even at 23Kx it was difficult to evaluageiniividual particle size range due
to agglomeration(Mohan & Renjanadevi, 2016However, it was possible to confirm that the
size of particles is in the nano range. To study the morphology of the particles TEM was

performed.
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Figure 43: Scanning Electron Micrographs of Zirconium daped oxidenanoparticles at

23kx magnification.

4.3.4. Transmission Electron Microscopy

Transmission electron microscopy was performed to evaluate the change in

morphology of theparticles after doping. At the lowest concentration afcdnium doping

(1%) the size of particles was reduced as compared to cafimoloxidenanoparticles. Also,

less rods were spotted in ZT1O1 and ZZnO4. As the concentration increased agglomerates

of quite small particles were spottg@pproximately 3.5 nm)(ZiZznO2, ZZn03, ZZn05 and

ZrZnO 6). The introduction of ions resulted in expansion of tec oxidelattice which

resulted in reduction in grain size and increase in bandgapandaisamy et al., 2016; Sinha

et al., 2014) 1t is evident that doping resulted in change in particle size and partly the particle

morphology(table 4.1ffig 44).
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Figure 44: Transmission Electron Micrographs revealing morphologin©ihanoparticles

and effect of Zirconium doping on nanoparticle morphologyn® 1 B)ZnO 2 C) ZZnQ
D) ZZnQ2 E) ZinG3 F) ZZnCt G) ZIn06 H) ZZn06

4.3.5Nanoparticles cell culture

4.3.5.1 Cell Metabolic Activity investigation using MG63

The Direct contact cell metabolic activity assay was performed as a preliminary
evaluation of nanoparticlewith 5 ug/ml and 10 pg/ml nanoparticle suspensions for 7 days
using cells from th@uman osteosarcoma cell line (MG63). At day 1 (24 hours), cgltssed
to the 5pug/ml nanoparticle suspensiodid not appear to have anmorphological changes
were observed. Different concentrations of Zirconium dopiet oxidesupported distinctive
cell metabolic activityZnO_1 and ZZrnO2 showed improved response (fighftand similarly
Zn0O 2 and ZZn05 increased cell growth up to day 7. In order to check the dose response,
increased nanoparticle concentrations were used. fdsults showed the same trend with

ZrZn0O2 and Zrn(O5 supportingthe highestcell viability for up to 7 days. No nanoparticle
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chemistry was found to be toxic or inhibited cell proliferation when compared witls cell

-

grown in standard culture media as@ntr2 f ® ¢dzl SeQa YdzZ GALX S 02

performed to evaluate if the differences are significant or not.
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Figure 45: Cell Metabolic Activity of MG63 cultured in nanoparticle media suspension

A)5 pg/ml, B) 10ug/ml , expressed with absorbance units, mea8.D, n=3*3, ** <0.0001.
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4.3.5.2 28 Day Cell Viability Assay (fu/ml nanoparticle suspension) usingHHEPs:

Human embryonic mesenchymal like stem c¢lES{MPs) were selected for 28-day
study in order to evaluate the long term effect of exposure to the particles on cells and to
identify the safe use or toxicity @irconium doped nanopatrticles at lower concentrations for
craniofacial bone scaffoldsZznO 2 and ZZnOb5 were selected for the study based on
preliminary cell culture data (fig %) as well as nanoparticle sizén© 2 and ZZnO5 have
smaller particle sizes (Table 4.1).

At Day 1, there was no significant difference between controlar@ 2, ZZn05 (Fig
4.6). The cells were attached tiossue culture plastic and no adhesion impairment was
observed under a microscope. At Dayii©® 2 and ZinO5 improved cell metabolic activity
significantly as compared to the cetialy control, however no significant difference was
observed betweeZnO_2 and ZZn05. A similapattern was observed for days 14, 21 and 28.
Zn0O_2 and Cén(05 clearlymproved the cell proliferation for up to Day 28 (Fi§)4From Day
14 to Day 21 a steady growth phase was seen for cellsZzad@2, however a continuous
increase in cell metabolic activity was observed f@nop @ ¢ dzl Se Qa Ydz GALX S C
was perbrmed to evaluate if Zn(b has significantly improved cell metabolic activity, it was
confirmed that the cell metabolic activity was 17% higher than the standard media and 4%
higher than theZnO 2. A significant difference was seen between standard meainal

ZrZn(p, but no significant difference was observed betw@a® 2 and ZZn0Ob (Table 4.2).
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Figure 46: Metabolic Activity of Y201 cells cultured in nanoparticle media suspension

(10pg/ml), expressed with fluorescent units at Day 1, 7, 14, 21 and 28 days.tseBn

n=3*3, *** <0.0001.

Table 4.2:Cell metabolic Activity difference on $idPs due to Zn06 nanoparticle

suspension as compared to only cells with standard medi&Za@d2 suspension.

Analysis time points | Comparison ofZnO_2, Z#ZnO5 and| P value
Standard media

Day 1 Standard Media V&rZnO5 0.9995 ns
Zn0O_2 Vs Zin0b 0.9792 ns

Day 7 Standard media Vs Zn05 <0.0001 ***=*
n0O_2 Vs Zin0O5 0.6192 ns

Day 14 Standard media Vs Zn05 0.0331 *
Zn0_2 Vs Zin0b 0.2790 ns

Day 21 Standard media Vs Zn05 0.0001 ***
n0O_2 Vs Zin0O5 0.2938 ns

Day 28 Standard media Vs Zn05 <0.0001 ***=*
N0 2 Vs ZZnGb 0.5034 ns

11C



Chapter 4

4.3.6 Cell Culturgtudies on bioactive scaffolds containing Zirconium dogad

oxide

4.3.6.1 Evaluating effect of soluble products on cell viability foaffolds:

The experiment was performed to evaluate if the released soluble content from
scaffold over time has any toxic effects or inhibitory effects on Qekétabolic activity. The
resazurin assay was performed after 48 hours. THeMEs and Y201 cells were used for this
study to get an overview of whether cell types would respond in a simvégreach dayDay
14 data are shown here.

Cell metabolic activitievels were found to be statistically similar compared to those
cultured with either frozen media or fresh media. The soluble products from the scaffolds had
no inhibitory effect on cell metabolic activity. The metabolic activities recorded were

statistially similar and a lack of cytotoxic response was confirmed (Figtam 4.
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Figure 47: Effect of soluble products eluted from the scaffolds (when submerged in cell culture
media for 14 daysJhe cellsvere in contact with eluted media for 24 houfy. hESVIPs, B)
Y201 mean+S.D, n=3*3,

Similar results were recorded when the assay was performed with Y201 cells (Figure

4.7 B. Hence making it clear that the scaffolds are safe to use for furthestoeliles.
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4.3.6.2 Cell Seeding Efficiency:

The cell seeding efficiency assay was performed using Y201 cells to evaluate if the
a0 FF2f RQa adaNFIF OS &adzlJll2Nlia OStf FRKSaaAzy
surface immediately after se@uy. The cells were incubated for 16 hours after seeding on top
of scaffolds followed by transfer of the scaffoldsa newwell plate. The resazurin assay was
performed on both the previous culture plate and the scaffolds in fresh plates to assess the
number of cells attached on the scaffolds and that had fallen onto the surrounding tissue
culture plastic. The Scaffolds incorporating HAQ 2 or ZZnO5 supported significantly

higher cell attachment as compared to the control scaffold (only PU) @ig 4.
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Figure 48: Cell Seeding Efficiency after 16 hours incubation with Y201 cells. The metabolic
activity assay was performed to identify cells attached on scaffoldsissuieculture plastic.
A) The scaffolds were transferred to new well plate before performing resaasay to
evaluate the cell metabolic activity on TCP and scaffolds. B) the percentage cell attachment
is shown with control (cells with standard media) being considered 1080 r
incorporated scaffolds showed over 45% cell attachment. Data representsSeBn

n=3*3,

4.3.6.3 Y201 Cells growth kinetic with Bioactive scaffolds

Figure 49 shows the viability of cells on the Polyurethane Scaffolds incorporated with
hydroxyapdite only, hydroxyapatiteZnO_2 and hydroxyapatit&iZnO5. The Y201 cells were
cultured for 30 days. Cells were seeded on the sterilised scaffolds and resazurin assay was
performed to record cell viability. The Y201 cells attached and proliferated on the scaffolds

except PU only foams. At Day 3 and Day 7, soetleattachment waobserved,and cells
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proliferated up to day 7, to the extent where cell number on day 7 although low was
significantly higher than on day 3 however after Day 7 the cell number seemed to drop (Fig
4.9) which indicates the cells were nat & healthy state, this may be because of weak cell
adhesion. The Scaffolds incorporated with BAQ 2 and ZZnO5 showed better attachment

and cell proliferation for up to 30 days when compared with PU only. At Day 3, no significant
difference was obsendebetween PLHA andZnO 2 (table 4.3), however significantly higher
cell metabolic activity was seen with scaffolds incorporated withh@b. With increasing
days, the cell numbers became significantly higher fagn@s as compared with PU_HA and
ZnO_2. Atday 30, the ZinO5 had significantly higher cell metabolic activity compared te PU
HA andZnO_2 strongly suggesting that the Za05 is a better scaffold in terms of cell
attachment and proliferation for up to 30 days. Neitl#O_2 nor ZZnO5 were found b be

toxic nor to pose inhibitory effects for cell attachment or proliferation during the complete
duration of the experiment, however ZmnO5 evidently improved the overall number of
metabolically active cells above the other compositions. It can be cdedlthat ZZn0b
AYLINRPOSR GKS OSftf LINRPEAFSNIOGAZ2Y AAIAYATFTAOFYyO
multiple comparison test was performed to evaluate the statistical significance of the result

obtained.
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Figure 49: Y201 Growth kinetic with Bioactive scaffolds contaidn@ 2 and Ztn05
verses control PU & PHIA. Data represents meaS.D, n=3*3*** * <0.0001.

Table 4.3:The cell metabolic Activity difference (Y201 cells) due Zo(Brincorporated

scaffolds as compared to only fMA and PtHA-ZnO_2 scaffolds

Analysis time points Comparison of PUHA-ZnO 2, PUHA- | P value
ZrZn05 and PUHA

Day 3 PUHA vs PLHA-Z1iZnO5 <0.0001 ****
PUHA-ZNO_2 vs PWHAZrZnO5 <0.0001 ****

Day 7 PUHA vs PLHAZrZnO5 <0.00071 ****
PUHAZNO_2 vs PWHAZrZnO5 <0.00071 ****

Day 14 PUHA vs PEtHAZrZnO5 <0.0001 ***=*
PUHAZnO 2 vs PLHAZrZnO5 <0.0001 ****

Day 21 PUHA vsPUHA-ZIZnCb <0.0001 ****
PUHA-ZNO_2 vs PWUHAZrZnO5 <0.00071 ****

Day 30 PUHA vs PLHA-ZIiZnO5 <0.00071 ****
PUHA-ZNO_2 vs PWHAZrZnO5 <0.0001 ****
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Another set of scaffolds was synthesised with increasing percentages @hMe2
and ZZn05 (1%, 3% and 5%). The synthesis method and conditions were kept the same, only
the quantities of the nanoparticles were increased. The (fi@dekperiment was repeated
with a new set of scaffolds to examine the dose effect of nanoparticles. The data suggested
that increasing the nanoparticle content in the scaffolds reduced the cell attachment and
proliferation significantly. The increaseithc oxide probably made the scaffolds hydrophobic
based on previous research and my qualitative observations of the ability of the scaffold to
uptake media hence making it difficult for cells to attach. The best nanoparticle quantity of

those examined was cohmled to be 1%.

15000 - PU
PU-HA
Q
% 10000 - o~ PU-HA-ZnO_2 1%
2 T PU-HA-ZnO_2 3%
-~ [ PU-HA-ZnO_2 5%
o 1 -o- PU-HA-ZrZn05 1%
v o o~ PU-HA-ZrZnO5 3%
0-— r . . ! o PU-HA-ZrZnO5 5%

Day3 Day7 Day14 Day21 Day 30
Figure 4.D: Y201 proliferation kinetic with bioactive scaffolds containing 1%, 3% and 5% PU
HAZnO 2 and 1%, 3% and 5% P:Z1iZnCb verses control.
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4.4 Discussion

Nanotechnology in tissue engineering has gained a lot of attention especially for
synthesis of novel scaffolds with added functionalities which may create bone graft
substitutes with better clinical performance compared to autografting and allografting. In
order to achieve the desired properties, the characteristics of the nanoparticles such as,
morphology, size, biological aspects and surface properties are very important, as these
LINPLISNIASa | FFSOG OStft I RKSaAa 2 defenck sysiesNd/ | £ A & |
obtain the desired response. Gradual developments in nanotechnology in the field of bone
tissue engineering have led to an interest in metal oxide nanoparticles due to the biological
advantages they offer in the form of cements or sclaffo Metal oxides are demonstrated to
be antibacterial, anticancer, drug delivery vehicles, biosensors and cell imaging agents among
other applications. Among many metal oxidesc oxide are predominant due to excellent
physical and chemical propertieStudies are omgoing to explore the potential ainc oxide
in field of biomedicine as anticancer, antibacterial, antiammatory and wound healing
(Jiang et al., 2018)it is important to explore the morphological, physical and chemical
properties of nanoparticles and how these properties impact in a biological environment,
moreover, how to customise these properties to mimic functional tissue in order to make an
ideal bone tissue implant. In this chapter, zirconium doptt oxidewas synthesised and
introduced to the polyurethane hydroxyapatite composite. The morphological and physical
effects of zirconium dopedznc oxideas nanoparticles and as a substitute in podyio
scaffolds were evaluated followed by evaluation of the biological effect of these
nanoparticles.

Zinc oxideexhibited a wurtzite structure as evidenced by XRD analysis, no
supplementary peak demonstrating any other phase or oxide was seenndiuated either
a very low quantity of secondary phase that cannot be detected or the Zirconium doping is
present in the form of impurity in theinc oxidelattice. The XRD patterns with increasing

618 &a88yo

zirconium quantity were overlapped and a shift toward® & S NJ H
indicated the presence dlirconiumas an impurity, introduction ofirconiumto zinc oxide

caused the expansion of trenc oxidelattice due to ionic radii mismatcfTsay & Fan, 2008;
Zhang et al., 2011)Another possible reason for the lack ofconium peaks can be that

zirconiumions are completely trapped by thenc oxidelattice, hence making it difficult for
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the diffractometer to detect it as another entitfMansour et al., 2017)The widening or
broadening of the peak was not observiedresultant nanoparticles which indicated the high
crystallinity of thezirconiumdopedznc oxidenanoparticles, as suppression of nanoparticle
crystallinity is indicated by less intense or broad pg@idament Sagaya Selvam et al., 2012)
There was no difference in crystallite size calculated, howeveiiqus\studies have shown a
reduction in crystallite size upon increase anconium content. In our experiments, the
difference is not evident, which might be because of a small change in dopant percentages
(from 1% to 5%Castafieda, 2013; Naik et al02D). A slight decrease however was recorded
when the percentage was increased from 1% to 3%.

The SEM micrographs were unable to reveal much detail due to smaller particle sizes
and the formation of agglomerates, making it difficult to visualise thape and size of
particles. Another study reported the same particle arrangement with Zirconium doping
(Mansour et al., 20179fig 4.5). The TEM micrographs confirmed teduction in particle size
upon increase in zirconium content.

The toxicity of metal oxide nanoparticles directly depends on concentration, cell
density, time period and cell typ@ang et al., 2013)n order to identify safe metal oxide
nanopowderscontent for scaffold synthesis it was important to carefully evaluate these
properties. A human osteoblast like cell line was used to investigate any dose dependent
effect of synthesised nanoparticles on cell metabolic activity. No cell inhibititoxmity was
seen during this period of time with the concentrations examined (fig44/¢. The cells
adhered to the tissue culture plastic in the presenceiafonium dopedzinc oxidevery well
and proliferated significantly better than in standard niedr media containinginc oxide
control. To confirm the findings, human embryonic mesenchymal like stem cells were used to
perform the same study but for an extended period of time (28 days) (fig 4.8). The study
revealed the better performance of Zircomnh dopedznc oxidewith respect to standard
media orzinc oxideonly control. No cell inhibition or detachment was observed, the cells
proliferated well for ugo 28 days. As reported previousinc oxidecauses toxicity at higher
concentrations such ag5ug/ml. At this concentratiorzinc oxidewas shown to cause
dissolution of Zhions into the cell culture media and caused cells to detach and s{ifankg
et al., 2013) In this studyzrconium doping seems to lower the release of ¥ms into the

cell culture medium or aszse sustained release hence preventing toxitigns levels in the
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culture medium for the cells, this interpretation is based on literat{i{ang et al., 2013)he
cells adhered and proliferated even with the cell line that better represents the cells the
materials would encounter in vivo BBMPs. The Zn0O5 was selected for further research

after evaluatingts performance with 2 cell lines.

Given the promising result obtained with the powder formaZrf@5 was selected for
inclusion in composite scaffolds with the aim to create a bioactive compdsite.2 was
selected as a control for comparison. The 1¥UHAZZnO5 formation was found to be
appropriate for cell attachment and proliferation however the other formulations inhibited
the cell attachment. The 1% FAZiZnO5 was found to have enhanced cell attachment and
proliferation as compared t®UHAZNO 2 and PtHA. The porous scaffold retained the
number of cells and cells proliferated at a higher rate between day 3 to day 7 due to
availability of spaces over the rough surface of the scaffolds as well as within the pores. After
day 7 the growthwas however steady, but no cell inhibition or detachment was seen as the
metabolic activity was still increasing which is due to a higher number of living cells. The
attachment of cells over composite biomaterials depends on biological and chemicakfactor
such as chemical/lhydrogen bond formation, electrostatic/ionic interactions or
hydrophobic/hydrophilic interactions. These factors enhance or inhibit adsorption of proteins
on scaffolds, hence leading to attachment, the adsorbed proteins then initialecelél
signalling leading to proliferation over the biomaterial. The previous literature reported that
ZrQ has negative zeta potentiad0 mV) and Pur@nOalso has45.4mV zeta potential hence
making the scaffold negatively charged. Th&nb containirg scaffold would be less
negatively charged as compared to PureO 2. The positively charged proteins can easily
adsorb over negatively charged titanium implant surfaces such as lactoferrin, hence making
the positively charged proteins adsorbed efficigndue to electrostatic attraction. The
negatively charged proteins such abumin precursor and fibronectin suffer electrostatic
repulsion hence adsorb less effectively over titanium impléidtssakawa et al., 2017; Yoshida
& Hayakawa, 2016)The higher cell attachment and proliferation ove#Zrf®5 containing
scaffolds as compared t@nO 2 containing scaffold should be associated with higher
adsorption of protein such as fibnectin. Because ZnO5 might have lower negative zeta
potential as compared to pureznO_2 hence causing less repulsion. Fibronectin and

vitronectin are crucial extracellular proteins that control cell behaviours such as adhesion,
12C
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migration and differentation (Parisi et al., 2020)The adhesion of thesproteins is very
important for cell attachment over metallic or ceramic scaffolds as it leads to cells spreading
and morphological adaptation to the substrates that the proteins are attach€Hdavlett et

al., 1994; Kornu et al., 19963s mentioned above, the scaffolds physical properties such as
surface charge, surface area, surface roughness etc also play antamtpasle for cell

adhesion and proliferation. The cells seem to attach better on rough and porous surfaces.

In bone tissue engineering, the osteoblast cell behaviour is very important as these
are the bone forming cells. It has been reported that tteteoblasts tend to adhere and
proliferate  better over Zirconia implants having rough surface properties just like the ones
reported in this dissertation. The ZrOb containing bioactive scaffolds supported
significantly better cell proliferation asompared to control scaffolds for a duration of 30
days. This data supports that previously reported literature where osteoblasts were cultured
with zirconia. The study also explained that the osteoblasts differentiated into osteogenic

lineages and mineraed over time in presence of implanted zirco@lasset et al., 1999)

4.5 Conclusios

The ZZn05 was found nontoxic when tested with MG63 cell line. TheHAZ1Zn05
composite scaffold yielded better cell metabolic activity a durationof 30 days when
compared with PtHAZnO 2 scaffolds. The Zirconium dopethc oxide improved cell
seeding efficiency and proliferation as compared to hydroxyapatite and oxide only

containing scaffolds.
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Chapter 5. Synthesis and characterisation of pper doped Zinc
oxide and identifying a working range for craniofacial bone

regeneration and vascularisation

Chapter Objectives:

1) Investigatewhether the Copper dopedinc oxideis a better candidate for bone tissue
engineering in comparison to Hydroxyapatite amt oxide

2) Investigate i€opper doped zinc oxideanoparticles enhance the cell metabolic activity and
select the potential nanoparticles for a bioactive scaffold.

3) Analyse the effect aopper dopedzinc oxidecontaining scaffolds in comparison witimc

oxide-only containing scaffolds.

5.1 Introduction:

In the previous chapters, the properties of cerium and zirconium dagped oxide
were investigated. The zirconium and cerium doew oxideincorporated scaffolds were
found to increase cell metabolic activity as compared to control scaffolds. Thatuiter
reported proangiogenic properties abpper. Copper is an emerging element in the field of
tissue engineering due to its proangiogenic nature. It has been investigated that copper ions
interact with receptors on cells which are involved in angiogeattiways. It is involved in
the upregulation of expression of fibroblast growth factor (FGF) and vascular endothelial
growth factor (VEGF). A study performed on Magnesbtaopper alloys revealed that the
copper ions and M@gu alloys pose no cytotoxic effedo HUVECs and MC3E3 cells. Cu
improved the biodegradation property of magnesium and stabilised it in the cellular
environment. Furthermore, the alloy enhanced osteogenesis and angiogenesis in a promising
way so thatcould be useful foorthopaedic aplications (C. Liu et al., 2016). In another study,
Cu doped bioglass was investigated to have increased VEGF secretion as compared to
undoped bioglas¢Bejarano et al., 2017 he doped bioglass also revealed antibacterial and

increased bioactive properties which reduces the chance of infection as well as biofilm
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production overnrthopaedicmplants(Bari et al., 2017)Copper is a promising element in the

field of bone tissue engineeringt has been reported that the copper doping Zimc oxide

improves the electrical properties aiinc oxideand creates a more uniform grain size
compared to undopedinc oxide(Shafi et al., 2013)rhis chapter focuses on copper doped
zncoxidey  y2 LI NI A Of SAQ &ae&yiKSa idl metgblic a0tivity Bissa® G S NRA &
was performed using copper doped compounds in the form of nanopowders as well as in the

form of porous scaffolds to identify if copper doping has any effect on the biological

properties ofzinc oxide

5.2 Materials andmethods

Zinc oxide and copper doped zinc oxide nanoparticles were synthesised using a
hydrothermal flow system, followed by characterisation using XRD, SEM, TEM and cell
viability assay. An(b was selected for scaffold synthesis and further study. The Freeze
extraction salt leaching technique was dge synthesise biodegradable porous polyurethane
foams substituted with nano hydroxyapatite ammhc oxideor CwZnO5. Human Embryonic
Stem CeilMesenchymal progenitors (hEBIPs) and Bone Marrow Stromal cells (Y201 cells)
were used to evaluate the effedf solubility products from scaffolds. The Cell metabolic
activity, Cell adhesion and Cell Seeding efficiency was evaluated using Y20IThbels.

methods are all described in detail in Chapter 2 (Heading no. 2.2.7)
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5.3 Results

5.3.1XRD:

The XRay Diffraction Technique was employed to characterise the synthesised Cu
dopedzinc oxideand to compare it with nofdopedzinc oxide The XR[pattern for ZnO 1
and CunQOl1, CZn@ and Cdn(O3 are shown in Fig 5.1, am#hO 2, CunO4, CunO5 and
CuwnOe6 is shown in fig.2. Thezinc oxidespectra exhibit sharp peaks which demonstrate
good crystallinity of the synthesisetihc oxideand this was indexed to wurtzite hexagonal
phase (PDF 0036-1541). Similar sharp peaks were observed of Cu dgpedoxide also,
which confirmed the high crystallinity of nano powdersZ@8@L Spectra were found to be
identical to thezinc oxide Different characteristic peaks were observed at an angle 2 theta
i.e., at 31.78°, 34.43°, 36.25°, 47.57°, 56.63° and 62.8@hwhrrespond to the Miller Indices
(100), (002), (101), (102), (110) and (103) respectively. All these peaks and Miller Indices are
related to the standard hexagonal wurtzite crystal structureziot oxideNPs (PDF 0036
1541). It was concluded thatwer Qu concentration corresponds to tenorlé&ke oxide

6 %y E/ dzvm b EFbrdandediet afi, 8009; Sajjad et al., 2018)
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Figure 5.1XRD pattern oZinc oxideand Copper Dopedinc oxide
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Figure 5.2 The appearance of another phase due to copper incorporation during the

synthesis process is shown in this XRD pattern.

At the higher copper concentration, another peak was observedn@3) Cun05 &
Cuwn0O-6). The new phase was matched to PD881548 which was denoted CuO (Fig 5.3).
The peak for CuO is not visible at lower concentrations of Cu which might be because XRD is
not sensitive enough to pick up the effect of Cu incorporaf©hatkaewsueb et al., 2017y
5.3).

12¢



Chapter 5

12000
Lisast

CuZnO5
——— PDF 00-036-1541 Zn O
—— PDF 00-048-1548 Cu O

10000
1

8000

Intensity (a.u)

2000
I

I IV L [ 1 A M - ,1,,|,J‘1
40 50 60 70

2 theta

Figure 5.3Peak match of new Phase with PDFO@8-158 which is referred to Copper
Oxide.

The XRD pattern depicts tt@nc oxidewurtzite structure, no supplementary peak
demonstrating that no other phase or oxide was seen. The data in Fig 5.1 and Fig 5.2
confirmed the incorporation of CuO in theinc oxideas the particle size decreased the
concentration of Cu increased. The trend is very much visiblezam@ CZnO5 and Cidn06,
the size decreased froli7 nm (CZnO4), 51 nm(CwnO05) and53nm (CunO6) respectively
Table 5.1. Tiktrend has already been reported in literatu(&iahi et al., 2013)The reason
for the reduced particle size is linked with the coating of CuO mweroxidegiven thatCuO
has a smaller size as compatedznc oxide(Widiarti et al., 2017)Zinc oxideand CuQwere
the only phases observed and the indices indicated the formation of a phase purei@uO/
oxide(Kumar et al., 2017)The sharp peaks for all the samples depicted the high crystallinity
of the nanopowders(Chatkaewsueb et al., 2017)And also lowerQu concentration
corresponding to atenorité A 1S 2EARS 0 YRéEandzmdt &.h2009;|3jjleta S
al., 2018)

Table 5.1 shows the calculated crystallite sizeirnd oxideand copper dopedzinc oxide

The crystallite/grain size was observed to be almost the same for all the samples, no
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significant change in size was observed with vamatn precursor concentrations or doping

concentration.

5.3.2BrunauecEmmetiTeller(BET)

The change in precursor solution concentration led to significant variation in surface

area in the case of nedoped zinc oxidebut for dopedzinc oxideno significant variation was

seen (Table 5.1).

Table 5.1 The particle size calculated using different techniques.

Sample Name BET Surface Area’tg |Crystallite size Average Particle size
(Scherrer Equation) (Calculated from TEN
Nm images)
nm

1 Zn0O_1 6.77 32.35 83.16

2 Zn0_2 11.35 31.70 45.23

3 CuznO1 11.86 30.11 51.21

4 CuznO2 11.66 32.35 50.61

5 CuznO3 12.30 30.53 60.01

6 CuznO4 11.05 30.11 57.54

7 CuznO5 12.16 29.11 51.74

8 CuzZnO6 13.46 30.1 53.37
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5.3.3 Scanning Electraviicroscopy

The figure 5.4 shows the SEM micrographs of nanopowders which were found as
agglomerates of several particles. The samples were sonicated beforeaSalis,but
particle separation was not achieved which might be due to weak physical forces. The
nanoparicles were found fused together to make micron sized particles. Even at 23Kx it was
difficult to evaluate the individual particle size range due to agglomerafdohan &
Renjanadevi, 2016plthough it was confirmed that the size of pakéis is in the nanoscale

range.

Figure 5.4SEM micrograph of @nOl, Cen(Q2, CZn(3 at 6.00kx magnification and
Cwn4, CunGs and Cdn(6 at 23kx magnification.
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5.3.4 Transmission Electron Microscopy

Transmission electron microscopy wasformed to visualise the particle morphology
clearly. In group 1 (@nO1, CZnO2 and CdnO3) fewer rod like structures are visible, mostly
rounded morphology can be seen even at higher copper concentrations. The second phase is
not clearly visible whiclsan be confirmed from XRD data. However, the Group 2 does show
mixed morphology with both rodike and spherical particles, which might explain the
presence of the CuO phase along with-ike zinc oxidenanoparticlesThe particle size were

calculated using image J. The average patrticle size ranged betwé&gEmb(table 5.1)

Figure 5.5Transmission Electron Micrograph captured at 23kx. at higher Copper contents

agglomeration of nanopatrticles is visible.
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5.3.5Nanoparticles Cell Culture

5.3.5.1 Cell Metabolic Activity investigation using MG63

The Nanoparticle suspensions were used to perform direct contact toxicity tests. The
cell viability assay using resazurin was performed to record the readings and the test was
performed for 7 days using the Human Osteosarcoma cell line (MG63). After 2¢ diou
nanoparticle suspension exposure, no cell inhibition or change in morphology was observed
for either concentration(5 ug/ml & 10ug/ml). The cells cultuidin CZnO2 and CidnO5
showed improved viability as compared to the control. A significantréifiee in cell viability
was seen between cells grown in ZD05 suspension compared to cells in standard cell
culture media. However, no significant difference was observed between cells grown with
zinc oxideand C&nO2 or CunOb respectively. Similar ressiwere observed for upp 7 days
with no difference between different concentrations of suspension. None of the nanopatrticle
suspensions were found to have inhibitory or toxic effects on cells. The cells were
metabolically active for the whole duration & KS SELISNAYSYy (i 61 Rl &ao0.
comparison Test was performed to evaluate if the differences are statistically significant or

not.
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Figure 5.6: Metabolic Activity of MG63 cultured in nanoparticle media suspension
(AX5 pg/ml),(B)(10pg/ml), expressed as resazurin absorbance units, mean etc at Day 1, 3, 5

and 7. Data represents meanS.D, n=3*3.
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