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Abstract

Contemporary bone scaffolds lack the ability to address multiple requirements, i.e.
osteogenic, mechanical, and antibacterial properties, for bone regeneration via a single
construct. Thus, the novelty of this research project is to design and fabricate
multilayered scaffolds embedded with osteoconductive minerals and antibacterial
nanoparticles within a single scaffold design to address and meet the functional
requirements for bone regeneration. Porous chitosan scaffolds embedded with
different concentrations of Dicalcium Phosphate Dihydrate (DCPD) (o, 20, 30, 40 and
50 wt %) were fabricated using a freeze-drying approach. Cerium oxide nanoparticles
(Ce4+ and Ce3*) have been selected due to their reported antibacterial potential and
were synthesised via a hydroxide mediated approach. The nanoparticles were freeze-
dried and furnace dried, and the calcination temperatures, e.g. 280 °C, 385 °C, and
815 °C, were identified using the Simultaneous Thermal Analysis technique. X-ray
diffraction, Transmission Electron Microscopy, Fourier Transform Infrared,
Ultraviolet-Visible, Raman and Electron Energy Loss Spectroscopy were utilised to

characterise the synthesised materials.

Increasing the DCPD mineral content led to increased scaffold crystallinities and
mechanical properties, while a reduction in the scaffold porosities was observed. The
scaffolds' osteoconductive potential was investigated using osteoblasts from cell line
G292 on days 1, 3 and 7, which was enhanced in the scaffolds containing up to 40 wt%
DCPD minerals. The hydroxide mediated approach yielded spherical cerium oxide
nanoparticles with particles sizes ranging from 4 nm to 53 nm. The antibacterial
efficacy of nanoparticle concentrations of 50, 100 and 200 ug/ml were tested against

Escherichia coli, Staphylococcus epidermis and Pseudomonas aeruginosa by



determining the half-maximal inhibitory concentration (ICso). The synthesised cerium
oxide nanoparticles containing a more significant amount of Ce3* ions presented
better antibacterial effectiveness than nanoparticles consisting solely of Ce4+ ions, i.e.
nanoparticles calcined at 815 °C. Therefore, the drying method of the nanoparticles,
i.e., freeze-drying or furnace drying, significantly affected the size distribution,
agglomeration tendency, Ce3+ to Ce4+ ratio and the antibacterial efficacy of the

synthesised nanoparticles.

Keywords: Dicalcium Phosphate Dihydrate, Freeze-Dried, Nanoparticles and

Antibacterial.
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Fourteen possible three-dimensional configurations of
points used to describe the orderly arrangement of atoms in

a crystal.

The chemical compound where a substance is joined to a

metal atom by two or more bonds.

Substances which dissociate into ions in solution and

acquires the capacity to conduct electricity.

Characterized by or causing the absorption of heat.

Characterized by or causing the release of heat.

Bacteria with the relatively thin cell wall and does not retain

the crystal violet dye.
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Gram-Positive

Hydrolysis

1Cs0

Isochronal

Invitro

In vivo

Mesenchymal Stem

Cells

Monoclinic

Nanoceria
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Bacteria containing thick cell wall comprising of
peptidoglycan which retains the crystal violet dye thus dying

the cell wall purple.

Process of decomposition involving the splitting of a

covalent bond.

A quantitative measure which indicates the amount of
inhibitory substance required to inhibit a biological

response by 50 %.

Characterized by or occurring at equal time intervals.

Cell studies performed outside normal biological context,

i.e. in a laboratory vessel.

Cell studies performed within living organisms.

Mesenchymal stem cells are multipotent stromal cells that
have the capability of differentiating into a variety of
lineages, including osteoblast cells, adipocytes and

chondrocytes.

Crystal system with three unequal axes and with one oblique

intersection.

Cerium oxide nanoparticles.
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Necrosis

Oligosaccharides

Osteonectin

Osteoconductive

Osteoproductive

Osteoinductive

Osteogenesis

Phagocytosis

Peyer's Patches
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The death of living cells or tissues due to lack of blood flow.

Carbohydrate containing three to six units of simple sugars,

i.e., monosaccharides.

A protein found in bone and nonmineralized tissues and is

believed to play a role in mineralization.

Scaffold or matrix which stimulates bone cells to grow on its

surface.

Stimulate the growth of new bone on the material away from

the bone/implant interface.

Nutrients that stimulate mesenchymal stem cells to

differentiate into preosteoblasts.

Formation of bone.

The process by which a cell uses its plasma membrane to

engulf a large particle.

Groups of lymphoid follicles in the mucus membrane which

line the small intestine.
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Peptidoglycans

Progenitor

Polysaccharide

Rietveld Analysis

Solubilisation

Tetracycline

Vancomycin
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Also known as murein, is a polymer consisting of sugars and
amino acids which form the plasma membrane of most

bacteria.

Cells that descend from stem cells which can differentiate

into cells belonging to the same issue/organ.

A carbohydrate which contains more than three

monosaccharide units per molecule.

XRD analysis with whole pattern fitting refinement and is a
valuable method for structural analysis of nearly all classes

of crystalline materials.

Formation of a thermodynamically stable isotropic solution
containing an insoluble/slightly soluble substance in water

with the addition of a surfactant.

Broad-spectrum antibiotics which are effective against a
wide variety of bacteria including Haemophilus influenza,

Strep and Chlamydia.

An antibiotic used against resistant bacterial strains of

Streptococcus and Staphylococcus.
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Chapter 1 — Introduction

1.0 Background

The metabolic and regenerative properties of bone are disrupted when the tissue is
damaged from trauma and or disease. Bone grafting is the standard practice for the
treatment of bone defects in orthopaedic surgeries [1], where over 2 million
procedures have been performed worldwide [2]. Autologous bone grafts, such as bone
marrow, cancellous and cortical bone [3, 4] are harvested from patients from
anatomical sites and implanted into another, thus enabling successful integration.
Although autologous grafts exhibit favourable properties, i.e., osteoconduction,
osteoinduction and osteogenesis [5], concerns are raised with regards to limited viable
graft quantity especially in older patients, extended surgical times [2, 6] and possible
site complications [2, 7]. Bone allografts obtained from donor patients and cadavers
are in limited supply due to the increasing clinical demand relating to obesity and the
ageing population [8]. Allografts also carry a significant potential risk of disease in
addition to eliciting an immune response [9]. Thus, there is a shift from natural grafts
to synthetic bone substitutes such as bioactive ceramics, biological and synthetic

polymers, and composite scaffolds [2, 6].

The dynamic and highly vascularised bone tissue has a natural regenerative ability to
self-repair small defects and cracks; however, when defects are critical-sized, i.e., > 2.5
cm, the intervention of scaffolds is required. Bone is a highly specialised and complex
living entity; therefore, potential bone substitutes must express multiple properties
collectively. An ideal bone scaffold should exhibit: i) osteoconductive potential to aid
the formation of new bone, ii) load-bearing properties, iii) appropriate microstructure
to promote angiogenesis for nutrients circulation and iv) antibacterial efficacy to

reduce or prevent infections which lead to failure of the surgery. In the last decade,
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extensive research has been conducted to optimise biomaterials for the fabrication of
suitable bone scaffolds. However, research efforts have been focused on the
development of the "perfect" biomaterial, targeting to achieve all the aforementioned
properties with a single component, e.g. blocks of calcium phosphates, coated titanium

(Ti) implants [10], polymers [11] etc.

The osteoconductive and antibacterial properties are of particular importance to
ensure successful integration and to reduce the probability of infection. Antibiotics are
widely used during the implantation procedure and to treat pre-existing infections,
thus have led to the manifestation of resistant bacteria and are currently a significant
concern [12, 13]. Infections cause inflammation, which hinders the bone regeneration
process, and if not treated, can often lead to the necrosis of tissue. Nanoparticles have
emerged as novel antibacterial agents and have proven their effectiveness for treating
infectious diseases [14]. The large surface area to volume ratio of nanoparticles
exhibits unique properties which their bulk counterparts do not. It has been reported
that factors such as size, shape, surface charge, and surface area to volume ratio affect

the antibacterial potential [2].

1.1 Market Gap

Commercially available bone scaffolds lack the ability to address multiple
requirements essential for the regeneration of bone tissue via a single construct.
Additionally, research efforts have been focused on inducing osteogenesis or
increasing the mechanical stability of synthesised scaffolds, where the antibacterial

potential is often overlooked. By designing and synthesising multilayered scaffolds
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embedded with osteoconductive minerals, and antibacterial nanoparticles, the
scaffold has the potential to address and meet the functional requirements for bone
regeneration. The antibacterial nanoparticles are likely to reduce or prevent implant-
related infections. The concept relies on the fundamentals of degradation where
minerals/nanoparticles are released as the scaffold degrades over time to encourage
an osteoconductive and antibacterial response. The degradation rate of the scaffold
should match the regeneration rate of bone, and the scaffold must remain

mechanically stable during bone cell proliferation.

1.1.1 Research Focus

The focus of this research project was to develop, fabricate, characterise and test bone
scaffolds inspired by the structure of natural bone. In general, the design

considerations of potential bone scaffolds must include;

(1) Biocompatibility Scaffolds material must not be harmful or

toxic to living tissue.

(i)  Osteoconductivity The biomaterial of the scaffold must allow

bone cells to grow on its surface.

(iii) Mechanical Stability: Synthesised scaffolds should exhibit
adequate mechanical strength to enable the
scaffold to retain its structure, especially
handling during the implantation process

and during cell growth and proliferation.
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(1) Resorbability

(i1)  Pore Size & Porosity

(1) Antibacterial
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The scaffold must have the ability to degrade
enhancing the void space to sure adequate
space for bone cells to proliferate and

differentiate.

Scaffold porosity provides an appropriate
environment to facilitate the migration and
proliferation of bone cells. Furthermore,
interconnected pores are likely to encourage
the transport of nutrients and removal of

waste products.

Bacterial colonisation is common for
implant-related regions; thus, the presence
of antibacterial components will
reduce/prevent further complications such

as a second surgery due to infection.

[15]
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1.2 Thesis Structure

CHAPTER 1 - Introduction: This chapter outlines the significance of the
investigation and includes the background information relating to bone scaffolds, an

overview of the research topic and a brief explanation of the current market gap.

CHAPTER 2 - Literature Review: Critical scientific literature review which
includes, (i) the composition of bone, (ii) classification of current biomaterials, (iii)
bone scaffold requirements, (iv) scaffold fabrication methods, (v) the structure and
properties of chitosan, calcium phosphates, and nanoparticles and (vi) the
antibacterial mechanism of cerium oxide nanoparticles. Following the literature

review are the aims and objectives of the research project.

CHAPTER 3 - Materials & Methods: In this chapter, detailed methods for
materials synthesis, characterisation and testing are provided. The methods for
materials synthesis include fabrication of freeze-dried chitosan (CS) scaffolds
embedded with varying concentrations of Dicalcium Phosphate Dihydrate (DCPD)
minerals (0, 20, 30, 40 and 50 wt %) and the synthesis of freeze and furnace-dried
cerium oxide nanoparticles. The material characterisation techniques include X-ray
Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Ultraviolet-
Visible Spectroscopy (UV-Vis), Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), Electron Energy Loss (EELs) and Raman Spectroscopy.
The testing methods include Water Uptake (Swelling), Degradation Testing, Zeta
Potential, Porosimetry, Tensile Testing, X-ray Photon Spectroscopy (XPS),

Cytotoxicity Testing, Osteoblast Proliferation and Antibacterial Testing.
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CHAPTER 4 and 5 - Results: The two results chapters are comprised of the
synthesis, characterisation and testing results for freeze-dried scaffolds embedded
with varying concentrations of DCPD minerals and cerium oxide nanoparticles.
Chapter 4 includes osteoblast cellular results tested with the synthesised freeze-dried
scaffolds. Chapter 5 includes the antibacterial results associated with the cerium oxide

nanoparticles against Gram-positive and Gram-negative bacteria.

CHAPTER 6 - Discussion: This chapter provides an in-depth discussion and
summary of the results with comparisons to current literature and includes
implications and conclusions of all findings in terms of the thesis research aims and

objectives as detailed in Chapter 1.

CHAPTER 7 - Conclusion & Future Work: The final chapter consists of the thesis
conclusions based on the research conducted, answers to the initial research questions

and possible future work.
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2.0 Physiology and Function of Bone

Bone is a natural composite material with a sophisticated dynamic anisotropic
structure which can regenerate and self-heal when subjected to external stresses and
metabolic changes. Dynamic modelling and remodelling of bone continually occur to
maintain mechanical integrity. The inorganic phase of bone is composed of mainly
calcium phosphate mineral, i.e., hydroxyapatite, while collagen forms the organic
phase. When fractures and defects are critical-sized, the regeneration process is
halted, and the intervention of bone/tissue grafts and scaffolds are required [16].
Therefore, the design and fabrication of synthetic bone scaffolds require knowledge of
physical, chemical, mechanical, and biochemical properties to mimic natural bone

successfully.

The structure of bone is highly specialised and dense; approximately two-thirds of
bone weight is accounted for by calcium phosphate mineral (Caz(PO,4)2). The
interaction of Ca3(PO,4)- with calcium hydroxide (Ca(OH)-) leads to the formation of
hydroxyapatite crystals (Caio(PO4)s(OH)-). As the crystals form, other calcium salts
and ions, i.e. calcium carbonate (CaCOs3), sodium (Na+*), magnesium (Mg2+) and
fluoride (F-) are incorporated into the hydroxyapatite crystals. Caz(PO,)- is relatively
hard, inflexible and brittle; however, it is prone to fracture, especially when exposed
to any bending or twisting forces. The remaining one-third of the bone weight consists
of collagen fibres, where cells, proteins, lipids only account for approximately 2 % of

the typical bone mass.
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Collagen fibres exhibit high tensile strengths; thus, they express the ability to be robust
yet flexible. However, these fibres do not have comparable strength when subjected to
compressive forces. The collagen fibres provide organic structural support on which
hydroxyapatite crystals form; as the crystals grow, they interlock with the collagen
fibres. Therefore, a protein-crystal combination is formed which possesses the
compressive strength of the hydroxyapatite crystals with the flexibility and tensile
strength of the collagen fibres. This combination of materials allows the bone to exhibit

outstanding properties [16, 17].

2.1 Bone Cells
2.1.1  Osteocytes

Bone contains four types of cells, i.e. osteocytes, osteoblasts, osteoclasts and
osteoprogenitor cells (Figure 2.1). The osteocytes are commonly known as mature
bone cells and are the most abundant cells within the bone. Osteocyte cells
differentiate from osteoblast cells which are derived from Mesenchymal stem cells
(MSCs). Osteocyte cells are located in lacuna pockets, sandwiched between matrix
layers. The mineral and protein content of the surrounding bone matrix is maintained
by these osteocyte cells. The layers within the matrix are called lamellae; the lamellae
are connected via narrow passageways called canaliculi. The canaliculi spread through
the matrix and thus connects all the lacunae to nutrients source, e.g. blood vessels in
the central canal. Osteocytes are responsible for maintaining the protein and mineral
content of the surrounding matrix, as depicted in Figure 2.1(a). There is continuous
matrix components turnover as osteocytes secrete specific chemicals which dissolve

the adjacent matrix, and the mineral released from the matrix enters the blood
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circulation. The osteocytes then rebuild the matrix as well as stimulating new
hydroxyapatite crystal depositions. Osteocytes also participate in the repair of
damaged bone, and the turnover of bone depends upon the bone type and location
[17]. Furthermore, if osteocytes are released from their lacuna, they can also convert

into other less specialised cells such as osteoblasts or osteoprogenitor cells.

2.1.2  Osteoblasts

Osteoblasts derived from Mesenchymal stem cells are known to form new bone matrix
in a process called ossification/osteogenesis. Osteoblast cells produce and release
proteins and organic components to aid in the creation of new bone matrix. The
organic matrix is called osteoid before the deposition of calcium salts. Osteoblast cells
elevate the local Caz(PO,)- levels above its solubility, thus triggering the deposition of
the salts into the organic matrix. At this stage, the osteoid is converted to the bone;
Figure 2.1(b) depicts the osteoblasts location. Mature osteoblast cells stop releasing
proteins and organic components when surrounded by osteoids; thus, the cells become

either become osteocytes or die.

2.1.3  Osteoprogenitor cells

There are also a small number of stem cells called osteoprogenitor cells, which
originate from Mesenchymal stem cells. These stem cells are located in the inner
periosteum layer/endosteum, which lines the medullary cavities and in the lining of
passageways containing blood vessels located in the matrix of compact bone (Figure

2.1(c)). The osteoprogenitor cells can divide forming daughter cells which differentiate
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into osteoblasts cells; therefore, during a fracture, the osteoprogenitor cells uphold

osteoblast populations [17].

@) (b)

Canaliculi Osteocyte Matrix

7\ '

L~

Matrix Osteoid Osteoblast

Osteoprogenitor cell Osteoclast

&7 (¥, A Medullary
cavity

Matrix

FIGURE 2.1 - Types and location of bone cells, (a) osteocyte cells, (b) osteoblast cells, (c)

osteoprogenitor cells and (d) osteoclast cells. Image adapted from [17].

2.1.4 Osteoclasts

Osteoclasts cells displayed in Figure 2.1(d) are derived from Hematopoietic stem cells,
and their primary purpose is to remove and recycle the bone matrix. Osteolysis is a
process where the osteoclast cells excrete hydrochloric acid and digestive protein
enzymes known as proteolytic enzymes which dissolve the bone matrix, thus, releasing
the stored minerals. For correct bone density maintenance, there has to be a balance
between removal of bone matrix and the creation of new bone matrix. If the osteoclasts
remove calcium salts faster than the osteoblasts can deposit the salts, then the overall

bone will weaken. With continuous exercise where bones are subjected to muscular
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stress, i.e. weight training, the osteoblast activity predominates the osteoclast activity;

as a result, bone and muscle strengthen [17].

2.2 Bone Structure

2.2.1  Compact Bone Structure

Compact bone is also known as cortical bone and is located on the outer surface where

the lamellae are arranged in osteons. Osteons are the basic functional units which form

compact bone; they are arranged around a central canal in concentric layers (Figure

2.2). Blood is carried to and from the osteons through blood vessels that lie parallel to

the bone surface located in each of the central canals. Other vessels, which are known

as perforating canals, supply blood to osteons located much deeper into the bone, as

well as supplying blood to tissues located in the medullary cavity.
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FIGURE 2.2 - The structure of compact bone, (a) osteons and lamellae organisation and (b)

collagen fibres orientation. Image adapted from [17].

Compact bone is the thickest at locations where stresses are confined to a limited area.
The strength of bone arises from the arrangement of osteons; thus, bone has the
greatest strength when stressed along the collective osteon's alignment. However, any

sideways force applied to the bone will cause fractures and breakages to occur [17].

2.2.2 Trabecular Bone Structure

Trabecular bone is also known as cancellous bone and is located internally; therefore,
the structure differs significantly compared to compact bone. The internal structure of
bone is porous with a structure similar to a mesh network formed from bundles of
fibres known as trabeculae. The network structure does not contain any capillaries
within the matrix; hence nutrients are transported via diffusion along canaliculi to
reach the osteocytes (Figure 2.3). The surfaces of the trabeculae contain openings from
the canaliculi, thus allowing successful diffusion to occur through the internal
structure of bone. Redbone marrow is located between the bundles of fibres
(trabeculae) and cancellous bone. Blood vessels are present in the redbone marrow,
which transports nutrients to the trabeculae in addition to removing any waste

products created from the osteocytes [17].

Unlike compact bone, cancellous bone can address stresses arising from multiple
directions; however, the amount of stress that the internal structure can withstand is

less compared to the outer structure of bone. The ability to withstand stresses from
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multiple directions has been linked to the overall network structure of the trabeculae.
The orientation of the structure is along the stress lines furthermore; the trabeculae
are extensively cross-braced throughout, and this network structure also aids in the
protection and growth of cells in the bone marrow [17]. Table 2.1 displays the variation

of mechanical properties concerning cortical and cancellous bone.

Cancellous Bone

Canaliculi
Trabeculae of opening
spongy bone on surface Lamellae

FIGURE 2.3 - The structure of spongy bone with close up of the trabeculae and canaliculi

openings. Image adapted from [17].

TABLE 2.1 - An overview of the mechanical features of cortical and cancellous bone.

Youngs Tensile Compressive

Bone Loading Type Modulus Strength Strength
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(GPa) (MPa) (MPa)
Cortical Longitudinal 17-20 79-151 131-224
Transverse 6-13 51-56 106-133
Cancellous Longitudinal 20 - 2-5
Transverse 14 - -

2.3 Biomaterials Classifications

Materials used to stimulate bone tissue can be classed as either bioactive and bioinert
[18-20]. Osteoconductive and osteoproductive are the two main classes of bioactive
materials [21]. Bioactive materials can stimulate the development of bone tissue by
forming direct chemical bonds between the tissue and the implant material [21].
Osteoconductive materials, i.e., calcium phosphates, encourage stimulation of bone
growth along the surface of the biomaterial, which consequently bonds to the bone
[21]. Osteoproductive materials, i.e., bioactive glasses, stimulate new bone growth on
the surface of the biomaterial away from the bone-material interface [18-22]. Most
metals, including stainless steel and cobalt chrome, are classed as bioinert due to their
ability only to stimulate the formation of fibrous tissue thus cannot stimulate cells for
bone development. Bioinert materials do not bond to bone directly but instead form

weaker interfaces between the biomaterial and bone [18, 20, 23].

2.4 Scaffold Requirements

Bone is a complex living tissue with significant metabolic and regenerative activities
which are disrupted when the tissue is damaged. The biological surroundings of

synthetic scaffolds evolve over time; initially implanted materials up to three days are
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invaded with blood. After seven days of implantation, the blood is replaced by callus
and mesenchymal tissue leading to bone resorption. Between the second and fourth
week, the newly formed bone will replace the callus and mesenchymal tissue; thus,
bone remodelling begins [24, 25]. Biological fluids and cells interact with the
biomaterial surface; therefore; molecular and cellular surface interactions are
essential to progress new bone formation [24]. Healing of fractured bone is a
complicated process, where the ideal bone scaffold should have: i) exceptional
osteoconductive potential to promote new bone formation; ii) load-bearing properties;
iii) appropriate microstructure for promoting angiogenesis for circulation of nutrients
and iv) antibacterial resistance to avoid infections which can lead to failure of the
surgery. Research efforts have been focused on the development of the "perfect"
biomaterial, targeting to achieve all the aforementioned properties with a single

material system which has been challenging to achieve.

The porosity of potential bone scaffolds is an essential requirement to support
adequate cell adhesion, proliferation, growth of blood supply, i.e., vascularisation,
nutrients and oxygen supply. Smaller pore sizes increase the surface area of scaffolds
allowing improved sites for cellular attachment [26]. Conversely, cell migration is
restricted in scaffolds containing smaller pores < 50 um, which have led to cellular
capsules forming especially near the edge of the scaffolds [27]. In addition, necrotic
regions can form in the scaffold areas where the diffusion of nutrients and waste
removal is restricted. Contrary, for larger pore sizes, the surface area for cells to attach
is reduced, which is found to limit the adhesion of cells [27, 28]. Additionally, the
mechanical properties of scaffolds containing large pore sizes are negatively affected

due to an increase in the void volume [29].
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2.5 Fabrication Methods of Porous Scaffolds

Bone scaffolds vary depending upon the process and the material used to manufacture
the constructs. The processing techniques used to fabricate 3D scaffolds include but
are not limited to (i) solvent casting and particulate leaching, (ii) gas-foaming and (iii)
freeze-drying. The solvent casting and particulate leaching procedure are the most
straightforward manufacturing techniques as no special equipment such as flat sheets

or tubes are required.

2.5.1 Solvent Casting and Particulate Leaching

The pore size and porosity of scaffolds fabricated using the solvent casting, and
particulate leaching procedure can be easily controlled. The manufacturing process
involves dissolving the polymeric material in an organic solvent mixed with a water-
soluble porogen, i.e. salt, after which the mixture is cast into moulds [6, 30]. The
solvent evaporates, leaving behind the scaffold matrix containing the porogen. The
water-soluble porogen is leached out by submerging the scaffold in water; thus, the
resulting material has porosity. The amount of porosity present in the scaffold depends
on the quantity of porogen used during production [6, 30]. Usually, the scaffold
formed contains between 50 % and 90 % porosity [31, 32]. In contrast, the pores' size
depends on the crystal size of the porogen; thus, pore size capability is tuneable.

Relatively high pore interconnectivity is achieved when 70 wt% of porogen is utilised

[6, 30].
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2.5.2 Gas Foaming

The gas-foaming technique involves the formation of scaffold porosity via gas
expansion [33]. Carbon dioxide is the conventional gas used due to its low toxicity and
non-flammable nature [30]. Pore sizes of 100 um are created; however, the pore
interconnectivity is generally low (10% to 30 %), especially on the surface of the
material. Interconnected macroporous structures (100 pm to 500 um) required for cell
proliferation can be fabricated using the gas-foaming procedure [34]. Hydrophilic and
glassy polymers such as chitosan (CS) are generally not processed using this procedure
owing to their low solubility in carbon dioxide; perhaps a co-solvent such as a diluted

acid could solve the issue [33].

2.5.3 Freeze-Drying

The freeze-drying procedure, also known as lyophilisation [31], is where ice or frozen
solvents are removed through sublimation. Sublimation is a phase transition from a
solid phase to a gas phase without passing through the liquid phase [35]. Polymers or
ceramics are dissolved in either water or organic solvents [30], where the mixture is
poured into moulds and subsequently frozen. The freeze-drying step involves placing
the frozen samples under vacuum below the triple point of water, and then heat is
applied to cause the frozen scaffold material to sublime from a solid phase to the gas
phase [36]. The macroporosity corresponds to space which was initially occupied by
ice crystals [31]. The resulting scaffolds generally contain pores located close together,
ranging from 20 um to 200 um; a porosity of up to ~ 90 % is achieved using the freeze-

drying procedure [37].
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The particulate leaching method combined with the freeze-drying process consists of
the addition of the porogen such as sucrose, or sodium chloride to the mixture prior to
freezing. Thus, after the freeze-drying process, the porogen is removed by thoroughly
rinsing with water [38]. High-temperature processing conditions associated with
porous scaffold fabrication, are linked to the reduction of integrated biological factors.
However, the freeze-drying procedure does not require high temperatures; thus, the
created porous scaffolds retain integrated biological factors [31]. The fabrication of
BG-collagen-phosphatidylserine scaffolds via freeze-drying exhibited interrelated
pores in the range of 300 um [31]. A wide variety of porous scaffolds have been
fabricated using the freeze-drying processing approach, including CS nanoparticles
[27], CS-alginate biocomposites [20] and formation of calcium, phosphate and

hydroxyapatite (HA) complexes [9].

2.6 Bone Scaffold Biomaterials
2.6.1 First Generation

The focus of the first generation biomaterials, i.e., stainless steel, alumina and zirconia
was related to physical properties and the biocompatibility [6, 39]. At the biomaterial-
tissue interface, the formation of fibrous tissue which is linked to the body's non-
specific immune response attacks material it has classed as foreign, inevitably
encapsulating the implant [39, 40]. The encapsulation process is a result of the
immune systems inability to remove the 'foreign' material via phagocytosis, leading to
fibrotic tissue encapsulation to isolate the material from the surrounding tissues.
Aseptic loosening of the implant is a common trait for first-generation biomaterials

which has led to implant failures [39].
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2.6.2 Second Generation

The second generation of biomaterials incorporated bioactive interfaces, i.e., HA
coating, which promoted osteoconduction to avoid a non-specific immune response.
The bioactive interfaces functionalised the implant surfaces by stimulating
mineralisation via heterogeneous nucleation and crystallization of HA. Additionally;
implant surfaces have been covered with bioactive ceramics, i.e. bioactive glass and [3-
tricalcium phosphate (B-TCP) to improve the surface chemistry of implants [39].
Natural materials, i.e., CS, hyaluronic acid and synthetic polymers, i.e. poly(e-

caprolactone and polyglycolide, are also classed as second-generation biomaterials

[39, 41].

Biopolymers have the potential and the advantageous properties to be utilised for
three-dimensional scaffold structures. Biodegradable polymeric materials such as
poly(lactic acid), poly(glycolic acid), poly(glycerol sebacate) [42-44] and also
poly(lactic-co-glycolic acid) [45, 46] have been processed to form scaffold structures.
However, owing to the limited half-lives, they do not exhibit adequate mechanical
strength to support bone or tissue regeneration. The properties of polymeric materials
are improved by forming composites with bioactive ceramic or via chemical
modification, i.e. conjugation of osteoconductive materials. Therefore, biomaterials
synthesised for bone restoration must exhibit tuneable properties allowing suitable

enhancements to be made to meet the biological and structural demands [47].

Neelam Igbal 23



Chapter 2 — Literature Review

2.6.3 Third Generation

Third generation biomaterials integrate bioactivity and biodegradability hence are
capable of inducing cellular responses [39, 48]. Modifications are being made to
resorbable polymer systems at the molecular level to direct cell proliferation,
differentiation and extracellular matrix (ECM) formation [6, 48-50]. The third-
generation biomaterials for bone repairs are distinguished by following two routes (i)
tissue engineering and (ii) in situ tissue engineering. Tissue engineering allows
modified resorbable scaffolds seeded with progenitor cells to grow and differentiate to
mimic naturally occurring tissue [48]. The engineered constructs are then
subsequently implanted to replace the patient's diseased or damaged bone. Ideally, the
synthetic bone constructs should resorb as bone regenerates, and a viable blood
supply. The goal of tissue engineering is to design adaptable physiological 'living'
scaffolds which will provide the building blocks required for bone regeneration [48,
51]. In situ, tissue engineering refers to an approach whereby the body's natural
regeneration process is harnessed by transplanting tissue-specific biomaterials at the

site of the defect [52, 53].

2.7 Biopolymers

2.7.1  Chitin

Chitin (CT) is the second most abundant renewable polysaccharide [54] found in the
exoskeletal of invertebrates, cell walls and fungi [55]. The structure of CT consists of
2-acetamido-2-deoxy-D-glucose (N-acetylglucosamine) units linked via B-(1-4)
glycosidic bonds. Despite its abundance, chitin remains mainly un-utilised due to

insolubility in water and common organic solvents [56]. The insolubility arises from
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the CT crystalline structure, the abundance of acetylated amine groups and inter and
intramolecular hydrogen bonding [57-59]. Also, the available unhydrolysed acetyl

groups are likely to form hydrophobic bonds in solution, thus, causing CT to become

aggregated [57, 59].

2.7.1.1 Polymorphic Forms of Chitin

There are three distinct polymorphic forms of CT expressed as a, B and 7 and are
dependent on the origin of extraction [60, 61]. The a-CT is obtained from shells of
crustaceans, i.e. crabs and lobsters, where the polysaccharide chains are aligned
antiparallel as depicted in Figure 2.4(a). The antiparallel arrangement enables strong
intermolecular hydrogen bonding between the chains, and this leads to the formation
of organised sheets with intra-sheet hydrogen bonding. Therefore, a-CT is considered
to be the most stable polymorph of CT. B-CT is extracted from squid pens, where the
polysaccharide chains have been found to align parallel (Figure 2.4(b)) leading to
weaker intermolecular forces. The parallel arrangement prevents inter-sheet hydrogen
bonding; hence the structure is not as compact and crystalline in comparison to a-CT.
The open structure of B-CT allows for the diffusion of smaller molecules, i.e. polar
molecules, which is consistent with the increased swelling capacity as confirmed in the
literature [62]. The y-CT is obtained from fungi and yeast, where the structure consists
of two parallel polysaccharide chains which alternate with one antiparallel aligned
chain, as displayed in Figure 2.4(c). a-CT is the most widely utilised form of CT

extracted and further processed due to ease of manufacturing [63, 64].
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FIGURE 2.4 - The structure of different polymorphs of chitin (CT), (a) a-CT, (b) 8-CT and

(c) y-CT adapted from [59].

2.7.2  Chitosan

Chitosan (CS) is a copolymer obtained from a thermochemical partial deacetylation
process of polysaccharide CT [65, 66]. Deacetylation involves chemical hydrolysis of
the acetyl groups under alkaline conditions (concentrated NaOH) [67, 68], or by
enzymatic hydrolysis via chitin deacetylase [67, 69]. The resulting structure consists
of hydrophilic primary amino groups conferring positive charges [70]. The source
(crab, squid, fungi etc.) [71] and processing conditions of CT affects the molecular
weight (Mw), for example, the number of amino (-NH-) and hydroxyl (OH) functional
groups formed [70, 72]. Therefore the Mw of commercially available CS ranges from
~300 to 1000 kDa [16] with the degree of deacetylation (DD) from 30 % to 95 % [73,
74]. The DD is the ratio between glucosamine and the sum of glucosamine and N-
acetyl-glucosamine units [67]; thus, DD corresponds to the free amino groups in the

polysaccharide structure [75]. CS with a higher DD value corresponds to a higher
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percentage of protonated primary amino groups, thus leads to an overall higher charge
density [16]. For CT to be recognised as CS, the DD is required to be > 50 % [74, 76-
78]. CS consists of -(1—4) glycosidic linked D-glucosamine (deacetylated unit) and
N-acetyl-D-glucosamine (acetylated unit) randomly distributed units [65, 79, 80]

(Figure 2.5).

l Deacetylation

Chitosan

FIGURE 2.5 - The deacetylation process of chitin to obtain chitosan [81].

CS has a semi-crystalline structure [81] (Figure 2.6) where the amount of crystallinity
is inversely related to the DD [70, 82]. Both DD and Mw affect the physicochemical,
i.e. crystallinity, solubility and degradation [16] and biological properties of CS [60]
(Table 2.2). For example, the crystallinity is maximum for CT where DD is equal to 0
% and CS where DD is equal to 100 %, and which subsequently decreases for CS with
intermediate DD values [77, 81]. The decrease in crystallinity for CS with intermediate

DD values is directly related to the presence of a more significant number of acetyl side
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groups (-CH3CO) on the polysaccharide chains, thus hindering close chain packing

[81]. Conversely, fewer acetyl side groups in high DD CS [83] enables increased chain

packing as well and further inter and intra-molecular hydrogen bonding, leading to

increased crystallinity [83, 84] in comparison to CS with intermediate and low DD.

Crystalline Amorphous
regions | region

FIGURE 2.6 - Illustration of the amorphous and crystalline regions of biopolymer chitosan

and the interaction of water molecules with the structure [81].

TABLE 2.2 - Chitosan (CS) relationship between structural parameters and

properties [65].

Property Structural Characteristics” References
Solubility 1 DD [70, 75]
Biodegradability 1 DD, |Mw [60, 85]
Crystallinity 1 DD [70, 82]
Antibacterial T DD, T Mw [86]
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Biocompatibility 1 DD [70, 87, 88]

Viscosity TDD

* 1 — signifies increase with property, | — signifies decrease with property.

2.8 Chitosan in Biomedicine

CS is easily functionalised due to the presence of the reactive primary amino and
hydroxyl groups which allow side groups, peptides and also amino acids to bind [16,
70]. Additionally, the functional groups can form stable covalent bonds during
etherification and esterification reactions [63, 89]. CS exhibits a multitude of
favourable properties including non-toxicity [37] biodegradability [60, 85],
biocompatibility [60, 90, 91], antifungal, antibacterial [91] and wound healing abilities
[92, 93]. Therefore, CS is widely utilised in the biomedical, biotechnology and
pharmaceutical fields [62]. Applications of CS include drug delivery, wound healing,
bone scaffolds, cartilage and nerve tissue engineering [65, 94]. CS systems, i.e.,
microspheres, nanoparticles, hydrogels and conjugates, are commonly employed to

deliver pulmonary, ocular, nasal, cancer, vaccine and vaginal drugs [95].

2.8.1  Drug Delivery

Inhalation of dry powder CS nanoparticles combined with rifampicin a known
antibiotic used to treat bacterial infections, i.e. tuberculosis, has been proven to have
24 hours drug delivery release with no toxic effects to neither cells nor organs [95, 96].
Nanoparticles antitubercular drugs, i.e., prothionamide (a drug used to treat
tuberculosis) coated with CS, delivered via the pulmonary route has exhibited an

increased improvement of the residence time the drug remained in the lungs [95, 97].
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The beneficial mucoadhesive properties of CS were proven to increase the drug
duration on the ocular surfaces. An in vivo study investigated the effects of naringenin
which is commonly used as eyes drops to inhibit corneal neovascularization via anti-
inflammatory and antioxidant mechanisms [95, 98]. Nasal delivery is a non-invasive
procedure commonly used to deliver drugs to the respiratory system of the brain. CS
increases the permeability of hydrophilic drugs; the three nasal absorption pathways
include (i) transcellular, (ii) paracellular and (iii) trigeminal nerves (Figure 2.7).
Nanoparticles comprising of carboxymethyl CS are functionalised to intra-nasally
carry and deliver carbamazepine which is an anti-epileptic drug. The size of
nanoparticles comprised of 218.76 + 2.41 nm expressed 80 % entrapment efficiency;
the in vivo and in vitro experiments confirmed an increase of the drug bioavailability,

which led to enhanced targeting brain characteristics [99].

( ) [ D
Transcellular Pathway | s | Transport through a lipoidal route

\. J \ V.

( N ( N
Paracellular Pathway ‘ Transport through an aqueous route

\ J \ J

7~

( )
Via Trigeminal Nerves] —) Drug administration and directly

\

enters the brain.

J

FIGURE 2.7 - The three pathways of nasal drug absorption, adapted from [95].

Neelam Igbal 30



Chapter 2 — Literature Review

Cervical cancer cells are reduced via the effect of CS-ascorbate nanoparticles, where,
in vivo and in vitro studies confirmed the inhibition of cervical cancer cells without
affecting the viability of the surrounding cells [100]. Curcumin loaded folate CS
nanoparticles are used to deliver curcumin in breast cancer therapy, confirming the
use of CS as a delivery vehicle [101]. CS nanoparticles are used for mucosal and
systemic vaccine delivery and can be administrated through the oral route or nasal
cavity. Peyer's patches are small masses of lymphatic tissue located in the small
intestine and are essential to the immune system [102]. Peyer's patches are the main
target for nanoparticles which are administrated orally, CS nanoparticles containing
vaccines are protected from enzymatic degradation while travelling to the mucosal
tissue where they are uptaken by the intestinal epithelial microfold cells (M-cells) [95].
Conversely, CS nasal delivery vaccines containing influenza, diphtheria and pertussis
antigens have proven as an effective delivery system due to CS acting as a natural
adjuvant [103]. The mucoadhesive properties of CS provide an excellent pathway to
facilitate the delivery of CS hydrogels or CS nanoparticles to treat vaginal co-infection
[104]. Infections associated with Candida albicans are treated with clotrimazole which
is a known antifungal medicine loaded into poly(d,l-lactide-co-glycolide) CS

nanoparticles [95, 105].

2.8.2 Wound healing

The four overlapping phases associated with skin healing are, (i) hemostasis, (ii)
inflammation, (iii) proliferation and (iv) tissue remodelling [106, 107]. The dynamic
process of wound healing and the treatment of skin lesions requires physical
protection from the external environment but also antimicrobial protection [107] to

reduce the probability of the wound becoming infected. The wound healing ability of
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CS is attributed to the cationic behaviour of the polysaccharide, whereby negatively
charged red blood cells bind to CS; thus; the haemostatic ability leads to blood clotting
[16]. Consequently, the haemostatic ability of CS is directly linked to the number of
protonated amino groups [108]. CS protonated amino groups electrostatically interact
with negatively charged glycolipids located on the surface of red blood cells which
induces an increase of the blood viscosity allowing the transport of platelets to the
wound site. The platelets adhesion leads to the formation of blood clots due to the
aggregation of red blood cells at the wound site [108-110]. The haemostatic ability is
related to the Mw and DD of CS and is not dependent upon the host coagulation
pathway [106, 111]. CS with intermediate DD (~68%) formed a mesh-like structure
facilitating blood component interactions [106]. In contrast, increased hydrogen
bonding for CS containing higher DD led to increased crystallinity, thereby forming a
rigid overall structure, thus limiting the interaction ability with blood-red cells [106,

112, 113].

2.8.3 Bone scaffolds

CS is an ideal polymeric biomaterial able to be mechanically and osteogenically
functionalised for the fabrication of potential bone scaffolds. Potential CS bone
scaffolds are created when combined with osteoconductive materials such as calcium
phosphates, i.e., HA [114, 115]. Organic and inorganic material combinations have
resulted in composites which are capable of stimulating bone regeneration [60, 70].
The polycationic nature of CS plays a vital role in bone tissue engineering applications,
as the formation of polyelectrolyte complexes can be produced with the anionic
biological macromolecules [116, 117] including but not limited to lipids, mineral,

proteins, DNA and polymers, i.e. poly(acrylic acid) [67, 118, 119]. CS bone scaffolds
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have demonstrated to support cell attachments and the proliferation of osteoblast cells
leading to the formation of in vitro mineralised bone matrix [16, 120]. The
proliferation of osteoblast cells improved for CS composites containing nano-HA,
which led to bone regeneration after eight weeks as confirmed via micro-computed

tomography [121].

The mechanical properties of CS-based scaffolds are improved by cross-linking with
materials containing at least two reactive functional groups, i.e. calcium phosphates,
composites (nano-zirconia and nano-calcium zirconate) and bioglass when compared
to complexes containing CS solely [106]. The cross-linking provides bridges between
the polymeric chains leading to structural stabilisation [70]. The reduction of the
protonated amino groups via cross-linking increases the mechanical properties of CS
material, i.e., CS cross-linked with DiepoxyPEG (Diepoxy-polyethylene glycol) [70,
122, 123]. The compressive strength of freeze-dried CS scaffolds is increased from 4
MPa to 11 Mpa for scaffolds containing CS- tricalcium phosphate [124]. Freeze-dried
porous CS-gelatin 3D scaffolds fabricated with HA to improve the mechanical
properties exhibited biomineralization after three weeks [6, 125]. Additionally, several
studies have demonstrated the formation of porous CS-calcium phosphate 3D

structures with improved mechanical properties [65, 126-128].

2.8.4 Cartilage and Nerve Tissue Engineering

Chondrocytes distributed into extracellular matrix form the articular cartilage;
however, with increasing ageing, the repair and regeneration capability of

chondrocytes reduces. Scaffolds fabricated for articular cartilage repair must exhibit

Neelam Igbal 33



Chapter 2 — Literature Review

similar properties to the native tissue and adequate mechanical strength to support
cellular growth. Although CS exhibits relatively low mechanical strength, when
crosslinked with bioceramics, the mechanical properties are significantly improved
[129]. To an extent, CS can promote the formation of cartilage tissue due to the
polysaccharide presenting a similar structure to articular cartilage as depicted in
Figure 2.8 [129]. In vivo studies found that the expression of cartilage matrix

components is enhanced with the addition of CS [130].
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FIGURE 2.8 - Structural comparison between (a) cartilage and (b) chitosan [129].

Damage to the nervous system causes malfunctions throughout the body and is
difficult to repair [65, 131]. Mature neurons do not undergo cell division; thus, the
main goal for nerve tissue engineering is to direct the regenerating nerve fibres to
endoneurial tubes. The two current strategies are (i) bridging via grafting and (ii)

suturing the nerve stumps end to end. CS membranes cultured with neurons is
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reported to promote the repair of the peripheral nervous system [65, 132]. The
adhesion, migration and proliferation of Schwann cells supported by CS fibres proved
to regenerate axons [65, 133]. Laminin peptides immobilised on CS tubes facilitated

the regeneration of axon bridging as well as proximal nerve sprouting [134].

2.9 Properties of Chitosan
2.9.1  Biocompatibility

Biocompatible materials cause little or no adverse reactions in the body
(inflammation). CS is a known biocompatible polysaccharide which does not readily
cause allergic reactions, toxicity or inflammation once implanted into the body [71,
75]. The biocompatible nature of CS is linked to the N-acetylglucosamine units, which
also appears as natural components of mammalian tissues [87]. However, the
biocompatibility is affected by the DD of CS. An acute inflammatory response arose
for intermediate DD CS, i.e. between 69 % and 74 % when subcutaneously implanted
in rats, and is likely to be a result of rapid biodegradation [70]. In comparison, CS
containing high DD, i.e. between 74 % and 90 %, only a mild form of inflammation is
expressed, possibly due to slower biodegradation rates. Similar results were exhibited
for CS films containing > 84 % DD are shown, which is linked to slower degradation
rates; thus, the inflammation in the soft tissues was reduced [70, 88]. Osteogenesis is
promoted for CS scaffolds containing immobilised adhesive peptides, e.g. tri-amino

acid sequence, arginine-glycine-aspartate [39, 135].
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2.9.2  Solubility

CS is insoluble in neutral solutions and has relatively poor solubility in organic
solvents. The insolubility is related to crystallinity and the extensive capacity of inter
and intra-molecular hydrogen bonding between CS macromolecules [90], causing the
crystalline sections in CS to exhibit a rigid structure [65]. The solubilisation of CS is
achieved via the soluble-insoluble transition [136], where the primary amino groups
have a pKa of ~6.3 [137, 138] thus; enabling CS to form water-soluble salts in aqueous
acidic conditions [16, 136]. At low pH values, i.e. < 6.3, the amino groups are
protonated as expressed in Equation 2.1 due to the ionization of the acid [139],
converting CS into a water-soluble polycationic material [65, 137, 140]. However, at
high pH values (> 6.3), the amino groups lose their positive charges due to

deprotonation, thus leading to reduced solubility [65].

RNH,+ H,0" 2 RNH;+H,0 (2.1)

2.9.3 Swelling and Degradation

Both DD and Mw are inversely proportional to the swelling capacity and degradation
of CS [65, 81, 141]. Increased DD correlates to increased crystallinity which
subsequently reduces the swelling index [81, 141] and degradation rates [16, 142]. The
DD plays a vital role with regards to biological in vitro and in vivo degradation, healing
capacity, osteogenesis and also lysozyme degradation within biological systems [143,
144]. CS with a high DD, i.e. 84 % to 90 % has exhibited delayed degradation and
presents a lower degradation index in comparison to CS DD between 65% and 82%

[70]. CS containing high levels of DD have been shown to degrade slowly over several
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months [143, 144], which is beneficial for bone regeneration as the degradation rate
can be tuned to match bone regrowth [16]. Low Mw CS contains smaller length
polysaccharide chains which in turn leads to reduced chain entanglements [145].
Therefore, the smaller CS polysaccharide chains degrade more rapidly into variable-
length oligosaccharides (Figure 2.9) compared to CS with higher Mw [81, 146]. The
degradation difference between low—high CS DD is related to increased crystallinity
hydrogen bonding [71, 143, 144]. CS under physiological conditions provides a
controlled chemical breakdown leading to inert degradation products which include
non-toxic oligosaccharides [147], N-acetyl-d-glucosamine residue and water which

can be utilised in metabolic pathways or excreted [69].
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FIGURE 2.9 - Illustration of chitosan chain scission degradation in terms of molecular

weight forming soluble chitosan oligomers adapted from [81].
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2.9.4 Antimicrobial

The difference between Gram-positive and Gram-negative bacteria lies with the
structure of the bacterial cell wall. The structural stability of the Gram-positive cell
wall is attributed to the thick layers of peptidoglycan, which is modified with anionic
polymers. The anionic polymers influence the membrane permeability and mediate
extracellular interactions [148]. The cell wall is comprised of peptidoglycan and
teichoic acid, as depicted in Figure 2.10. The teichoic acids are either covalently
bonded to the peptidoglycan layer, thus are known as lipoteichoic acids (LTA) or
anchored to the outer cytoplasmic membrane hence referred to as teichoic wall acids
(TWA) [149]. The cell wall of Gram-positive bacteria is negatively charged due to the
presence of phosphates in the structure of teichoic acids [150]. Gram-negative bacteria
consists of an outer hydrophobic lipopolysaccharide membrane (LOM) which acts as
a penetration barrier against macromolecules and contains anionic phosphate and
carboxyl groups [151, 152]. The anionic groups can form electrostatic interactions with
divalent cations, thus contributing to the stability of the lipopolysaccharide layer [153].
The lipopolysaccharides contain phosphate and pyrophosphate groups which are
negatively charged, thus providing a superior overall negative charge compared to the
cell wall of Gram-positive bacteria [86, 154]. However, chelating agents are known to
react with the LOM causing lipopolysaccharides to be released hence destabilising the

outer membrane [152].
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FIGURE 2.10 - Comparison of the bacterial cell wall, (a) gram-positive bacteria and (b)

gram-negative bacteria adapted from [155].

CS antimicrobial and antifungal abilities are widely demonstrated in both in vivo and
in vitro environments. The growth of several types of fungal and bacterial types are
inhibited when CS-based materials, i.e. CS wound dressing, are applied. CS exhibits a
chelating capacity due to the positive charged expressed when protonated; hence the
antimicrobial action of CS is related to the electrostatic interactions of the NHs*
charged amino groups with negatively charged bacterial walls [86]. The interactions
promote cell wall permeability which leads to internal osmotic imbalance thus,
hydrolysis of the proteins (peptidoglycans) which form the bacterial cell wall occurs,
causing intercellular leakage of electrolytes such as potassium ions, proteins, nucleic
acids and glucose [86, 156]. The osmotic imbalance inhibits the growth of the

microorganisms and often leads to cell death [157].

Several studies have found similar results for Gram-positive, and Gram-negative

bacteria, where CS attached to bacterial surfaces locally causes cell wall detachment
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forming vacuoles (membrane-bound sacs) invoking the internal bacterial pressure to
decrease [86, 149]. The pressure decrease initiates membrane lysis, thus leads to cell
death. The literature suggests that the greater the number of protonated amino groups,
i.e. higher the DD, the more significant is the antimicrobial activity [86, 152]. A second
CS antimicrobial mechanism is linked to the chelation capability of the biopolymer as
CS is well known to bind efficiently to metal cations via the protonated amino groups
[153]. The CS chelation capability, when bound to metal ions, can cause toxin
production and the suppression of the binding sites of essential elements (Ca2*)

required for microbial growth [152, 158].

2.10 Calcium Phosphate Bioceramics

Bone osteoinductivity is due to bone morphogenetic proteins (BMPs) and osteogenic
proteins including, collagen and osteonectin, which are present in the extracellular
matrix. Calcium phosphates (CaP) are bioceramics known to have a high affinity for
BMPs which encourage new bone tissue formation [159-161]. The capacity of CaP to
form molecular interactions with surrounding tissues leading to surface apatite layer
formation is referred to as osteoconductivity [162]. The rationale for the fabrication of
CaP based bone scaffolds is related to the compositional similarity to natural bone
mineral. CaP materials possess several advantageous properties including,
biocompatibility, bioactivity, osteoconductivity and biodegradability [20]. CaP based
ceramics have already gained approval for use in orthopaedic applications [163]
including but not limited to, cochlear implants, coatings for metal orthopaedic
implants and bone fracture defect repairs. Dental-related applications of CaPs
includes dental cement, periodontal bone defect filling, coating of dental implants,

maxillofacial reconstructions and sinus lift procedures [163-165]. Despite the apparent
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beneficial properties exhibited by CaP materials, the low fracture strength and
brittleness prevent CaP materials solely from being utilised in load-bearing
applications [20]. CaP ceramics are commonly combined with other polymers (e.g. CS)
to improve biological responses in terms of osteoblast response enhancement and

direct mesenchymal stem cell phenotype [16, 166-168].

2.11  Composition of Calcium Phosphates

The composition of CaP ceramics is dependent on the ratio between calcium and
phosphate (Ca/P) and the level of ion substitution impurities, i.e., Na+, Mg2+ K+,
HPO-4, and Cl- [169]. Apatites are considered to contain an atomic Ca/P ratio
between 1.5 and 1.67, of which, HA and fluorapatite are examples [169]. The lower the
Ca/P ratio, the higher the solubility and the acidity of the CaP ceramics. The acidic
forms of CaP are similar in chemical composition to HA but differ with regards to Ca/P
ratio, crystal structure and rate of dissolution [16, 24]. Examples of acidic forms of
CaPs are (i) Tricalcium Phosphate (TCP), (ii) Octacalcium phosphate (OCP) and (iii)
Dicalcium Phosphate Dihydrate (DCPD) and are soluble at neutral pH (Table 2.3)
[170, 171]. DCPD and OCP are known to form in solution readily; however, they are

metastable precursor phases with regards to HA.

2.11.1 Hydroxyapatite

The most stable form of calcium phosphate is HA, the mineral constituent of bone
which has relatively low solubility due to the Ca/P ratio (1.67). Biological HA has a
hexagonal crystal structure where the calcium ions are arranged in columns with the

phosphate ions located in parallel channels [172]. Sintered HA is compositionally and
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crystallographically similar to bone mineral; however, is not readily resorbed [173].
Nucleating sites for bone minerals are present on the surfaces of HA; hence when
applied clinically do not cause any inflammatory reactions. [174-176]. In vivo,
regeneration of bone is improved with the addition of biocompatible HA as the
mesenchymal stem cells proliferation was enhanced via the adhesion of the increased
osteoblast cells [177, 178]. HA ceramic scaffolds fabricated for bone regeneration
exhibited unfavourable properties such as high mechanical stiffness, low elasticity,

poor resorbability, and also high brittleness due to low fracture strength [6].

2.11.2 Tricalcium Phosphate

The two crystallographic forms of Tricalcium Phosphate (TCP) are a-TCP and the
partially resorbable B-TCP, which is the most common form [165, 179]. The crystal
structures of a-TCP and B-TCP are monoclinic and rhombohedral, respectively [180,
181]. TCPs are known to support the differentiation of mesenchymal stem cells
(MSCs). Bone deposition is reported for B3-TCP when utilised as a bone filler material
[182, 183]. Additionally, B-TCP combined with collagen type I and alginate gel leads to
an enhanced bone formation as compared with collagen-HA scaffolds [13, 145].
However, other studies have reported fibrous tissue encapsulation of 8-TCP granules

leading to lack of adequate bone growth [165, 184].
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Name Formula Ca/P Lattice pH Young's
Ratio Parameters (A) Stability Modulus (GPa)
Hydroxyapatite Caio(PO4)6(OH)- 1.67 a,b =9.432 9-11 14.0
c=6.881
Tricalcium Phosphate Cas3(POy,)- 1.5 a,b =10.439 8 24
¢=237.375
Octacalcium Phosphate Cas Ha(PO4)6-5H-0 1.33 a=19.69 5-6 -
b =09.523
c=6.835
Dicalcium Phosphate CaHPO,4-2H-0 1.0 a=5.812 4-6 7.4
Dihydrate b =15.180
c=6.239
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2.11.3 Octacalcium phosphate

OCP has a triclinic crystal structure [24] consisting of alternating apatitic and hydrated
layers [186]. The pH range from ~5 to 6 of OCP is the favoured metastable phase [187].
The apatitic layers act as nucleation sites for the HA phase when the pH shifts from
acidic to alkaline [187]. Thus, OCP is a precursor for biological apatite formation as
well as for both tooth dentin and enamel [176, 188-190], with OCP-HA transition

confirmed by numerous in vitro studies [187, 191-194].

2.11.4 Dicalcium Phosphate Dihydrate

Dicalcium Phosphate Dihydrate (DCPD), has a monoclinic crystal structure (space
group: I2/a). The structure of DCPD consists of parallel CaP chains with interlayered
lattice water molecules. Below pH 6 DCPD is the dominant phase. Heat treatment of
~ 180 °C removes the structural water molecules leading to the transformation of an
anhydrous form named Dicalcium Phosphate Anhydrous (DCPA) [195, 196]. Less
stable phosphates such as DCPD, TCP and OCP precipitate biological apatite's through
intermediate steps, thus are considered as precursors for bone mineralisation [197,
198]. DCPD is utilised as bone cement [196] due to being commonly found in
pathological calcifications, i.e. mineralisation (osteoblast) in vitro [196, 199]. The
synthesis of DCPD occurs via aqueous acidic conditions (pH 4-6 at 37 °C). Unlike HA,
DCPD can be resorbed and is structurally stable at lower pH values (e.g. <5.5) [200].
Under physiological conditions, pH ~7, DCPD is metastable and converts to the more
stable phases OCP and HA [201-204]. The biocompatible nature of DCPD has been
demonstrated in many studies [205-207], for example, new bone formation without
inflammation is observed with the addition of DCPD in sheep cranial defects sites

[208].
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2.12 Solubility of Calcium Phosphates

The ability for bone scaffolds to resorb is essential to ensure space is created for new
bone tissue to form and integrate into the implanted scaffold [163]. CaP ceramics have
demonstrated (i) predictable degradation rates, (ii) resorbability in vivo and (iii) the
progressive replacement of lamellar bone. Degradation refers to the physical
disintegration and fragmentation of materials, whereas resorption refers to
biodegradation via cellular mechanisms (Figure 2.11(a)) [165]. Thus, the process of
resorption is classed as cell-mediated (phagocytosis by macrophages) and solution-
driven [209, 210]. The disintegration of CaP based materials causes particle formation,
which leads to CaP resorption via phagocytosis by macrophages. Figure 2.11(b) depicts
a solubility phase diagram of isotherms expressed as plots of (log TcaTp) as a function
of the pH. The calcium and phosphate molar concentrations are expressed as Tca and
Tp, respectively. The curve positions vary with the ionic strength of the electrolyte. The
thermodynamical solubility of the CaP variations at pH 7 is DCPD > OCP > TCP >

HA from the most soluble to the least soluble [24].
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FIGURE 2.11 - Degradation and solubility diagrams (a) images of biodegradation via cellular
mechanisms after implantation [163], (b) the solubility isotherms of calcium phosphate

phases at 37 °C at a concentration of 0.1 M [211].

2.13 Bone Infections

Bone infections are frequent, especially concerning trauma, leading to open wound
fractures [212-214]. Contamination of open wound fractures is expected, especially
concerning road accidents where polluted water, dirt and other foreign materials easily
infect the wound fractures site. Sources of infectious bacteria include the operating
room, surgical equipment, contaminated orthopaedic/medical devices, but there are
also resident bacteria already present in the patient's body or on their skin [215].
Epidemiological studies suggest between 2 %, and 5 % [216, 217] of all the implant-
related procedures are likely to develop further complications due to post-operative
infections leading to an increase in health-related costs, prolonged hospitalisation,
revision surgeries but also morbidity [218-220]. The treatment of infection is complex
involving parenteral or systemic drug administration and in extreme -cases,
debridement of bone and tissue due to compromised blood circulation [221]. Drug
administration for infection control uses a broad range of antibiotics which has led to
the emergence of multidrug-resistant bacterial strains [200, 219]. As a result, the
treatment of diseases which were under control several years ago now require higher

doses of multiple antibiotics which often generates intolerable toxicity.

2.13.1 Biofilm Formation

Contaminated surgical instruments or residual bacteria present on the implanted

orthopaedic device introduces bacteria into the patient's body. Once an orthopaedic
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device is implanted into the patient's body, tissue and proteins in the blood gradually
adsorb to the surface of the device as also demonstrated extensively in the literature
[20-23]. Bacteria in a planktonic state adheres to the adsorbed proteins and
proliferates until a colony of bacteria is formed, enabling a change in the gene
expression pattern. The genes responsible for the production of bacterial extracellular
polymeric substances (EPS) are activated and expressed [222]. The excretion of EPS
further facilitates the exponential growth of bacteria leading biofilm formation (Figure
2.12) [218, 223, 224]. The bacteria promoted biofilm, hinders the host's immune
response and antibiotic delivery; hence biofilms are one of the major causes for the

development of bacterial resistance [219].

Host Blood Proteins

""t!\ Bacteria B
L) Adhesion Change in Gene Expression

. _> e /7'3%7

-t Dispersion of Bacteria
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E " e D . .
. %’ \I Growth of Biofilm Matrix
J ) _

FIGURE 2.12 - Illustration of biofilm formation (a) adhesion of proteins from the host's
blood, (b) adhesion ef and proliferation of bacteria, (c) change in gene expression to form
extracellular polymeric materials, (d) growth of the biofilm as well as microcolonies of bacteria
and (e) sections of biofilm break leading to bacteria invading other 'clean' surfaces.

(illustration not to scale: Size of proteins are ~ 10 nm and size of bacteria ~ 1 um)
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2.13.2 Bacterial Resistance

The mechanism for bacterial resistance is attributed to the evolutionary processes
taking place during antibiotic therapies, horizontal gene transfer by (i) conjunctions
between two closely related bacterial strains, (ii) transduction and also (iii)
transformation (i.e. commonly known as superbugs) [225]. Antibiotics work by
attacking at least three modes of targets; cell wall, translation mechanism and DNA
replication mechanism. However, many bacteria have developed a resistant gene
known as New Delhi Metallo-Beta-Lactamase-1 (NDM-1), which prevents the
destruction of the bacteria. Mechanisms of bacterial resistance include the expression
of certain enzymes which can modify or destroy antibiotics, i.e. B-lactamases [226],
modification of ribosomes and cell wall as shown with tetracycline and vancomycin

resistance [218].

2.14 Nanoparticles

Due to the growing urgency to minimise the dependency on antibiotic drugs,
alternative treatment strategies, including the use of nanoparticles, have attracted
significant attention as these types of particles manifest unique physicochemical
properties. The unique properties are only apparent on nanoscale, e.g. surface area to
volume ratio, surface charge and oxidation state when compared with bulk
counterparts [227]. Several types of inorganic nanoparticles (ZnO, TiO., Ag) are
emerging as novel antibacterial agents and have proven their effectiveness in treating
infectious diseases [228]. The antibacterial potential of nanoparticles is affected by
factors such as size, shape, surface charge and surface area to volume ratio [227].
Nanoparticle size is essential with regards to biological functions as the morphological

dimensions are comparable with (i) small biological molecules (1-10 nm), (ii) viruses
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(10-100 nm) and (iii) be able to attack biological entities without changing their
functions [227]. The antibacterial mechanism is likely to be attributed to their ability
to enter biofilms; unlike antibiotics, nanoparticles directly attack the cell wall of
bacteria attaching via (i) electrostatic interaction, (ii) Van der Waals forces as well as
(iii) receptor-ligand and hydrophobic interactions [219] disrupting the integrity of the

bacterial cell wall leading to cell death [229].

Nanoparticles can prevent bacteria mutating, thus replacing or even reducing the use
of conventional antibiotics [230]. The antibacterial properties of metal and metal
oxide nanoparticles such as silver [231], copper [232], zinc oxide [233] and titanium
dioxide [234] have demonstrated to alter the metabolic activity of Gram-positive and
Gram-negative bacteria [219]. Zinc oxide nanoparticles are found to inhibit
Staphylococcus aureus, whereas concentration-dependent silver nanoparticles
exhibited antimicrobial activity against Escherichia coli and Pseudomonas
aeruginosa [235]. However, specific nanoparticles, i.e. silver, are toxic to cells even at
low doses despite exhibiting antibacterial properties [236]. Nanosilver intraperitoneal
silver injection and its dispersion through blood are found to affect the lungs, liver,
gastroenterological tract and brain tissues [237]. For this reason, the use of silver in
treating internal infections is now severely limited. Other studies have reported gold
[238], magnesium oxide [239, 240] and copper oxide [219, 241, 242] based
nanoparticles prevented the formation of biofilm; this has been linked to the high
surface area to mass ratio, i.e. smaller sized <10 nm [218, 243]. Triangular-shaped
silver particles exhibited higher antibacterial properties as compared with spherical or

rod-shaped nanoparticles [244].
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2.15 The Antibacterial Mechanism of Cerium Oxide Nanoparticles

Nanoceria has attracted a great deal of interest as antibacterial agents due to the ability
to cycle between the two valence states (Ce3* and Ce4*) leading to the formation of
oxygen vacancies in the lattice. The apparent beneficial oxygen buffering capability
enables nanoceria to act as a catalyst for both oxidation and reduction reactions [245];
hence is characterised to manifest a unique antibacterial mechanism [230]. Nanoceria
possesses antioxidant capabilities [246] due to its intrinsic bi-valence (catalytic
oxidation and reduction) which protect cells from oxidative stress inflammation [247]
and potential radiation damage [248]. Previous studies highlight nanoscale cerium
presenting relatively low or no toxicity to mammalian cells [249-252] and is proven to
decrease catalysts of chronic inflammation via nanotherapeutics [247] as well as
demonstrating the ability to enhance neuroprotection [253]. Furthermore, cerium
oxide nanoparticles exhibit pro-oxidative behaviour, depending on the environment,
i.e. oxidative stresses is induced, which is directed at bacteria [254]. The redox
properties of nanoceria can be tuned via materials preparation method, drying

method, particle size, surface chemistry, particle shape and level of dopant materials

[245].

2.15.1 Cerium Oxide Fluorite Structure

In the fluorite structure of cerium oxide, the redox equilibrium between the two
valence states (Ce3* : Ce4*) may be explained by considering the reaction in the

presence of oxygen gas, as shown in equation (2.2):

2Ce0; (s) = Ce;05(s) + 5 0 (9) eq (2.2)
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The intrinsic presence of oxygen vacancies in the CeO- crystal structure renders CeO-
into a CeO2x non-stoichiometric oxide with 'x' vacant oxygen sites [255]. The ratio of
Ce3* : Ce4* ionic states compensates against vacant oxygen sites and may be

represented by the following equation:

Ce0, (s) = Ce0,_y (s) = Ceft, Ce3t03Z, m,(s) eq (2.3)

In equation (2.3), the oxygen vacancy is shown by m, where x is the fractional value of
vacant sites in the fluorite structure. Oxygen deficiencies in the fluorite crystalline
lattice occur when the oxygen partial pressure is less than the value predicted value
from equation (2.1) enabling the vacant oxygen sites to act as a sink for oxygen, an

essential step in redox reaction equilibrium in the cerium-oxygen system.

2.15.2 Regeneration Potential of Cerium Oxide

Nanoscale cerium oxide can mimic an antioxidant enzyme superoxide dismutase
found in all living cells [256]. Superoxide dismutase, catalase and glutathione are
considered as the body's cellular defence as they catalyse the breakdown of potentially
harmful oxygen molecules known as reactive oxygen species (ROS)/free radicals thus
preventing tissue damage within the body. The primary role of antioxidants is to
reduce excessive amounts of ROS/free radicals hence combating oxidative stress-

related diseases [257].
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FIGURE 2.13 - Possible mechanism for self-regeneration of cerium oxide nanoparticles
requiring two superoxide’s reduced for each H,O, oxidised. (1) 2Ce4+ binding site for H,O,, (2)
release of two protons causing two-electron transfers to the cerium ions (3) oxygen is released,
(4) fully reduced oxygen vacancy site, (5) superoxide can bind to the site and (6) single-
electron transfer from one Ce3* plus the addition of two protons from the solutions creates

H.0., [257]

Cerium oxide nanoparticles decrease catalysts of chronic inflammation via
nanotherapeutics [247] as well as demonstrating the ability to enhance
neuroprotection [253]. Also, there is a hypothesis regarding the potential self-
regeneration of cerium oxide nanoparticles via a redox regeneration mechanism,
which involves reducing hydrogen peroxide (H20-), causing Ce3+ to be oxidised to
Ce4*. The Ce4+ reacts with further H-O- hence regenerating Ce3+: enabling H-O- to be
oxidised to oxygen (O-); the full mechanism is depicted in Figure 2.13 [257]. The
literature [253, 258] describes another possible route for the reduction of H-0O-; the

process involves a second H20- molecule oxidising Ce3+* (after step 4 in Figure 2.13)
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therefore enabling the regeneration of Ce4* which would reduce H-O- to form water

(H=0). Figure 2.14 depicts the full mechanism [257].

H\ /H
/O—O\ 2H* /O= D\
O—Ce** Ce**-0 O—Ce™ Ce®*-0
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=

FIGURE 2.14 - A model of the reaction mechanism for the complete dismutation of hydrogen
peroxide. The oxidative half-reaction is identical to the sequence shown in Figure 2.13 (1—4).
(5) The binding of H,O, to the 2Ce3+ and (6) water is released, thus regenerating the initial

Ces+ site [257].

The growth inhibition of Escherichia coli bacteria is related to the surface area of
cerium oxide nanoparticles [259]. Also, the antioxidant activity of cerium oxide
nanoparticles has demonstrated to protect cells against oxidative stresses,
inflammation and potential radiation damage [248]. Several studies are concluding
that there is no apparent antibacterial effect of cerium oxide nanoparticles [260, 261].
However, other findings highlight possible adverse effects of the nanoceria, where

oxidative stress was induced in epithelial human lung cells [262]. The range of
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conflicting data may be attributed to factors such as varying manufacturing processes,
chemical solvents not entirely removed, irregular pH during production and
calcination temperatures [259]. The redox properties of cerium oxide nanoparticles
can be tuned via materials preparation method, drying method, particle size, surface
chemistry, particle shape and level of dopant materials [245]. The drying method of
nanoparticles is a vital aspect to consider as nanoparticles tend to agglomerate, which
adversely affects the physicochemical properties of the particles [263]. Thus, the
procedures employed to evaluate the antimicrobial and antibacterial properties
associated with cerium oxide nanoparticles may also make it challenging to form

significant conclusions.

2.16 Aims of the Study

The first research aim is to investigate the osteoconductive efficacy of Dicalcium
Phosphate Dihydrate (DCPD) and to fabricate multilayered bone scaffolds based on
the fundamentals of advanced manufacturing using a freeze-drying approach. The
second research aim is the investigate whether heat treatment, particle size and Ce3+ :

Ce4+ ratio affects the overall antibacterial efficacy of cerium oxide nanoparticles.

2.16.1 Objectives for Freeze-dried Scaffolds

(1) Synthesise unloaded and DCPD mineral loaded scaffolds at different
concentrations (o, 20, 30, 40 and 50 wt%).
(ii)) Characterise the synthesised freeze-dried scaffolds and analyse all

structural changes which occur with increasing DCPD mineral content.
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(iii) Investigate the mechanical properties of the synthesised scaffolds to ensure
mechanical stability in terms of handling and osteoblast cellular growth.

(iv)  Develop a dual-layered scaffold using freeze-drying processing techniques.

(v)  Determine the optimal DCPD concentration, which enhances osteoblast

proliferation.

2.16.2 Objectives for Cerium Oxide Nanoparticles

) Synthesise cerium oxide nanoparticles via different methods (freeze-drying,
furnace-drying, and heat treatment) to investigate whether the
nanoparticles drying methods affect the physicochemical properties.

(ii) Characterise all the synthesised nanoparticles to determine whether the
drying method affected the particle size distribution and the Ce3* : Ce4*
ratio.

(iii) Test the antibacterial efficacy of the nanoparticles against common Gram-
negative and Gram-positive bacteria associated with common orthopaedic
infections, i.e. Escherichia coli (-ve) [264, 265], Pseudomonas aeruginosa
(-ve) [266, 267] and Staphylococcus epidermis (+ve) [215, 264, 268]
respectively.

(iv) Investigate the half-maximal inhibitory concentration (ICs0) to determine

the nanoparticle concentration, which reduces bacterial growth by 50 %.

2.16.3 Thesis Research Questions

Freeze-dried Scaffolds:
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1) Does the incorporation of DCPD mineral increase the mechanical properties of
the freeze-dried scaffolds?

2) How does the mineral affect the porosity of the scaffolds?

3) What is the optimal DCPD concentration, which induces enhanced
proliferation?

4) Is it possible to form successful porous double-layered scaffolds where each

layer differs in DCPD mineral content?

Cerium Oxide Nanoparticles:

1) Does the cerium oxide synthesis procedure form nanosized particles?

2) Does the drying method affect the size, shape and Ce3+ : Ce4+ ratio?

3) What is the optimal Ce3+ : Ce4+ ratio, which exhibits the most significant
antibacterial efficacy?

4) What is the ICso for the cerium oxide nanoparticles tested?

2.17 Chapter 2 Summary

This chapter reviewed the relevant literature relating to the function and structure of
natural bone, current bone grafts and potential synthetic scaffold biomaterials.
Biopolymer materials such as chitosan (CS) do not possess adequate mechanical
properties for load-bearing applications; thus, incorporating minerals can enhance the
material's modulus. The antibacterial potential of cerium oxide nanoparticles was
discussed concerning the Ce3+ : Ce4* ratio. Based on the literature review CS, DCPD

and Cerium Oxide nanoparticles were selected to form synthetic bone scaffolds.
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3.0 Introduction

Material synthesis of freeze-dried CS porous scaffolds embedded with DCPD minerals
and synthesis of cerium oxide nanoparticles are outlined in this chapter.
Characterisation techniques such as X-ray Diffraction (XRD), Fourier Transform
Infrared (FTIR), Ultraviolet-Visible (UV-VIS), Transmission (TEM) and Scanning
Electron Microscopy (SEM), and Raman Spectroscopy are discussed. Materials testing
techniques, including Water Uptake (Swelling), Degradation, Density, Porosity
measurements, Thermal Analysis (STA), Zeta Potential, and Mechanical Testing, are
outlined. The in vitro cellular protocols relating to freeze-dried scaffolds and
antibacterial experimental protocols, i.e. Optical Density (OD) and Colony Forming

Unit (CFU) for cerium oxide nanoparticles are also included in this chapter.

3.0.1  Materials and Chemicals

The materials, chemicals and corresponding suppliers utilised for materials synthesis
are displayed in Table 3.1. All the chemicals were of analytical grade and used without

further purification.

TABLE 3.1 - Materials and chemicals used for materials synthesis with the

corresponding suppliers.

Material/Chemical Supplier

Acetic Acid Glacial, purity > 99.5% Acros Organics, MFCD00036152
Agarose Merck, CAS: 9012-36-6
Ammonium Phosphate ((NH,). HPO,) Acros Organics, CAS: 7783-28-0
Brain Heart Infusion agar Sigma Aldrich, BHI Agar #70138
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Brain Heart Infusion Broth Sigma Aldrich, BHI Broth 53286
Calcium Nitrate (Ca(NO,). » 4H-0) Fisher Chemicals, CAS: 13477-34-4
Cerium Nitrate Hexahydrate (Ce(NOs); - 6H-0) Sigma-Aldrich, CAS: 10294-41-4
Chitosan Flakes Sigma-Aldrich, CAS: 9012-76-4
Petri Dishes Sigma-Aldrich, BR452005
Phosphate Buffer Saline Tablets Sigma-Aldrich, MFCD00131855
Whatman Grade 44 filter 1 and 3 um Merck, WHA1444110
Quant-iT™ PicoGreen™ dsDNA Assay Kit ThermoFisher  Scientific, CAT:
P7589

3.1 Freeze-Dried Scaffold Synthesis
3.1.1  Dicalcium Phosphate Dihydrate Mineral

The preparation of DCPD mineral (CaHPO, « 2 H-0) is achieved via a slow drip wet
precipitation route. Briefly, 200 ml of a 0.1 M Ca(NOs3)- » 4 H-0 aqueous solution (A)
was heated to 37 °C. Then 200 ml of a 0.1 M (NH4)> HPO,4 aqueous solution was added
dropwise under continuous stirring to the solution (A). The resulting mixture was left
stirring for 2 hours at 37 °C (Figure 3.1(a)). Then, the heat-plate and the stirrer were
switched off while the mixture was left to settle for 1 hour to allow precipitation
(equation 3.1). The DCPD yield was filtered using Whatman Grade 44 filter paper
containing 3 um pores and washed three times using distilled water (Figure 3.1(b)).

The mineral collected was dried for 24 hours at 8o °C.

C&(NOg)z 4 H-0 + HPO4(NH4)2 — CaHPO4 -2 H0+ 2 NH4N03 + 2 H.O

eq (3.1)
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FIGURE 3.1 - Experimental setup for preparation (a) un-doped Dicalcium Phosphate

Dihydrate minerals and (b) filtration process.

3.1.2  Chitosan Stock Solution

Synthesis of 3 wt.% CS stock solution was prepared by dissolving CS flakes (3100000
— 3750000 Da, > 75 % deacetylated) in a 2 (v/v)% acetic acid solution under
continuous stirring for 24 hours. The resulting transparent solution was covered with
aluminium foil and left to stand overnight to allow air bubble in the solution to move
to the surface. The CS stock solution was stored in an airtight plastic container and

was utilised within one week.

3.1.3  Dicalcium Phosphate Dihydrate Loaded Chitosan Solutions

Synthesis of CS solutions loaded with DCPD were prepared by adding different
quantities (20, 30, 40 and 50 wt.%) of DCPD to CS stock solutions under continuous
stirring. The solutions were left mixing for 6 hours to ensure even distribution of the

mineral.
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3.1.4 Freeze Drying Process

Measured amounts (1 ml) of un-loaded and DCPD loaded CS solutions were frozen at
— 80 °C for 24 hours (Figure 3.2(a)). The frozen samples were then subsequently
freeze-dried for 24 hours, as seen in Figure 3.2(b-c). All synthesised freeze-dried

samples are displayed in Table 3.2 with corresponding sample code names.

FIGURE 3.2 - Preparation of freeze-dried chitosan samples, (a) frozen mineral loaded (20,
30, 40 and 50 wt.%) chitosan solutions, (b) image of the freezer drier utilised and (c) close-up

of the freeze-drying process.

3.1.5 Alkaline Treatment

The freeze-dried samples were treated with 1M sodium hydroxide (NaOH) for 5
minutes to reduce the dissolution rate of CS. The NaOH treatment forms new
hydrogen bonds leading to increased stability in aqueous environments. The samples
were removed with metal tweezers and blotted onto Whatman Grade 44 filter paper to
remove any excess NaOH residue. The treated samples were then washed several times

with distilled water to ensure traces of NaOH were removed.
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TABLE 3.2 - Summary of the synthesised Dicalcium Phosphate Dihydrate mineral

and freeze-dried scaffolds.

Code Description Chemical Formula CS: DCPD
DCPD Dicalcium Phosphate Dihydrate CaHPO,+ 2 H.O 0:100
CS Chitosan (CeH1:NO)n 100:0
20-DCPD Mineral loaded scaffold - 80: 20
30-DCPD Mineral loaded scaffold - 70 : 30
40-DCPD Mineral loaded scaffold - 60 : 40
50-DCPD Mineral loaded scaffold - 50 : 50

3.2 Cerium Oxide Nanoparticles Synthesis
3.2.1  Freeze Dried Nanoparticles

The cerium oxide nanoparticles were synthesised via a hydroxide mediated method
where Cerium Nitrate Hexahydrate (Ce(NO3); - 6H-0) was used as a precursor. Briefly,
10.85 g Ce(NO3)3 - 6H20(s) was dissolved in 250 ml distilled water under continuous
stirring for 20 minutes, resulting in a 0.1 M Cerium (solution A). Then 0.3 M NaOH
solution was added dropwise under constant stirring to solution A at 50 °C to synthesis
cerium oxide nanoparticles as shown in Figure 3.3(a) (equations 3.2 to 3.4). The
solution was covered with aluminium foil and left at 50 °C under continuous stirring
for 24 hours (Figure 3.3(b)). The nanoparticles were filtered using Whatman Grade 44
filter paper containing 1 um pores and washed three times with distilled water and
ethanol (Figure 3.3(c)). The collected nanoparticles were frozen at — 80 °C for 24 hours

and then placed into a freeze drier for 24 hours.
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Ce (NO4 )3 6 H,O + 3 NaOH — Ce(OH)3+ 3 Na (NOB) +6 H,O eq (3.2)
Precipitation: Ce3* +30H — Ce (OH)3 © eq (3.3)
Oxidation: 4 Ce3*+12 OH + O,— 4 CeO, (5 + 6 H,0O eq (3.4)

FIGURE 3.3 - Experimental setup for cerium oxide synthesis (a) addition of 0.3 M NaOH
solution, (b) solution left for 24 hours under continuous stirring and (c) filtration and washing

process.

3.2.2  Furnace Dried Nanoparticles

The hydroxide mediated synthesised, and washed nanoparticles were placed in a
furnace at 80 °C for 24 hours to dry. Thermal analysis of the furnace dried powder was
used to determine the optimal calcination temperature. All synthesised cerium oxide
nanoparticles are presented in Table 3.3 with sample code names, corresponding

formulas, and synthesis method.
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TABLE 3.3: Summary of commercial and synthesised nanoparticles with the post-

synthesis cryo and thermal treatments.

Code Description Chemical Formula  Synthesis

RNP3 Cerium Phosphate CeO,P Alfa Aesar, CAS: 13454-71-2
RNP4 Cerium Oxide CeO. Sigma-Aldrich, CAS: 1306-38-3
FRNP Freeze Dried - Hydroxide mediated approach

then freeze-dried

FUNP Furnace Dried - Hydroxide mediated approach
then dried @ 80°C

C280 Calcined @ 280°C - Heat treatment of FUNP

(280°C, 2 hours)

C385 Calcined @ 385°C - Heat treatment of FUNP
(385°C, 2 hours)

C815 Calcined @ 815°C - Heat treatment of FUNP (815°C,

2 hours)

3.3 Characterisation Methods
3.3.1  Fourier Transform Infrared Spectroscopy

Principle: Infrared spectroscopy is commonly used to investigate the functional
groups of molecules by passing infrared radiation through the sample. At specific
wavelengths, sample molecules selectively absorb the radiation causing a change in
the dipole moments of the sample molecules. The vibrational energy levels of the
sample molecules change from ground to excited state, and the vibrational energy gap
is related to the frequency of the absorption peaks. The number of FTIR peaks signifies
molecular vibrations that produce a change in the dipole moments and are thus
observed as signals in the FTIR spectra. If there are no dipole changes, then no peaks

will be formed. For Attenuated Total Reflection (ATR) FTIR, samples can be analysed
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without dilution, i.e., liquids, pastes and solids. The ATR crystal has a higher refractive
index than the sample being investigated. Good contact should be made between the
sample and the ATR crystal. The infrared light (IR) from the FTIR is passed through
the ATR crystal, causing the IR light to be reflected internally and partially absorbed
by the sample. The reflected IR light contains absorption information of the sample

and is collected by the detector forming the FTIR spectra.

Sample Analysis: The molecular vibration spectroscopic analysis of synthesised
scaffolds and nanoparticles were analysed and characterised by using the Vertex 70
FTIR spectrometer in the attenuated total reflection mode (ATR). A KBr beam splitter
and a MIR light source was utilised. Each sample was scanned 32 times in the 400 —

4000 cm range at a spectral resolution of 4 cm-.

3.3.2  Ultraviolet-Visible Spectroscopy

Principle: UV-VIS spectroscopy is often used to determine organic and inorganic
compounds in a solution. UV-VIS and FTIR are based on the principle of the

interaction of light with matter and corresponds to Beer-Lambert’s Law:

A= log™ = ECL eq (3.5)

The law refers to the absorbance of monochromatic light when passed through a
solution. A corresponds to the absorbance, Io refers to the intensity of the light to the
sample cell, I is the light departing from the sample cell, & refers to the molar
absorptivity, C is the concentration of the solute and L is the length of the sample cell

[269].
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Sample Analysis: The PerkinElmer®, LAMDA 950 UV/VIS/NIR Spectrometer
(Figure 3.4) was used to characterise unloaded and DCPD mineral loaded CH solutions
and homogeneous clear suspensions of nanoparticles in deionised water. The
absorption spectrum data was collected between 190 and 600 nm. The Tauc equation
(equation 3.6) was used to determine the bandgap energy E4 between valence and

conduction bands of the nanoparticles spectrophotometrically:

ahU:A(hv—Eg)o'5 eq (3.6)

Where A is the absorption, a the absorption coefficient, ho the photon energy (1240/1),
and Ejy is the bandgap. The bandgap energies were determined from the x-axis values

of the intersections of (ahv)? vs hv plots.

High Precision Cells For Solutions

FIGURE 3.4 - The PerkinElmer®, LAMDA 950 UV/VIS/NIR Spectrometer, (a) layout of the

spectrometer, (b) the reference and samples cells used for solution characterisation.
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3.3.3 X-ray Diffraction

Principle: X-ray diffraction is a non-destructive analytical technique used to
characterise crystalline and partially crystalline materials. XRD with Rietveld analysis
is utilised for quantitative phase composition, crystallite size, microstrain, crystal
structure, unit cell parameters and Bravis lattice symmetry analysis of the samples.
Figure 3.5(a) shows an overview of the XRD equipment utilised. The main components
of a standard XRD diffractometer consist of an (i) x-ray tube, (ii) detector and (iii) a
sample holder. X-rays are formed when high-speed electrons collide with a metal

target, usually copper (Cu).

= ™ Sample Powder

atomic planes
(] &

/

FIGURE 3.5 - X-ray diffraction analysis, (a) Bruker D8 xx-ray diffractometer, (b)

<o D<o >

constructive interference and the principle of Braggs Law [270].

The collision causes secondary electrons to be removed from the electron shells; thus,

higher energy electrons move to fill the space, and the energy difference is released as
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x-rays. The beam of x-rays is filtered to form monochromatic radiation required for
diffraction and is focused onto the sample. If Braggs law depicted in Figure 3.5(b) (eq.
3.7) is satisfied via constructive interference, then x-ray diffractions from the sample

are measured, and the data is collected in the form of a diffraction graph.

nA=2dsin6 eq (3.7)

Where n is related to the “order” of reflection, i.e., path difference in whole number of
wavelengths, A being the wavelength of the incident x-rays, d is the interplanar spacing
of the crystal, and 0 is the angle of incidence. Phase identification is achieved by
comparing the peak positions and intensities of the experimental diffraction pattern
against a library of ‘standard’ diffraction data of known crystalline or semi-crystalline

materials.

3.3.3.1 Crystallite Size of Minerals

Principle: The crystallite size for the synthesised samples can be estimated from
the line broadening of the (1 1 1) and the (0 2 0) peaks for cerium oxide nanoparticles
and DCPD mineral, respectively, using the Scherrer equation. However, Scherrer’s
equation (Bp) (e.g. 3.9) does not consider all the XRD diffraction peaks nor the
broadening due to microstrain within the crystal structure (eq 3.8). As a comparison,
the Williamson-Hall method (eq 3.12) is used to calculate the average crystallite size
of the samples; this method considers the peak broadening due to crystalline size By,

but also the broadening due to lattice strain and lattice defects By i.e:
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B 1ota1 = Bp + Bg, eq (3.8)

Peak broadening due to crystallite size Bp is found by the Debye Scherrer equation

hence:

B.o KA eq (3.9)
P~ D cos(6)

Where A refers to the incident instrument Cu ka: radiation wavelength, D corresponds
to the crystalline size, and K is a shape factor constant ~ 0.9. Lattice strain and defect

induced peak broadening are related by:
B =4 £ tan (0) eq (3.10)

Where Bj is the peak broadening related to strain and € relates to the lattice strain;

therefore, combining equations (3.9) and (3.10) gives:

K2 eq (3.11)
B 1otal = Deos@) "4 € tan (6)

Since we know tan(0) = sin(0) / cos(0) thus equation (4) can be reduced to the

Williamson-Hall equation:
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KA .
B rotar s (0) = -+ 4 € sin (0) eq (3.12)

It can be assumed that strain is uniform for all crystallographic directions; hence the
lattice strain value and crystallite size for all nanoparticles and DCPD mineral can be
deduced from the slope and Y-intercept of By, cos (6) verses 4 € sin (6) plots,

respectively.

Sample Analysis: A D8 X-ray diffractometer using the Kq radiation of Cu (A =
0.15406 nm) was used to characterise the synthesised freeze-dried scaffolds and
cerium oxide nanoparticles. The samples were analysed in the Bragg angle (20)
scanning range of 10° to 80° at a scan speed of 0.014° s—* and step size of 0.065°. All
recorded patterns were analysed using the HighScore Plus software, and the Reitveld
refinement was employed for peak shape and intensity analysis for ascertaining the

crystallinity of samples

3.3.4 Raman Spectroscopy

Principle: Raman spectroscopy is known as a light scattering technique used to
measure the vibrational energy modes of a sample. A monochromatic laser beam
interacts with the molecules of the sample, causing light to scatter [271]. Inelastic
scattering occurs when there is a transfer of energy between the molecule and the
scattered photon; thus, the frequency of the scattered light is different compared with
the incident light. The ratio of Stokes and Anti-Stokes Raman scattering is dependent
upon temperature. Stokes Raman scattering occurs when the photon interacting with

the molecule loses energy causing the wavelength of the scattered photon to increase.
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However, Anti-Stokes Raman scattering occurs if the interacting molecule loses
energy; hence, the wavelength of the scattered photon will decrease (Figure 3.6). A
Raman spectrum is constructed through the inelastic scattering of light. Elastic
scattering, also known as Rayleigh scattering, occurs if the molecule remains
unchanged after interaction with the photon, whereby the energy and wavelength of

the scattered photon are equal to the initial incident photon [272, 273].

Sample Analysis: Freeze-dried scaffolds and cerium oxide nanoparticles in
solution and powder forms were analysed using a Renishaw inVia with incorporated

microscope Raman spectrometer at a wavelength of 514 nm and operating at a power

of 24.9 mW.
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FIGURE 3.6 - Theory of Raman spectroscopy and the origin of Rayleigh, Stokes and Anti-

Stokes Raman Scatter [272, 273].

3.3.5 Electron Microscopy
3.3.5.1 Scanning Electron Microscopy

Principle: SEM provides topographical, morphological, compositional and
crystallographic information of materials. Electrons are accelerated and focused onto
the sample by a series of lenses and apertures (Figure 3.7). Secondary and
backscattered electrons create SEM images. The morphology and the topography of
the samples are mapped by secondary electrons, whereas backscattered electrons
illustrate the contrast in the composition. Inelastic collisions of the incident electrons
with the atoms of the sample create X-rays when the excited electrons return to lower
energy states. The X-rays do not lead to the volume loss of the sample; thus, SEM is
considered as a non-destructive technique as the same sample can be analysed

repeatedly.

Sample Analysis: The pore size and porosity of the unloaded and DCPD loaded
freeze-dried scaffolds were characterised using the Hitachi SU8230 1-30kV cold field
emission gun SEM. Prior to SEM, the samples were coated with 6 pm of Iridium to
improve the electrical conductivity of the materials, thus enabled an improvement

with regards to signal to noise ratio.
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FIGURE 3.7 - Schematic of a scanning electron microscope where the main components are
the electron source, a column containing electromagnetic lenses where electrons travel,

detector, sample chamber and computer to display the images [274].

3.3.5.2 Transmission Electron Microscopy

Principle: Electrons are emitted from an electron gun and focused into a thin
coherent Electron beam with the aid of a condenser lens. The beam of electrons is
restricted by a condenser aperture where high angle electrons are excluded. The
electron beam is transmitted through the sample; thus, the corresponding image is
magnified and focused on a fluorescent screen, as depicted in Figure 3.8. X-rays
formed from the interaction of the electron beam with the sample are detected by the
energy dispersive spectrometer (EDS). The X-rays provide information relating to the
elemental composition. In contrast, EELS focus on the inelastic electron scattering of
the primary beam electrons with the electrons from the samples being analysed and
provides information relating to the chemical bonding, valence, and condition bands

within the sample.
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Transmission electron microscope
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FIGURE 3.8 - Schematic of a transmission electron microscope [275].

Sample Analysis: For TEM analysis, the cerium oxide nanoparticles were
prepared by ultrasonic dispersion in methanol after which several drops were placed
onto holey carbon copper TEM grids. The particles suspended in methanol were then
allowed to dry thoroughly using a heat lamp. The Titan Themis Cubed 300 TEM
operated at 300 kV with high brightness X-FEG and Supertwin objective lens was used
for the characterisation of the nano-scale size distribution and morphological analysis.
The Bright field TEM images were collected using the Gatan OneView 16 Megapixel
CMOS digital camera. Selected area electron diffraction (SAED) patterns, low
magnification and dark-field (DF) TEM images were obtained for the analysis of the

crystallinity of synthesised ceria. EELS using the Gatan GIF Quantum ER imaging
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filter was used to collect low and high energy loss spectra to investigate the co-

existence of two oxidation states (Ce3+ and Ce4+) in the calcined nanoparticles.

3.4 Testing Methods
3.4.1 Thermal Properties

Principle: Thermal analysis of unloaded and DCPD mineral loaded freeze-dried
scaffolds took place to investigate the decomposition of CS, and the effect of DCPD
mineral addition to the thermal degradation process. Phase transformation occurs
during heating as energy is required to break chemical bonds while forming bonds
releases energy. Thus, bond formation and bond breakages are observed using
Simultaneous Thermal Analysis (STA). STA refers to the combination of
Thermogravimetry (TGA), and Differential Scanning Calorimetry (DSC) processes
into a single instrument. Briefly, the reference (containing aluminium powder) and
the sample (containing aluminium powder and the sample) crucibles were placed into
the holders in contact with differential thermocouples used to detect temperature
change. Endo and exothermal reactions take place when the sample temperature is
higher or lower compared to the reference sample (Figure 3.9(a)). Figure 3.9 displays
a typical thermal analysis graph (b) depicts the temperature change of the furnace,
reference, and the sample against time while (¢) shows the temperature difference

against time with the differential thermocouple.
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FIGURE 3.9 - Measurement principles of thermal analysis, (a) Block diagram of differential
thermal analysis, (b) graph displaying the temperature change of the furnace and sample with
respect to time and (c¢) temperature difference (AT) against time detected using a differential

thermocouple [276].

Sample Analysis: Reactions and phase changes of freeze-dried scaffolds were
investigated using the Perkin Elmer STA 8000. The thermal experiments were carried
out from 30 to 600 °C. The Perkin Elmer STA 8000, which was used to study the phase
transformation and chemical reactions covered the temperature heating range from
30° to 1000 °C. The thermal analysis characterisation of furnace dried ceria was
essential for the optimisation of the calcination process without promoting the growth
of nanoparticles. The isochronal heating rate of 20 °C min-* was used to determine the
optimal calcination temperature for the furnace dried nanoceria samples for

comparative studies.
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3.4.2 Surface Area

Principle: Brunner-Emmett-Teller theory (BET) is used to measure the surface
area of solids and porous materials. The principle involves an estimation of the
number of molecules required to cover the entire adsorbent surface with a single layer
of adsorbed molecules, Nm. Therefore, the surface area is calculated by multiplying Nm,

the cross-sectional area of the adsorbate molecules.

J

\
|| Liquid Nitrogen

\
|
|
A
\

FIGURE 3.10 - Sample preparation and analysis equipment used to characterise the cerium
oxide nanoparticles (a) Micromeritics Tristar 3000 equipment, (b) The FlowPrep™ 060
utilised to dry the cerium oxide nanoparticles as well as to remove any atmospheric

contaminants.

Sample Analysis:  Micromeritics Tristar 3000 was used to determine the BET
surface area of the synthesised cerium oxide nanoparticles using the nitrogen
absorption method in the powder bed. Measured amounts of nanoparticles in glass

sample tubes were placed into the FlowPrep™ 060, as displayed in Figure 3.10, where
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surface cleaning (degassing) was carried out; both heat and inert gas was applied to
the samples for 30 minutes. This process allowed for the removal of any atmospheric

contaminants, i.e. water and absorbed gas.

3.4.3 Swelling

Sample Analysis:  Prior to the testing, all the freeze-dried samples were
neutralised in 1 M NaOH solution for 15 minutes, after which the scaffolds were
washed thoroughly using distilled water. Samples were dried at a temperature of 50
°C for 5 hours and weighed before the start of the experiment. The phosphate buffer
saline (PBS) solution was formed by dissolving one tablet in 200 ml of deionised water,
thus yielding a solution consisting of 0.01 M phosphate buffer, 0.0027 M potassium
chloride and 0.137 M sodium chloride at a pH of 7.4. The solution was distributed into
individual glass beakers, and the scaffold samples were submerged in this solution at
37 °C for 10 minutes. After removing the samples from the PBS solutions, excess liquid
was removed using Whatman Grade 44 filter paper. The samples were re-weighed
using an electronic balance. The swelling percentages (n = 3) of the freeze-dried

scaffolds were calculated using;:

Swelling % = (Ww- Wa) / Wa * 100 eq (3.13)

Where Wy and Wqare wet and dry weights of the samples, respectively.
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3.4.4 Degradation Testing

Sample Analysis: The in vitro degradation of the freeze-dried scaffolds was
assessed by submerging the samples into PBS solutions for four weeks at 37 °C. Each
week the samples were removed from the solutions and dried for 24 hours at 50 °C.
The samples were weighed and their masses recorded, fresh PBS solutions were
prepared, and thus the samples were again submerged. This process continued for four

weeks. The degradation percentage was calculated using;:

AW (%) = (Wo-War)/Wai*100 eq (3.14)

Where W, and Wa; refer to the initial sample weight and the sample weight at time

(t), respectively.

3.4.5 Apparent Density

Sample Analysis: Equation 3.15 determined the apparent densities (p) of 1 cm
diameter and 1.5 cm height cylindrical freeze-dried scaffolds (n=3). Where W refers to
the weight of the samples, D is the diameter and H relates to the height of the scaffolds.

All measurements were taken three times using a Vernier calliper and averaged.

w eq (3.15)
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3.4.6  Porosity

Principle: The Gravimetric Principle is usually the most straightforward and
quickest method to obtain a rough estimate of total porosity by determining the bulk
and true densities of the material. The volume is calculated by measuring the length,

width and heights of the synthesised scaffolds:

_ _Mass eq (3.16)
Pseaold = Volume

pscaﬁold eq (317)

Material

Total Porosity = 1 -

Where Dscqfro1a corresponds to the apparent density of the scaffold and py,,..i;

corresponds to the density of the material [277]. The gravimetric method does not take
into account the number and size of pores present in the scaffolds; thus can lead to
significant errors [277, 278]. As a comparison, the Liquid Displacement [279] method

was also utilised where the open porosity is calculated using the following equation:

V-V, eq (3.18)

Porosity =V
27V3

Where V; relates to the known liquid volume, V- is the volume of liquid, including the

impregnated scaffold, and Vj; refers to the liquid remaining when the scaffold is

removed.
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Sample Analysis:  The displacement liquid must not be a solvent of the
biopolymer; thus, ethanol was chosen as it can penetrate the pores easily without
causing any shrinkage or swelling of the scaffolds. Briefly, the scaffold placed into a
container of a known volume of ethanol and a series of evacuation and re-
pressurisation cycles were performed to ensure the displacement liquid was forced
into all the pores of the freeze-dried scaffolds. The scaffolds impregnated with ethanol

were removed, and the remaining ethanol was measured.

3.4.7 Zeta Potential

Principle: Zeta potential is the electrokinetic potential measurement of colloidal
systems and is affected by temperature, pH and additive concentration. The stability
of the suspension is related to the magnitude of the zeta potential value. Systems with
high negative or positive zeta potential values are generally stable due to the repulsive
forces exceeding the attractive forces between the particles [280]. Conversely, systems
with low zeta potential values are known to coagulate or flocculate due to the reduced

repulsive forces.

Sample Analysis: The Melvern Zetasizer equipment with zeta potential cuvettes
(cell DTS 1070) (Figure 3.11) was utilised to determine the zeta potential of unloaded

and DCPD mineral loaded CH suspensions.
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FIGURE 3.11 - The Melvern Zetasizer equipment used for zeta potential measurements.
3.4.8 X-ray photoelectron spectroscopy

Principle: The surface chemistry of the cerium oxide nanoparticles was analysed
using x-ray photoelectron spectroscopy. X-rays irradiate the surface of the specimens
causing the excitation of electrons in specific bond states. Sufficient energy causes the

photoelectrons to be ejected with kinetic energy (KE) equal to:

KE =hv -BE

Where BE refers to the photoelectron binding energy and hv is the energy of the
photon. Many of the electrons inelastically scatter as they travel to the surface of the
sample; however, some electrons undergo prompt emission and escape the surface of
the material travelling into the surrounding vacuum [281]. The electron analyser
measures the kinetic energy of the photo-ejected electrons and produces an energy

spectrum of intensity versus binding energy. Each peak in the spectrum is related to a
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specific element, and the number of atoms present in each element is proportional to

the peak intensities [282, 283].

Sample Analysis: The nanoparticles (FRNP, FUNP, C280, C385 and C815)
samples were prepared for XPS by sprinkling small amounts onto adhesive conductive
carbon tape mounted on to the sample holders. The samples were sprayed with aerosol
air to remove any loose particles before analysis. The nanoparticles were then
characterised using the UHV XPS with a SPEC Phoibos 150 analyser and a SPECS
XR50-M. Samples surveys were taken at pass energy of 50 Ev, and high-resolution
scans were taken at 30 Ev. The data collected was analysed using Prodigy, CASAxps

and Originpro.

Analyser for kinetic energy

Mesh Electrodes

\ .\
’ Electron Optics
\ Detector
X-ray Source l

Photoelectrons
Photons

Powder Sample m———p ————
Seemaa e

Sample Stage

Microcomputer

Neelam Igbal 84



Chapter 3 — Materials & Methods

FIGURE 3.12 - Representation of the X-ray photoelectron spectroscopy components,
concerning sample analysis where the material is irradiated with X-rays while the kinetic
energy and the number of electrons are analysed under ultra-high vacuum conditions forming

corresponding spectra adapted from [284].

3.4.9 Mechanical Testing

Sample Analysis: The Instron 5569 machine was utilised to mechanically test
rectangular freeze-dried scaffolds with 5 x 1 cm dimensions (n=3). The scaffolds were
sandwiched between pieces of polystyrene to prevent slipping and serve as an interface
between the scaffolds and the tensile testing machine. The samples were tested with a
100 N load cell at a speed of 100mm/min with no pretension. Hence the tensile

stiffness and tensile modulus were determined from stress-strain plots.

3.5 In vitro Osteoblast Studies of Freeze-Dried Scaffolds

Osteoblasts with cell line G292 were from frozen stock sourced from the Department
of Oral Biology Leeds Dental School. The osteoblast cells were sustained in McCoy’s
5A medium modified with L — glutamine and sodium bicarbonate liquid. The medium
was additionally supplemented with 10 % foetal bovine serum (FBS) and 2 % of
penicillin/streptomycin. The prepared medium was stored at 4 °C and used for up to
one week before fresh media was prepared. Biocompatibility is an essential
requirement for bone scaffolds; thus, cytotoxicity testing was performed on all freeze-

dried scaffolds. See Appendix I for cell culture protocols.
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3.5.1 Freeze-Dried Scaffolds Sterilisation Process

The synthesised (1 cm diameter, 0.5 cm height) freeze-dried scaffolds, i.e. CH, 20, 30,
40 and 50-DCPD tested during cell culture experiments, were initially sterilised with
70 % (v/v) ethanol and washed five times using Dulbecco’s Phosphate Buffered Saline
(DPBS). The second stage of sterilisation consisted of UV light exposure for 1 hour
before testing. The sterilised freeze-dried scaffolds were handled aseptically

throughout the testing procedures.

3.5.2 Contact Cytotoxicity Assay

The cytotoxicity testing involved attaching freeze-dried scaffolds in triplicate to 6-well
culture plates with the aid of steri-strips [Medisave, cat no. R1540C]. The positive and
negative controls consisted of steri-stips and 40% dimethyl sulfoxide (DMSO),
respectively. DPBS-was used to wash the well plates for 10 minutes and aspirated and,
to each well, 2 ml of osteoblast cell suspension containing 5 x 103 cells. All culture
plates were incubated at 37 °C for 48 hours in 5 % (v/v) CO2 in an incubator. After 24
hours, the media was aspirated from the wells and washed twice with DPBS. 1 ml of 10
% (v/v) neutral-buffered formalin (NBF) was added to each well and incubated for 15
minutes. The formalin was aspirated and, all wells were stained for 5 minutes using
Giemsa solution and subsequently washed using water. The culture plates were air-
dried for 24 hours and examined microscopically to record any changes in
morphology, confluency, attachment and detachment of the osteoblast cells using an
Olympus IX 7 Inverted Microscope under bright field illumination (CellB software;

Olympus). All images were collected digitally.
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3.5.3 DNA Quantification Assay

The cell attachment and proliferation testing involved adding 1 ml of 3 % (m/v)
sterilised agarose gel into 24-well plates and allowed to set. Using a 1 cm diameter
metal stamp the solid agarose was removed from each well; thus, restricting the
remaining well area only to allow 1 cm diameter freeze-dried samples (n = 3) to fit.
Freeze-dried samples added to the well plates were washed using DPBS and aspirated
to ensure all the wells were free from any small regiments of agarose pieces. 1 ml of
osteoblast cell suspension containing 104 cells, were added to each well and incubated

for 1, 3 and 77 days. The media was changed every two days.

Cell proliferation examined using Quant-iT™ PicoGreen™ dsDNA Assay Kit was
performed according to the manufacturer’s instructions. Briefly, the samples were
washed three times with DPBS, and the cells extracted with lysis solution (0.2 % (v/v)
Triton x-100, 10 mM Tris-HCI, imM EDTA, pH 7.4) for 1 hour on a gyratory shaker.
100 pl of the PicoGreen dsDNA quantification reagent was diluted to 1:200 and added
to a 96-well plate containing 100 ul of the cell lysate solutions. The DNA standard
curve prepared via serial dilutions of the Lamda DNA standard in TE buffer (1tomM
Tris-HCl, imM EDTA, pH 7.4), was added to the 96-well plate instead of the sample
lysis solutions in addition to 100 ul of the PicoGreen solution. The 96-well plate was
incubated in the dark for 5 minutes before the absorbance was measured using a
Thermo Scientific Varioskan Flash plate reader excitation 480 nm and emission at 520

nm. All the data collected were calibrated using the DNA standard curve.
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3.5.4 Statistical Analysis

Triplicates of in vitro cellular experiments were conducted, where the data collected
underwent statistical analysis and displayed as mean + standard deviation (SD). The
graphs and statistical analysis were performed using MS Excel software. Significant
statistical differences were analysed using one-way analysis of variance (ANOVA)
between the average of two or more results. Values of p < 0.05 were considered as

statistically significant.

3.6  Antibacterial Testing of Cerium Oxide Nanoparticles

The nanoparticles tested during the bacterial experiments were sterilised inside an
autoclave by suspending the particles in a Brain Heart Infusion (BHI) Broth and, once
cooled were used within the hour. Optical density-and Colony Forming Units (CFUs)
were carried out to assess the antibacterial characteristics of the nanoceria over 48
hours. An initial Optical Density ODsoo of 0.015 was selected and was kept constant for

all experiments to ensure reproducibility.

3.6.1  Brain Heart Infusion Agar Plates and Broth

Brain Heart Infusion (BHI) agar plates were prepared following the manufacturer’s
procedure which is described briefly; 52 g of BHI agar powder was mixed in 1 litre of
distilled water and boiled to dissolve the medium completely. The solution was
sterilised inside an autoclave at 121 °C for 15 minutes; once the agar solution had
cooled, it was poured into a set of sterile agar plates under aseptic conditions which
were left to solidify. The agar plates were then stored at < 4 °C until they were required.

The BHI broth was prepared by dissolving 37 g of broth powder in 1 litre of distilled
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water and boiled to dissolve the medium completely. The broth was autoclaved at 121
°C for 15 minutes to sterilise and once sufficiently cooled stored in a refrigerator < 4

°C for future experiments.

3.6.2  Growth of Bacterial Strains

Bacterial stock cultures of Escherichia coli, Staphylococcus epidermis and
Pseudomonas aeruginosa were procured from a stock of 30 % glycerol solutions kept
at — 80 °C. 10 pl sterile loops were used to streak Staphylococcus epidermis,
Pseudomonas aeruginosa and Escherichia coli onto BHI agar plates. Inoculated
plates were all incubated at 37 °C for 24 hours, after which a single colony was picked
from each bacterium type and grown in 25 ml of BHI broth in an incubator at 37 °C
150 rpm for 24 hours. This process enabled the production of fresh bacterial

suspension for further use by inoculation.

3.6.3 Optical Density Measurements

Optical density (OD) measurement is a widely used method to assess the number of
growing bacteria in a culture; thus, the absorbance values of bacterial suspensions can
be measured using a photometer [285]. The initial optical density of each bacterial
type was measured using the Jenway 6305 UV/Visible Spectrophotometer at 600 nm
(OD6oo). To ensure reproducibility, each bacterium was diluted to an ODeoo of 0.015
[286, 287] using BHI broth. Triplicate bacterial solutions for each bacterium were
produced, and the growth rate without the addition of the nanoparticles was measured
at 2, 4, 24 and 48 hours (ODsoo). To investigate the antibacterial properties of selected

nanoparticles (FRNP, C385 and C815) various concentrations (50, 100, and 200

Neelam Igbal 89



Chapter 3 — Materials & Methods

ug/ml) of sterilised nanoparticles suspended in BHI broth were added to the bacterial
suspensions ODeoo of 0.015. The ODsoo was measured after 2, 4, 24, and 48 hours and
compared with the optical density measurements of bacterial suspensions containing

no nanoparticles; the average values + SD are reported.

3.6.4 Determination of Colony Forming Units

Counting colony-forming unit (CFU) was used to estimate the bacteria growth
concentrations before and after exposure to the cerium oxide nanoparticles. The CFU
for each bacterium without the addition of the cerium oxide nanoparticles was
calculated for each time point, i.e. 2, 4, 24 and 48 hours. Serial dilution was performed
by adding 900 ul of BHI broth into labelled plastic vials (1 to 8); following this, 100 pul
of cultured bacteria was added to the vial labelled vial-1 (highest concertation) and
vortexed to ensure even distribution of the bacteria. Next, 100 pl of the bacterial
solution was taken from the highest concentration vial and placed into the vial labelled
vial-2 and vortexed; the same procedure was continued until all the labelled vials had

been diluted with the cultured bacteria.

BHI agar plates were labelled, and 100 pl was taken using a pipette from the lowest
concentrated vial, i.e. vial-8 and placed into the centre of the labelled Petri dish-8. A
plastic spreader was used to spread the bacteria solution over the surface of the set
agar, and the procedure was repeated for all the serially diluted vials. All agar plates
were incubated at 37 °C for 24 hours. Previous steps were repeated for all nanoparticle
concentrations 50, 100 and 200 pg/ml. The colony-forming unit was determined for

each bacterium by selecting the incubated agar plates, which contained enough
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individual bacteria cultures (between 30 to 300) to be easily counted. The number of
single colonies was multiplied by the agar plate concentration to determine the overall

colony-forming unit of the bacteria in the original culture per ml

3.7 Chapter 3 Summary

The unloaded and DCPD mineral loaded freeze-dried scaffolds and cerium oxide
nanoparticles fabrication were described, including materials characterisation and
testing techniques. The osteoblast and antibacterial testing methods are also included
in this chapter. Furthermore, relevant equations required for the in-depth

characterisation of the synthesised materials are reviewed.
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4.0 Characterisation Results
4.0.1  X-ray Diffraction

The experimental XRD diffraction patterns for the DCPD, CH, 20, 30, 40 and 50-
DCPD synthesised scaffolds are presented in Figure 4.1. The peaks from the obtained
DCPD pattern match the reference standard XRD data for DCPD (JCPDS: 00-011-
0293) compiled by the Joint Committee on Powder Diffraction and Standards
(JCPDS). The main 26 peaks for the DCPD standard are 11.60°, 23.39°, 29.16°, 35.45°
and 47.84° corresponding to (0 2 0), (0 4 0), (-11 2), (-2 3 1) and (0 8 0), respectively.
Notably, Dicalcium Phosphate Dihydrate is the only detectable phase expressed in the

DCPD sample.

The partially crystalline polysaccharide CS has a characteristic XRD fingerprint
associated by two broad 26 peaks at ~10° and ~20° corresponding to crystal I and
crystal I phase forms, respectively [288]. The less hydrated crystal I phase exhibits
higher crystallinity, while the crystal IT phase has a hydrated amorphous structure
corresponding to intermolecular interactions of the aligned CS polymer chains. For
the CH freeze-dried scaffold, two broad peaks at 9.2° and 20.2° are observed, and the
lack of other peaks in the CH diffraction pattern signifies high CS purity. Increasing
DCPD concentration caused a significant decrease in the CS crystal I phase form for
the freeze-dried scaffolds containing DCPD mineral, which is expected due to the high

crystallinity of DCPD mineral.

The diffraction patterns for 20, 30, 40 and 50-DCPD depicts evidence for the presence

of semi-crystalline CS matrix combined with the characteristic crystalline diffraction
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peaks associated with DCPD. As DCPD concentration increases, the partially
crystalline CS structure becomes more crystalline, where the 50-DCPD diffraction

pattern is similar to the DCPD spectra, as shown in Figure 4.1(a).
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FIGURE 4.1 - Normalised X-ray diffraction data, (a) Experimental XRD spectra for DCPD,
CH, 20, 30, 40 and 50-DCPD samples, (b) DCPD reference spectra and (c) graph depicting the
relationship between crystallite size and crystallinity. * corresponds to Bragg 26 diffraction
peaks of DCPD while B corresponds to miller indices (0 2 0), (0 4 0), (-112),(-231) and (0 8

0) diffraction planes, respectively.
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Rietveld Refinement was performed, and the crystallinity % of the scaffolds was
calculated by subtracting the area of crystalline peaks from the total area of all peaks.
The overall crystallinities of the freeze-dried scaffolds are displayed in Table 4.1. The
crystallite size range for the synthesised scaffolds is determined from X-ray line
broadening data using Scherrer’s equation (Equation 3.9). The crystallite size is
independent of crystallinity; however, based on the results displayed in Figure 4.1,
both the crystallite size and crystallinity increase with increasing DCPD mineral

concentration.

TABLE 4.1 - Summary of freeze-dried scaffolds with corresponding crystallite size

and crystallinity %.

Diffraction plane (h k1)

(020) (040) Crystallite Size Crystallinity
Sample (nm) (%)

CH - - 0.9059 0.1104
20-DCPD 11.53° 20.64° 2.2404 20.6399
30- DCPD 11.93° 21.04° 11.2882 20.3773
40- DCPD 11.53° 20.64° 25.9477 38.7656
50- DCPD 11.14° 20.44° 26.4008 69.8635

DCPD 10.97° 22.75° 41.2679 78.5123

4.0.2 Raman Spectroscopy

Raman spectroscopy was utilised to identify the characteristic bands relating to
functional groups in the unloaded and DCPD mineral loaded freeze-dried scaffolds

(20, 30, 40 and 50-DCPD); the spectra are displayed in Figure 4.2. There are
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significant phosphate (PO43-) vibrational modes associated with DCPD mineral [289]
(Figure 4.2(a)). The highest frequency vibrational mode is located at 988 cm-, which
relates to the P-O symmetric stretching of the PO43- ion. The Raman peaks at 882 cm-
tand 1147 cm [290] are assigned to the antisymmetric stretching modes of HPO42-.
Lower frequency vibrations of PO43- are seen at 385 cm™ to 420 cm™, and the 436 cm-
1to 590 cm bands correspond to symmetric bending of P-O. Similar DCPD mineral

Raman data are observed in the literature [289-291].

The following Raman peaks are associated with CS and are depicted in all the freeze-
dried scaffolds; the -NH- symmetric and asymmetric stretching are displayed at 3200
cmto 3450 cm. The broad -OH stretching is observed at 3100cm to 3200 cm and
the -CH stretching is displayed in the 2880 cm to 2990 cm region. The Raman
spectra of mineral loaded freeze-dried scaffolds (Figure 4.2(b-d)) depict a similar
shape to the mineral free CH scaffold; notably, the main difference displayed is related
to the peak broadenings and peak intensities in the 2800 and 3800 cm™ range. As
already confirmed by XRD in section 4.0.1, crystallinity is proportional to DCPD
concentration; thus, the Raman peak broadening is likely to be attributed to the
scaffolds increase in crystallinity [290]. The presence of the DCPD mineral peaks for
the freeze-dried scaffolds (Figure 4.2(c)) is not entirely clear. Therefore, to further
examine the structural changes occurring with increasing DCPD mineral
concentrations, specifically the bands relating to the mineral phase, FTIR is utilised as

described in section 4.0.3.
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FIGURE 4.2 - Normalised Raman spectra, (a) Dicalcium Phosphate Dihydrate mineral
(DCPD), (b) comparison of synthesised freeze-dried scaffolds in the 100 to 4000 cm regions,
(c) 100 to 2800 cm™ region with 0.2 offset to observe the spectra individually and (d) 2800 to

3800 cm™ region.

4.0.3 Fourier Transform Infrared Spectroscopy

The FTIR spectra of synthesised unloaded and DCPD mineral loaded freeze-dried
scaffolds are presented in Figure 4.3(a). The FTIR bands associated with DCPD
mineral are located at 511 cm, 989 cm and 1075 cm which relate to PO43-

contributions. The bands located at 857 cm, 1117 cm and 1217 cm! correspond to the
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contributions of HPO42-. The freeze-dried CH scaffold presents broad transmission
bands in the 3290 cm and 2993 cm! regions, which are attributed to N-H and O-H
bond stretching of the saccharide ring, respectively. The peak located at 2913 cm
relates to CH- symmetric/asymmetric pyranose ring vibrations. The amide stretching
vibration C=0 (amide I) depicted at 1625 cm™ is directly related to the backbone
conformation. The N-H bending vibration (amide II) is displayed at 1541 cm-* and the
C-N stretching vibration (amide III) corresponds to 1396 cm-. The peak at 1457 cm!
relates to CH; deformation mode [292]. In contrast, the 1059cm- region correlates to
C-O-C stretching vibration, which is dependent upon the crystallinity of chitosan. The
saccharide structure of chitosan also exhibits a general reflection which may be
associated with the > 846 cm™ regions. The observations agree with previously

reported data [293-296].

The DCPD mineral loaded freeze-dried scaffolds present similar FTIR spectra to the
unloaded CH scaffold; this may be attributed to the CS amide (I, IT and III), CH; and
saccharide bands overlapping the HPO42- and PO43- peaks associated with DCPD
mineral. The literature suggests that the CS protonated amino groups (NH3+*) can form
strong intermolecular interactions with the DCPD mineral phosphate groups (divalent
HPO, 2, trivalent PO43-) [297, 298]. Figure 4.3(b) displays the calculated areas of the
amide I, IT and III peaks, where a clear decreasing area trend is observed with
increasing DCPD mineral concentrations (see Appendix II for peak analysis and
further graphical representations). As the concentration of DCPD mineral increases,
the number of divalent HPO,42- and trivalent PO43- groups also increases, leading to a
greater probability of interactions with protonated CS amino groups forming ionic

crosslinking leading to the reduction of the calculated areas [299].
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FIGURE 4.3 - Comparison of synthesised freeze-dried chitosan (CS) scaffolds containing
varying concentrations of Dicalcium Phosphate Dihydrate (DCPD) mineral (CH, 20, 30, 40
and 50-DCPD), (a) Data obtained in the 400 cm™ to 4000 cm regions at a resolution of 4 cm-
1 using the Vertex 70 FTIR spectrometer in attenuated total reflection mode, (b) comparison

of the amide I, IT and III peaks determined using OriginPro software.

4.0.4 Scanning Electron Microscopy

Figure 4.4 displays the SEM images porous architecture of the freeze-dried scaffolds
fabricated using various concentrations of DCPD mineral (20, 30, 40 and 50 wt %). As
depicted, increasing the DCPD mineral content affected the morphology and
structural features of the scaffolds (See Appendix III for SEM images related to pore

size measurements). The CH scaffold containing no DCPD mineral displays relatively
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thick lamellae with a broad pore size distribution; the pore sizes range from 20 um to
180 pum. The incorporation of DCPD mineral caused the pore size distribution and the
lamellae thickness to decrease while the number of pores increased. Smaller pore size
distributions enhance the surface areas of scaffolds by providing increased sites for
cellular attachment. However, pore sizes < 50 pm have been found to limit cell
migration, form cellular capsules, and in severe cases, lead to necrotic regions as the
diffusion of nutrients and waste is restricted [28, 29]. Large pores > 1500 m can lead
to the reduction of the scaffold surface area, which has been found to limit the
adhesion of cells [15]. Hence, pore size must be large enough to allow for the migration
of cells throughout the scaffold but also small enough to allow cell binding to the
scaffold [6, 300]. Furthermore, scaffolds containing larger pores exhibit limited

mechanical properties due to an increase in the void volume.

The structural difference and increase in the number of pores are especially visible in
comparison with the 20 and 30-DCPD scaffolds. The 30-DCPD scaffolds exhibits > 70
% more pores when compared to the 20-DCPD scaffold, with the majority of pores
ranging from 20 um to 160 um. As the DCPD mineral concentration increased to > 40
wt %, the shape of the pores became less defined, and the lamellae thickness further
decreased, as demonstrated in Figure 4.4 (e). The reduction of lamellae sizes
consequently caused many of the pores to combine; hence individual pores are no
longer visible, as depicted in Figure 4.4 (f) for the 50-DCPD scaffold. Pore
interconnectivity is essential as it encourages advanced cell seeding, growth,
proliferation and cell migration of osteoblast cells into the entire polymeric scaffold
[54, 119]. The 50-DCPD scaffold presents reduced pore interconnectivity due to the

coalesces of many pores in addition to the creation of closed-ended pores which are
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unfavourable to cell growth. Within the tissue engineering industry, the mean pore
size for bone scaffolds has been investigated to be between 50 um and 1500 pum [301,
302] with a minimum pore size range of 50 um to 100 um required to exhibit adequate

bone and tissue regeneration [54, 303, 304].
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FIGURE 4.4 - Comparison of Hitachi SU8230 SEM images of freeze-dried chitosan (CS)
samples containing Dicalcium Phosphate Dihydrate (DCPD) minerals, (a) DCPD mineral, (b)

CH, (c) 20-DCPD, (d) 30-DCPD, (e) 40-DCPD, and (f) 50-DCPD.

4.1 Testing Results
4.1.1  Thermal Properties

Figure 4.5 displays the thermal analysis data of the all synthesised freeze-dried
scaffolds. The observed initial temperature weight loss below 100 °C is attributed to
the evaporation of moisture (water) from hydrophilic groups in the samples. The
shoulder at approximately 120 °C expressed in all samples corresponds to the loss of
adsorbed and bound water [55, 305, 306]. The CH, 20 and 30-DCPD scaffolds present
similar downward slopes from 100 °C to 160 °C representing the beginning of the
thermal degradation of CS, and the second weight loss observed at 160 °C to ~ 300 °C
is attributed to the decomposition of the CS biopolymer chains [306]. With increasing
DCPD mineral concentration, the weight loss % increases (Table 4.2). The CH scaffold
presented the lowest total weight loss of 25 % compared to the DCPD mineral loaded

scaffolds, while the 50-DCPD scaffold presents the highest weight loss of 50 % as
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displayed in Table 4.2. High Mw CS is regarded as thermally stable [307, 308] due to
the presence of extensive amount hydrogen bonding as compared with
low/intermediate Mw CS. Therefore, the increase in weight loss for the DCPD mineral
loaded scaffolds is likely attributed to the increasing presence of phosphate ions,
forming electrostatic interactions with the protonated CS amino groups thus leading

to more significant thermal degradation.

TABLE 4.2 - The thermal degradation of freeze-dried CS scaffolds from 30 °C to 310

°C.

Sample Weight Loss (%)

CH 25
20-DCPD 30
30-DCPD 45
40-DCPD 48
50-DCPD 50

Monetite, also known as Dicalcium Phosphate Anhydrous, is formed via the
dehydration of DCPD. Therefore, the endothermic peaks observed for the 40 (152 °C)
and 50-DCPD (165 °C) scaffolds are attributed to the transformation of DCPD mineral

to monetite (Equation 4.1).

2CaHPO, 2H,0 (DCPD) — 4H,0 + 2CaHPO, (Monetite) eq (4.1)
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FIGURE 4.5 - Thermal analysis of high molecular weight freeze-dried chitosan scaffolds

using the Perkin Elmer STA 8000 from 30 to 600 °C at a heating rate and cooling rate of 20

°C/min. The red line refers to the heat flow, while the blue line refers to the mass of the sample.
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4.1.2  Water Uptake (Swelling)

The ability of freeze-dried scaffolds to swell and retain a certain amount of
water/liquid within their structure is essential for applications of controlled release,
i.e., drugs or minerals [309]. The swelling behaviour of the freeze-dried CS scaffolds
containing various concentrations of DCPD mineral at different time intervals is
displayed in Figure 4.6. The patterns observed indicate an initial rapid swelling
increase from 0 to 25 minutes for all the scaffolds. There is a collective gradual increase
between 25 and 175 minutes, followed by mass stabilisation from 175 to 350 minutes.
The results reveal that the DCPD mineral concentrations strongly influenced the
swelling % as it varies from 934.7 + 23.3 % for un-loaded DCPD mineral CH freeze-
dried scaffolds to 557.4 + 29.8 % for 50-DCPD mineral freeze-dried scaffolds. The
equilibrium swelling % is lower for scaffolds containing DCPD mineral and is likely to
be attributed to the reduction of the hydrophilic functional groups in the cationic CS

structure, i.e., amine (NH-) and amide (-CONH, -CONH-) groups [310].
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FIGURE 4.6 - Swelling kinetics of CH, 20, 30, 40 and 50-DCPD freeze-dried scaffolds
submerged in phosphate saline buffer (pH 7.4) at physiological temperature 37 °C.
Experiments were carried out in triplicates. The error bars are equivalent to the mean +

standard deviation (SD) (n = 3 in each group).

Thus, reducing the number of hydrophilic groups in the CS structure, which is
unfavourable to the swelling rate [311]. The hydrophilic groups are water-binding sites
[310, 312], resulting in the expansion and occupation of a larger volume, the process
known as swelling. Furthermore, the addition of DCPD mineral stabilised the CS
structure, where inter and intramolecular chain interactions occurred between the
mineral and the polymeric CS chains. Potential bone scaffolds must have the ability to
absorb inflammation liquids during the wound healing in a timely manner to avoid
infection of the wound [313], and adequate water absorption capability has been found
to promote cell adhesion, but lower mechanical properties of scaffolds [306, 314, 315].
The swelling % experiments confirm that all the polymer matrixes of the synthesised
scaffolds can swell and store water similarly to living tissues [314]. The swelling %
decreased with increased DCPD mineral content; thus, a balance between mechanical

stability and surfaces which promote cellular adhesion will need to be established.

4.1.3 Degradation

The degradation behaviour of the synthesised freeze-dried scaffolds is displayed in
Figure 4.7. Increasing DCPD mineral concentration promoted a reduction in the mass
loss of the scaffolds, whereby 50-DCPD scaffolds exhibited the lowest mass loss of 22.7
+ 1.2 % in comparison to CH freeze-dried scaffolds, which expressed 40.3 + 1.7 mass

loss. The 20, 30 and 40-DCPD scaffolds presented mass losses of 36.3 + 1.5 %, 30.2 +
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1.3 % and 28.6 + 1.0 % respectively at four weeks. Scaffolds that exhibited higher
crystallinity, i.e., 40 and 50-DCPD, as investigated using XRD analysis displayed in
Figure 4.1, expressed lower equilibrium swelling and degradation degrees. The
reduced degradation is likely attributed to the restriction of the biopolymer CS chains
due to increased hydrogen bonding and intermolecular forces. Therefore reducing the
water molecules accessibility to the hydrophilic groups [316]. The scaffold degradation
must be tuned to ensure it lasts long enough for cellular regeneration to occur; hence,

it was critical to study the structural stability in an aqueous environment.

50
CH
45 20-DCPD
40 1 —=&— 30-DCPD
— -—- 40-DCPD _ |
35 4| —e— 50-DCPD Y

T

L

Mass Loss (%)

Time (Weeks)

FIGURE 4.7 - Degradation results for CH, 20, 30, 40 and 50-DCPD freeze-dried scaffolds
submerged in phosphate saline buffer (pH 7.4) at physiological temperature 37 °C. The
experiments were carried out in triplicate over a 4-week process. The error bars are equivalent

to the mean + standard deviation (SD) (n = 3 in each group).
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4.1.4  Porosity

Porosity is essential for synthetic bone scaffolds utilised for bone and tissue
regeneration, particularly since the inner architecture of porous scaffolds is tailored
by influencing the size and distribution of pores. Higher porosity and interconnected
pores encourage cell attachments to facilitate 3D cell regeneration, diffusion of
nutrients and the removal of waste products [6]. The porosity is related to the amount
of pore space present in the structure; thus, the physical properties, i.e. material or
bulk density, can be used to estimate the total porosity of the freeze-dried scaffolds.
The porosity results of the freeze-dried scaffolds determined via the Gravimetric
Principle and the Liquid Displacement method (determined via equation 3.18) are

displayed in Figure 4.8.
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FIGURE 4.8 - Determination of porosity of the synthesised freeze-dried scaffolds via
gravimetric and liquid displacement method. The error bars are equivalent to the mean +

standard deviation (SD) (n = 3 in each group).
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The scaffold porosities determined via the gravimetric approach only takes into
account the mass and volume while the size and the number of pores are not
considered. Therefore, the porosity results obtained via the gravimetric approach are
not accurate; however, the results have been included as a comparison to the results

obtained from the liquid displacement method (Figure 4.8).

The porosity for all freeze-dried scaffolds is over 70 % except for the CH scaffold, where
the porosity is 67.33 + 10.78 % as determined via the Liquid Displacement method. An
increasing porosity trend is observed from the CH to the 30-DCPD scaffolds. The
increasing trend is attributed to the increase in the number of pores as already
confirmed from SEM analysis (Figure 4.4). Conversely, the decreasing porosity trend
observed from 30-DCPD to the 50-DCPD scaffolds can be attributed to the majority of
pores combining creating larger pores leading to reduced interconnectivity, as
observed from the pore size distribution data displayed in Figure 4.4 (d-e). The larger
pores fundamentally alter the internal scaffold structures containing > 40 wt% DCPD
minerals, causing the overall surface areas to reduce, which is unbeneficial for cellular

growth.

4.1.5 Zeta Potential

The zeta potential, i.e., + 30 mV, is considered stable for colloidal systems due to the
surface charge particle repulsions. The agglomeration tendency is conveyed by the
Derjaguin Landau Verwey Overbeek (DLVO) theory which, corresponds the sum of the
electrostatic repulsive and Van Der Waals forces thus, determining the total

interaction energy at a particular separation distance [317]. The zeta potential of DCPD
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mineral is -12.44 + 0.4 mV indicating the agglomeration potential [318, 319].
Agglomeration of the synthesised DCPD mineral is also confirmed from the SEM
characterisation shown in Figure 4.4 (a). The negative surface charge density value for
DCPD is related to the presence of phosphate groups (PO,43-) within the structure.
Conversely, the zeta potential values for all freeze-dried scaffolds are positive,
confirming the protonation of the amino groups, which gave rise to the overall positive
charge. However, the charge decreases with increasing DCPD mineral concentration
where the average zeta potential decreased (Table 4.3) from +43.5 + 0.4 mV to +20.2
+ 0.5 mV for DCPD free and 50-DCPD mineral loaded freeze-dried scaffolds
respectively. The interaction of DCPD phosphate groups (PO43-) with the protonated
CS scaffold amino groups (-NH3+) likely attributed to the decrease of overall positive

charge exhibited by the scaffolds.

TABLE 4.3 - Zeta potential measurements of the unloaded and Dicalcium Phosphate

Dihydrate loaded freeze-dried scaffolds

Sample Zeta Potential (mV) Standard Deviation
DCPD -12.44 0.41
CH +43.47 0.35
20-DCPD +39.57 0.31
30-DCPD +34.53 0.38
40-DCPD +28.23 0.25
50-DCPD +20.23 0.47
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4.1.6  Mechanical Testing

Pore size distribution, homogeneity and the heterogeneity of pores play a vital role
with regards to the mechanical stability. Scaffolds containing smaller pore sizes exhibit
enhanced mechanical properties due to the compact structure as compared with
scaffolds containing larger pore sizes [320]. Several investigations have reported that
heterogeneous pores (containing both large and small pores) produced increased
mechanical properties [321, 322]. The mechanical property data for the synthesised

scaffolds are presented in Table 4.4.

TABLE 4.4 - Mechanical property data obtained from tensile testing freeze-dried

scaffolds (n=3).

CH 20-DCPD 30-DCPD 40-DCPD 50-DCPD
Youngs Modulus
(kN/mz2) 5.38+0.03 7.26+0.06 20.92+0.11 22.73 + 2.10 25.50 + 0.54
Tensile Strength
(kPa) 7.07+0.03 9.86+0.05 26.84+0.08 23.21+0.63 27.13 + 0.25

As expected, the Youngs modulus and the tensile strength both increased with
increasing DCPD mineral concentrations. The most significant modulus and strength
increase is exhibited for the 30-DCPD scaffolds compared with the 20-DCPD scaffolds
where the Youngs modulus increased by 65.29 + 17.0 % and the tensile strength
increased by 63.26 + 13.0 %. The incorporation of DCPD mineral increased scaffold
crystallinity as confirmed via XRD analysis (Figure 4.1), thus stabilising and restricting
the CS biopolymer chains. Hence increased force is required to pull part the
biopolymer chains, which consequently corresponds to enhanced mechanical

properties with increasing DCPD concentrations.
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4.2 Freeze-dried Scaffold Double Layer

Double-layered freeze-dried scaffold containing DCPD mineral is displayed in Figure
4.9. The first layer consists of pure CS, while the second layer contains 30 wt % DCPD
mineral. The two layers were successfully fully incorporated, presenting a continuous
freeze-dried structure containing no gaps between the layers via a novel construction
technique (see Appendix IV and Appendix V for further SEM images relating to the
30-DCPD and double layer respectively). The synthesis of the double layer scaffold
consisted of forming the initial freeze-dried CS layer (0.5 cm diameter) via the freeze-
drying procedure described in section 3.1.4. The creation of the second layer consisted
of placing the initial freeze-dried layer onto a 1 cm diameter cylindrical container
where 2 ml CS solution containing DCPD mineral was added to the surrounding area.
The samples were frozen at — 80 C, freeze-dried for 24 hours, and the resulting scaffold
consisted of the successful interconnection of the two layers as confirmed by SEM and
EDS analysis shown in Figure 4.9. The synthesis of the double layer scaffold is the
initial test to confirm that the novel construction technique is successful where both

materials are fully integrated.

EDS Layered Image 8
- ,/‘ - ;

LEMAS 10.0kV 15.1mm x25 LM(L) 2.00mm
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FIGURE 4.9 - Double-layered freeze-dried scaffold, (a) layer 1 contains pure chitosan, (b)
layer 2 contains 30 wt % DCPD mineral and (c¢) corresponding EDS elemental analysis (carbon

(C), oxygen (0), calcium (Ca) and phosphorus (P)).

4.3 Invitro Osteoblast Results

4.3.1  Contact Cytotoxicity Assay

Cytotoxicity assay testing is a qualitative assessment of cytotoxicity via microscopic
observations to determine any changes to the osteoblast cells morphology and
reactivity zones. Therefore, contact cytotoxicity testing is essential to assess and
characterise any potentially toxic or harmful effects corresponding to the freeze-dried

scaffolds [323]. The freeze-dried scaffolds seeded with 5 x 103 G292 osteoblast cells
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were cultured for 24 hours to achieve 80 % confluency, i.e. the end of the logarithmic
phase of growth. The in vitro cytotoxic effects of the freeze-scaffolds were evaluated
by qualitative means, as depicted in Figure 4.10. Microscopic examinations of the
osteoblast cells proliferated on or near to the samples in terms of general morphology,
membrane integrity, and cell attachment shows little or no cytotoxic effect. The
negative control (Figure 4.10(a)) consisting of DMSO resulted in a lack of cell growth
due to cell lysis. The purpose of the positive control is to demonstrate an appropriate
test system response, thus; the freeze-dried samples present similar results to the
positive control (Figure 4.10(b)) due to osteoblast cells successfully proliferated
entirely around each scaffold. The morphology of the osteoblast cells seems to be
consistent throughout all of the freeze-dried scaffold samples, i.e. CH, 20, 30, 40 and

50-DCPD, and the lack of cell lysis indicates the biocompatible nature of the materials.
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FIGURE 4.10 - Brightfield illumination images of undoped and mineral doped freeze-dried
chitosan scaffolds to determine the presence of cytotoxicity, (a) negative controls; (b) positive

control; (¢) 20-DCPD, (d) 30-DCPD, (e) 40-DCPD and (f) 50-DCPD.

4.3.2 DNA Quantification Assay

The quantitative approach used to assess cellular viability of freeze-dried scaffolds, i.e.
CH, 20, 30, 40 and 50-DCPD, confirmed successful cell proliferation at 1, 3 and 7 days,
as shown in Figure 4.11. The general trend depicted for the CH, 20, 30 and 40-DCPD
at each time point presents an increase in the number of cells proliferated. Calcium
and phosphate ions released during DCPD degradation likely stimulated cellular
growth by increasing cell adhesion, consequently enhancing proliferation. The
porosity of freeze-dried scaffolds plays a vital role in cellular growth as the porous
structure enhances nutrient exchange and enables the significant release of minerals

to stimulate proliferation. For the 50-DCPD scaffold, a reduction of osteoblast
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proliferation is observed at 3 and 7 days. The reduced proliferation is likely attributed
to the reduction of scaffold porosity, as confirmed by the SEM analysis in section 4.04
and the porosity analysis in section 4.1.4. The coalesces and the formation of closed-

ended pores likely reduced the flow of nutrients, thus reducing the osteoblast growth.

250
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=
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CH 20-DCPD 30-DCPD 40-DCPD 50-DCPD

FIGURE 4.11 - Cell proliferation of undoped and mineral doped freeze-dried scaffold
evaluated using PicoGreen assay. The error bars are equivalent to the mean + standard

deviation (SD) (n = 3 in each group).

4.4 Chapter 4 Summary

Porous freeze-dried unloaded and DCPD mineral loaded scaffolds were successfully
fabricated. Increasing the mineral concentration led to the enhancement of the
scaffold’s crystallinity, porosity and mechanical properties while a reduction in zeta

potentials was observed. The synthesised scaffolds did not exhibit any cytotoxicity to
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the osteoblast growth. However, the 50-DCPD scaffold exhibited reduce porosity and
osteoblast proliferation at 3 and 7 days compared to the CH, 20, 30 and 40-DCPD

scaffolds.
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5.0 Characterisation and Testing Results
5.0.1  Thermal Analysis

The simultaneous thermal analysis results for the synthesised scaffolds are displayed
in Figure 5.1. The FUNP nanoparticles revealed gradual weight loss from 100 °C due
to the removal of trapped moisture and atmospheric gases, i.e. water and carbon
dioxide [324]. The three endothermic peaks (i) 280°C, (ii) 385°C and (iii) 815°C are
likely to be associated with the combustion of organic residues, e.g. NaOH and
C2H;0H [325] as calcination allows for the removal of any impurities leading to the
formation of crystalline nanoparticles. No weight loss is observed above 815 °C,
suggesting the formation of crystalline nanoparticles as confirmed by sample C815 X-
ray diffraction pattern depicted in Figure 5.4. Temperature plays a significant role with
regards to nanoparticle structural changes, i.e. higher calcination temperatures often

lead to larger nanoparticle sizes [326] but also affects the Ce3*+ and Ce4+ ionic ratio.

102 18

L 16
100 - 14 §
8 984 rl2 g
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815°C O
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FIGURE 5.1 - Simultaneous Thermal Analysis spectrum of FUNP nanoparticles depicting
critical exothermic peaks at 280, 385 and 815 °C. The blue line represents the heat flow, while

the black line represents the mass of the sample.
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The literature mentions that the antibacterial properties of nanoparticles are
dependent upon ionic ratio and particle size, i.e. the smaller the particle size, the better
the overall antibacterial properties [327-329]. Ostwald Ripening [325] or the
coalescence of smaller particles (agglomeration) could lead to a temperature-
dependent particle size increase. The structural changes occurring at the endothermic
peaks are investigated by heat-treating the FUNP nanoparticles at calcined at 280°C,

385°C and 815°C.

5.0.2 Fourier Transform Infrared Spectroscopy

FTIR results for the cerium oxide nanoparticles present similar spectra, as shown in
Figure 5.2. The broad reflectance peak at 3500 cm to 4000 cm relates to the O-H
stretching associated with the presence of adsorbed H-0. The significant peaks located
at 2050 cm™ are likely related to ceria bound gasses, i.e. carbon dioxide and
magnification of the 2050 cm region as depicted in Figure 5.2(b) highlights the
doublet rotational gas phase. The ceria bound gas peak for the FRNP nanoparticles
has a lower intensity than the calcined nanoparticles, suggesting that atmospheric CO-
was readily trapped during the furnace heat-treatment process. The bands related to
Ce-O stretching vibrations are located in the region of 500 cm to 750 cm. Similar

FTIR results relating to cerium oxide nanoparticles are described in the literature

[252, 330-332].
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FIGURE 5.2 - Vertex 70 FTIR patterns for cerium oxide nanoparticles. The operating
parameters consisted of a total of 32 scans at a resolution of 4 cm, (a) FTIR spectrum from

400 cm™ to 4000 cm™, (b) FTIR spectrum 1800 cm™ to 2300 cm™.

5.0.3 Ultraviolet-Visible Spectroscopy

Absorbance spectra for the cerium oxide nanoparticles are shown in Figure 5.3, where
the maximum absorbance is located in the 210 nm regions. The electronic behaviour,
oxygen defects, particle size and the bivalence of the cerium oxide nanoparticles affects
the optical properties of the nanoparticles. Also, an increase in the heat treatment
temperatures likely affected the size distribution of the cerium oxide nanoparticles as
confirmed from SEM images analysis depicted in Figure 5.5. Bandgap energies Eg of

the synthesised nanoparticles are investigated from the absorption spectra and
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calculated via The Tauc equation (equation 5.1), which determines the bandgap energy

between valence and conduction bands of the nanoparticles spectrophotometrically:

ahv=A(hv-Ey)° eq (5.1)

With A being the absorption, a refers to the absorption coefficient, hv is the photon
energy (1240/)), and Eg relates to the bandgap. Therefore, the bandgap energies are
determined from the x-axis intersections of (ahv)2 vs hv plots (Figure 5.3 (b-f)). The
absorption maxima for samples calcined at 280, 385 and 815 °C exhibited a slight blue
shift as absorption shifted to smaller wavelengths for calcined nanoparticles (C280,
C385 and C815) [333]. The blue shift implies that the optical band gap energy
decreases as the nanoparticle sizes increase, which has also been confirmed by other
researchers [334, 335]. The direct optical band gap energies for the FRNP, FUNP,
C280, C385 and C815 nanoparticles were found to be 5.6 €V, 5.5 €V, 5.2 €V, 4.7 eV and
3.4 eV, respectively. The difference in the band energies is related to the presence of
different oxidation states (Ce3+ and Ce4+) on the outer nanoparticles' surfaces, where

the Ce3+ : Ce4* ratio is known to be affected by oxygen vacancies and surface defects

[326, 336, 337].
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FIGURE 5.3 - UV-Vis absorbance spectra obtained from cerium oxide nanoparticles

concentrations of 0.5 mg/ml and corresponding Tauc Plots, (a) FRNP, (b) FUNP, (c) C280,

(d) C385 and (e) C815.
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5.0.4 X-ray Diffraction

The crystalline structure, i.e. composition, crystallite size and microstrain of the
nanoparticles, have been determined from the diffraction patterns (Figure 5.4). The
XRD diffraction spectra for the synthesised nanoparticles exhibit eight major
characterisation peaks located at 28.49, 33.00, 47.38, 56.12, 58.96, 69.45, 76.51 and
78.89°, which corresponds to (111), (200), (220), (311), (222), (400), (331) and (420)
Miller Indices respectively. The depicted synthesised nanoparticles are single phased
and agree with the phase fluorite type CeO> JCPDS 00-067-0123 reference with a
lattice parameter of 0.5423 nm. Notably, the (111) peaks shift to slightly higher 20 with
increasing calcination temperatures and are likely to be attributed to the removal of

possible crystal lattice expansions resulting from nanoparticles coarsening.

The intensities of the calcined nanoparticles increased with increasing calcination
temperatures from 280 °C to 815 °C and can be attributed to the crystallinity
improvement of the nanoparticles confirmed from crystallite measurements displayed
in Table 5.1. Consequently, the full width at half maximum (FWHM) of XRD peaks
decreased as the crystallinity of the nanoparticles increased with temperature hence
the reduction of FWHM peaks confirm that the calcination temperature affects the size

and morphology of synthesised nanoparticles.
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FIGURE 5.4 - X-ray diffraction patterns of nanoparticles, 260 scanning range was 20° to 80°
at a scan speed of 5s and increment of 0.03°; (a) reference pattern of cerium oxide
nanoparticles JCPDS 00-067-0123; (b) commercial and synthesised nanoparticles calcined at

280 °C, 385 °C and 815 °C.

The interplanar spacing 'd' was calculated via Bragg's equation (Equation 3.4) and the

lattice cell parameter 'a' are determined for all samples using the following formula:

_ d eq (5.2)
(h2+k2+12)"?

a

where 'a’ refers to the FCC lattice parameter, 'd' corresponds to the crystalline face
spacing and 'hkl' are the crystalline face indexes. The results are displayed in Table 5.1.
The comparison of the crystallite sizes determined via the Scherrer and Williamson-
Hall methods are also displayed in Table 5.1, where significant differences are

observed between the values. The crystallite size noticeably increases with increasing
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calcination temperature, which is consistent with increasing particles size as
confirmed from TEM analysis in Figure 5.5 and by the decreasing Brunauer Emmett

Teller (BET) surface area results as displayed in Table 5.1.

TABLE 5.1 - XRD data obtained from prepared nanoparticles, crystallite sizes

calculated via Scherrer and Williamson-Hall methods.

Scherrer Williamson-

Method Hall Method

Sample  Lattice Cell UnitCell BET Surface Area  Crystallite  Crystallite Size

Parameter =~ Volume (m2/g) Size (nm)

@ (A9) (nm) Error: X102
RNP4 5.41 158.73 36.72 + 0.14 21.56 + 6.47 16.25 + 0.09
FRNP 5.42 159.52 71.63 + 0.47 4.29 + 1.29 5.38 +1.37
FUNP 5.40 158.16 36.40 + 0.15 6.70 + 2.01 8.09 + 0.42
C280 5.41 158.37 35.40 + 0.11 6.59 +1.97 8.48 + 0.69
C385 5.39 157.37 46.37 £ 0.15 7.87+2.37  10.69+0.70
C815 5.37 155.52 4.27 + 0.04 32.50 + 9.78 45.31 + 0.22

5.0.5 Transmission Electron Microscopy

TEM is commonly utilised to characterise the size, shape and morphology of samples
as shown in Figure 5.5, the majority of synthesised nanoparticles are spherical except
RNP4 and the C815 nanoparticles. The smaller the size of the nanoparticles, the higher

the agglomeration thus, makes it difficult to observe individual particles. The particles
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size for RNP4, FRNP, FUNP, C280, C385 and C815, deduced from High-Resolution
TEM (HRTEM) images, were estimated to be 25, 4, 6, 8, 11 and 53 nm, respectively
(See Appendix VI for HRTEM and EELS images of the synthesised nanoparticles). The
three principle low index planes for nanoparticles are (111), (110) and (100). The (111)
planes for the FUNP nanoparticles are observed in the HRTEM image (Figure 5.5 (g)).
The presence of lattice fringes is an indication of the crystalline nature of the
synthesised nanoparticles (Figure 5.5(g)). The Selected Area Electron Diffraction
(SAED) patterns for all samples except RNP4 and C815 nanoparticles depict
continuous ring patterns (Figure 5.5(h)). The presence of discrete rings is an indication
of the polycrystalline structure of the nanoparticles but also the relatively small size of
the nanoparticles. All the obtained SAED rings are in good agreement with the XRD

diffraction patterns.
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FIGURE 5.5 - Comparison of Titan Themis Cubed 300 TEM images of nanoparticles calcined
at various temperatures (a) RNP4, (b) FRNP, (¢) FUNP, (d) C280, (e) C385, (f) C815, (g)

HRTEM image of FUNP and (h) SAED of FRNP.

TABLE 5.2 - Calculated d Spacing by (i) Bragg Equation, (ii) HRTEM images, (iii)
From the (111) face index of SAED Transmission Electron Microscopy Diffraction

Images.

Sample Bragg Equation  Interplanar Spacing

Crystalline Face Index
(nm) (nm) (nm) Error: X103
RNP4 0.3126 0.3629 0.3225 + 6.450
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FRNP

FUNP

C280

C385

C815

0.3131

0.3122

0.3124

0.3117

0.3105
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0.3423

0.3457

0.3630

0.3084

0.3249

0.3205 + 6.410

0.3196 + 6.392

0.3191 + 6.382

0.3216 + 6.432

0.3229 + 6.458

5.0.6  X-ray Photoelectron Spectroscopy

The XPS measurements revealed significant differences in surface chemistry of the

synthesised nanoparticles likely related to the drying method (furnace or freeze-

drying) and calcination temperatures. It should be noted that XPS analyses the surface

charge of the nanoparticles, whereas EELS analyses’ the subsurface thus, is likely to

differ regarding the Ce3+ : Ce4+ ratio. Figure 5.6 depicts the Ce 3d spectra for the FRNP,

FUNP, C280, C385 and C815 cerium oxide nanoparticles. The spin-orbit doublet peaks

associated with all the Ce 3d spectrums are Ce 3d5/2 located between ~870 eV to 895

eV, and Ce 3d3/2 located between ~895 €V to 915 eV. Additionally, multiple shake-up

and shake-down satellite peaks are also present [338].

TABLE 5.3 - XPS peak data for synthesis cerium oxide nanoparticles (FRNP, FUNP,

C280, C385 and C815).

FRNP FUNP C280 C385 C815
(eV) (eV) (eV) (eV) (eV)
Cea+ u 906.1 905.9 o11.1 911.6 903.9
\% 887.3 887.2 891.8 891.7 885.1
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u" 910.3 912.2 915.8 916.2 909.8
v 892.4 892.2 897.3 896.7 890.9
u" 921.4 920.9 926.1 925.5 918.9
v'" 903.1 903.2 908.1 908.2 900.9
Ce3t u° 905.5 905.2 904.9 904.7 903.1
VO 882.1 881.9 881.7 881.8 878.7
u' 909.1 908.9 908.1 907.6 906.1
V' 890.2 893.4 894.3 897.1 887.9

The XPS spectra indicate the co-existence of Ce3+ and Ce4* due to the presence of
satellite peaks linked to each oxidation state. Table 5.3 displays the XPS data regarding

the energy peaks of the synthesised nanoparticles. Analysing the XPS measurements

b 299

for the FRNP nanoparticles, the highest binding Ce 3d energy peaks u’” (921.4) and v
(903.1) correspond to the Ce4+* valence state from the Ce(3d9 4f° ) O(2p®) final states
[339]. The remaining four lower energy peaks i.e., u (906.1), v (887.3), u” (910.3) and
v’ (892.4) are attributed to the mixing of Ce(3d94f2 )O(2p4) and Ce(3d9 4f* )O(2p5)
final states. Contributions related to the Ce3+ valence are labelled as u° (905.5), v°
(882.1), u’ (909.1) and v’ (890.2) where the peaks are due to the mixing of Ce(3d9 4f1)
O(2p® ) and Ce(3dY 4f2 ) O(2ps ) final states [339-342]. Figure 5.6 indicates with
increasing calcination temperature, the Ce3+ doublet peaks (u’, v’, u° and v°) decline,

thus, suggesting that Ce3+ decreases with increasing calcination temperatures. Similar

results were obtained by other researchers [339].
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FIGURE 5.6 - Normalized XPS spectra for cerium oxide nanoparticles (FRNP, FUNP, C280,

C385 and C815).
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Electron Energy Loss Spectroscopy
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Cerium oxide is electropositive and can exist in two oxidation modes, i.e. Ce3*+and Ce4+.

The EELS measurements were acquired by rastering the beam across several locations

for each nanoparticle sample. EELS spectra from two controls (Ce3+ and Ce4+) and five

synthesised nanoparticles are shown in Figure 5.7. In each case, the background was

removed, and Fourier-Ratio Deconvolution routines were applied prior to fitting.

From the EELS spectra, the Ce M4 edges of FRNP, FUNP, C280, C385 and C815

spectra are shown where the black lines represent the sample data, the red lines

represent the Ce4+ ion spectra, and the grey lines represent the Ce3+ ion spectra.
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FIGURE 5.7 - Normalized EELS spectra depicting the presence of dual oxidation states. (a)
FRNP, (b) FUNP, (¢) C280, (d) C385 and (e) C815. Compared with Ce3* (grey) and Ce4* (red)

standards.

It is evident as the size of the nanoparticles increases for calcined samples the Ce3+ :
Ce4+ ratio decreases as the C815 sample contains 95 % majority of Ce4*+ ions. The
presence Ce4* in the FRNP, FUNP, C280 and C385 is 37 %, 46 %, 30 %, and 67 %
respectively. The obtained results confirm that the Ce3* : Ce4+ ratio is temperature-
dependent; therefore, the optimal calcination temperature must be characterised to
ensure optimal Ce3+ : Ce4*, which provides the highest antibacterial efficacy. Based on
the XPS and EELS results, the FRNP, C385 and C815 nanoparticles are selected due

to the range of particle size and Ce3+ : Ce4* ratio to be further investigated.

5.1 Antibacterial Testing Results
5.1.1  Optical Density Measurements without Nanoparticles

The optical density (OD) measurements of bacteria growth can be used to assess the

antibacterial properties of nanoparticles. Firstly, it is essential to characterise the
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growth of the bacteria without the addition of the synthesised nanoparticles. Figure
5.8 displays the ODeoo growth of Escherichia coli, Pseudomonas aeruginosa and

Staphylococcus epidermidis, over 48 hours.
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FIGURE 5.8 - Optical Density measurements characterising the growth of bacteria for 48

hours. The error bars are equivalent to the mean + standard deviation (SD) (n = 3 in each

group).

5.1.2  Optical Density Measurements with Nanoparticles

To investigate the antibacterial properties of nanoparticles with varying Ces+ : Ce4*
ratio and particle size distribution FRNP, C385 and C815 nanoparticles have been
selected. All three types of nanoparticles exhibited antibacterial properties against
Gram-positive, and Gram-negative bacteria with the greatest antibacterial activity was
observed against Gram-negative bacteria for the highest FRNP concentration (200
ug/ml) 38.8 + 6.4 % reduction was observed against Escherichia coli. In contrast, a

reduction of 28.7 + 10.2 % was observed against Pseudomonas aeruginosa after 48
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hours of incubation (Figure 8). The C385 nanoparticles exhibited 33.5 + 5.8 %, 20.7
+ 8.1 % and 13.9 + 1.1 % reduction of Escherichia coli, Pseudomonas aeruginosa and
Staphylococcus epidermidis, respectively. The lowest antibacterial activity was
observed for C815 nanoparticles with 20.3 + 7.6 %, 18.2 + 5.8 % and 6.4 + 9.9 %
bacterial reduction expressed against Escherichia coli, Pseudomonas aeruginosa and
Staphylococcus epidermidis, respectively. Thus, confirming nanoparticles size and the
ratio of oxidation states (Ce3+ : Ce4+) plays a significant role in the antibacterial efficacy
of cerium oxide nanoparticles. Several studies also found cerium oxide exhibited
cytotoxic [229] and induced toxicity against Escherichia coli [229, 343]. Reduction of
bacterial growth has been observed for coated nanoparticles which inhibited 50 %
Pseudomonas aeruginosa growth [344]. Furthermore, cerium oxide nanoparticles
have also exhibited moderate inhibitive activity against Escherichia coli and Bacillus

subtilis [345-347] (see Appendix VII for relevant optical density plots).

TABLE 5.4 - The antibacterial effectiveness of the synthesised cerium oxide

nanoparticles at a concentration of 200 pg/ml.

E.coli P.aeruginosa S.epidermis
FRNP 38.8 + 6.4 %, 28.7+10.2% 20.2+4.1%
C385 33.5+5.8% 20.7+8.1% 13.9+11%
C815 20.3+7.56 % 18.2+5.8% 6.4+9.9 %

The half-maximal inhibitory concentration (ICs0) calculated from linear regression

models are shown in Table 5.5 (see Appendix VIII for regression plots). It is clear
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smaller sized nanoparticles, i.e. < 10 nm, exhibit improved overall antibacterial
efficacy against both Gram-positive and Gram-negative bacteria. The nanoparticles
presented enhanced antibacterial activity against the Gram-negative bacteria, i.e.
Escherichia coli and Pseudomonas aeruginosa, which is likely to be attributed to the
structure of the bacterial cell wall. The cell wall of Gram-positive bacteria is composed
of a relatively thick continuous peptidoglycan containing peptides and linear
polysaccharide chains that is difficult for the nanoparticles to penetrate. However, the
cell wall of Gram-negative bacteria is composed of a thin layer of peptidoglycan with a
lipopolysaccharide surrounding the bacteria. Therefore, allowing the nanoparticles to
possibly damage the wall causing the release of the contents, thus causing cell death;

other studies [14, 348] also found similar results.

TABLE 5.5 - The half-maximal inhibitory concentration (ICs0) values of FRNP, C385

and C815.
ICs0 (ug/ml) E.coli P.aeruginosa  S.epidermis
FRNP 340 + 4.0 558 +3.9 580+ 4.6
C385 365 + 6.6 619 + 5.2 741 + 5.6
C815 563 + 8.2 663 + 9.4 785 + 5.8

5.2 Chapter 5 Summary

The synthesis of cerium oxide nanoparticles was successful where the particles sizes
ranged from 4 nm (FRNP) to 53 nm (C815). The nanoparticles drying and calcination

temperatures affected the size, shape and Ce3+ : Ce4+* ratio. Increasing calcination
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temperatures caused the size of the nanoparticles to increase as well as reducing the
presence of Ce3+. Enhanced antibacterial efficacy was observed in the FRNP

nanoparticles compared to the C385 and C815 cerium oxide nanoparticles.
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6.0 Freeze-Dried Scaffolds
6.0.1 Pore Size Distribution and Porosity

The porosity of natural bone depends upon the bone type and ranges from 50 to 90 %
[349]. Therefore, bone scaffold porosity and pore interconnectivity are essential for
the adhesion, proliferation, and differentiation of bone cells and the transport of
nutrients and waste removal. Adequate porosity subsequently aids revascularisation
[2] when scaffolds are implanted in vivo [350]. The bone scaffolds fabricated via the
freeze-drying approach exhibit highly interconnected porous structures, as confirmed
via SEM analysis. The pore size distribution and amount of porosity are affected by the
initial freezing temperatures of the scaffolds. Freezing temperatures, i.e. > - 60 °C,
increase the cooling rate creating a lower freezing temperature of the CS suspensions,
which induces a greater driving force for pore nucleation. Thus, the resulting
structures contain a higher number of smaller pore sizes. Additionally, lower freezing
temperatures often lead to the formation of fewer large ice crystals, which causes the

microstructure to contain pores orientated in a particular direction.

Conversely, higher freezing temperatures, i.e. < - 60 °C, create a significant number of
ice crystals where the resulting microstructure contains unoriented pores, which vary
in size. The scaffold freezing rate also plays a significant role in terms of porosity
formation, where rapid freezing, i.e. with liquid nitrogen, forms porosity of 91 % to 95
%. The rapid freezing rate creates pore sizes in the range of 13 to 35 um [351], which is
significantly too small for suitable osteoblast proliferation and differentiation [351].
Furthermore, the rapid freezing also has the potential to form scaffold structures with
closed-pore morphology, which would hinder inter-pore connectivity [352]. Early

tissue engineering methods such as solvent casting and particulate leaching
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determined synthetic bone scaffold porosity was required to be at least 90 % to achieve
high pore interconnectivity [140, 353]. However, researchers have developed scaffolds
with porosities which range from 55 % to 90 % for potential bone regeneration [354,
355] due to increased mechanical properties at lower porosities [351]. The total
porosity determined via the liquid displacement method for the CH, 20, 30 40, and
50-DCPD scaffolds are 67.33 + 10.78 %, 88.01 + 15.17 %, 87.33 + 16.38 %, 83.34 +
15.17 %, and 73.90 + 12.87 % respectively. There is a lack of consensus regarding the
optimal pore size required for bone regeneration where pore sizes in the range from
50 to 1500 um are suggested [351]. The CH scaffold expresses the most extensive pore
size distribution (20 to 180 um); however, increasing DCPD mineral concentration led
to a significant increase in the number of pores and a reduction in the pore size
distributions, i.e., 10 um to 160 um (20-DCPD), 10 to 110 um (30-DCPD), 10 to 100

um (40-DCPD) and 10 to 150 um (50-DCPD).

The number of pores associated with the 50-DCPD scaffold reduced significantly,
where the majority of pores coalesced, subsequently forming a less defined
microstructure with reduced pore interconnectivity. The DNA quantification results
signify cellular growth increase with increasing DCPD mineral concentration for the
CH, 20, 30 and 40-DCPD freeze-dried scaffolds. However, the structural environment
plays a significant role in cellular attachment and proliferation, which is evident for
the 50-DCPD scaffolds where the cellular growth reduced by 24.14 + 6.06 % and 30.77
+ 17.13 % at 3 and 7 days, respectively in comparison to the 40-DCPD scaffolds. The
cellular decline is likely attributed to the reduced surface area due to lack of individual
pores and pore interconnectivity which likely led to a reduction in the flow of essential

nutrients.
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6.0.2 Bone Scaffold Mechanical Properties

Potential bone scaffolds must possess adequate mechanical strength to support
cellular growth as well as the ability to maintain structural integrity during and after
placement into the defect site [16]. CS alone does not possess the mechanical strength
required for load-bearing applications. Thus, the addition of DCPD mineral with CS
provided not only enhanced mechanical properties but also increased the
osteoconductivity of the freeze-dried scaffolds. The overall strength of the synthesised
scaffolds increased with increasing DCPD mineral concentration, where the 50-DCPD
scaffold expressed a 20.1 + 0.54 kNm-2 increase in Young’s Modulus and a 20.1 + 0.28

kPa increase of tensile strength in comparison to the DCPD mineral-free CH scaffold.
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FIGURE 6.1 - Depiction of phosphate ion interaction with protonated amnio groups in the

CS biopolymer chains.

The improvement of mechanical strength is likely attributed to the restriction of the
CS biopolymer chains by the HPO42- and PO,43- ions with increasing DCPD mineral
concentration, as illustrated in Figure 6.1. The total porosity and the pore size

distribution also has a significant effect on the mechanical properties of the
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synthesised scaffolds [350]. The increase of DCPD mineral concentration led to a
steady porosity increase for the CH, 20 and 30-DCPD scaffolds. Conversely, the 40
and 50-DCPD scaffolds exhibited a decline in the total porosity as determined via the
liquid displacement method. The 50-DCPD scaffold presents the lowest total porosity
(73.90 + 12.87 %) for the DCPD mineral loaded scaffolds but the highest mechanical
properties in comparison to the other scaffolds. The reduction of total porosity and the
subsequent increase in mechanical properties is attributed to a decrease in the total

void volume.

6.0.3 Biocompatibility and Degradation

Bone scaffolds must allow for adequate fluid absorption to avoid infection as
inflammation liquids are often released during wound healing [313]. Synthetic
scaffolds with increased water uptake capability are also found to promote the
adhesion of cells; however, the mechanical scaffold properties are often reduced [306,
314, 315]. CS is a hydrophilic biopolymer [356] that facilitates the diffusion of water
molecules due to the structural free volume and the ease of polymer chains mobility
[357, 358]. Therefore, the DCPD mineral-free CH scaffolds presented the highest
liquid uptake, while the 50-DCPD scaffolds exhibited the lowest swelling % increase.
The increasing DCPD concentration restricted the mobility of the CS biopolymer
chains, thus reducing the water molecules movement capability into the scaffolds. The
swelling % experiments confirm all the polymer matrixes of the synthesised scaffolds
can swell and store water which is favourable for living tissues [314]. Potential bone
scaffolds and the scaffold degradation products must be biocompatible to ensure no

cytotoxicity or inflammatory response is induced when implanted in vivo [359].
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The term ‘resorption’ refers to the degradation of the implanted material from the
cellular action of macrophages via phagocytosis [360]. While the term degradation’
refers to the physical fragmentation and the disintegration of the material [163].
Calcium phosphates with relatively high crystallinity and Ca/P ratios, i.e. HA, exhibit
delayed degradation and resorption rates within in vitro and in vivo applications,
respectively. Porous cylindrical HA scaffolds demonstrated a 5.4 % volume reduction
over six months when implanted into the cancellous bone of rabbits [361]. In contrast,
under the same conditions, TCP minerals exhibited 85.4 % volume reduction [2, 361].
The Ca/P ionic ratio of DCPD mineral is lower compared to HA and so remains stable
at lower pH values (acidic — pH 2 to 4.5). Conversely, at physiological pH, DCPD
mineral is metastable [362] and undergoes resorption via osteoclastic activity as well
as physiochemical dissolution [163, 179]. The mechanical stability of the scaffolds is
directly affected by the rate of scaffold degradation. Increased degradation rates lead
to the scaffold ceasing to provide the necessary mechanical support required by the
tissue. Furthermore, the surrounding tissues may not be able to eliminate acid by-

products; hence, leading to either a toxic or inflammatory response [351, 363, 364].

Conversely, the growth of new bone could be impeded if the degradation rate of the
bone scaffold is too slow [351]. Therefore, potential bone scaffolds should be tuned to
degrade at a similar rate to the regeneration rate of bone to ensure that the degraded
scaffold material is replaced by the regenerated bone tissue [16]. The rate of bone
regeneration is dependent upon the fracture size and can range from 50 to 100 um/day
for contact healing [365] and 3 to 8 weeks for gap healing [366]. The synthesised
scaffold degradation results indicate increasing the DCPD mineral concentration

reduces the scaffold mass loss. The mass loss reduction is related to the DD, Mw and
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crystallinity as confirmed by other researchers [367]. The freeze-dried CH scaffold
presented the most significant mass loss of 40.3 + 1.7 % while the 50-DCPD scaffold
exhibited the lowest mass loss at 22.7 + 1.2 % after four weeks. The difference is likely
attributed to the 50-DCPD exhibiting increased crystallinity as confirmed from the
XRD analysis compared to the other scaffolds. Increased crystallinity leads to
extensive hydrogen bonding and intermolecular forces between the CS biopolymer
chains resulting in a more compact scaffold structure, thus reduces the water

molecules accessibility to the hydrophilic groups.

6.0.4 Zeta Potential and Surface Chemistry

The zeta potential of CS is dependent upon the Mw. The structure of high Mw CS
consists of longer polymeric chains indicating the presence of increased functional
groups as compared to low Mw CS. Therefore, the relative positive charge (+ve)
corresponds to the number of protonated amino groups present in the CS structure.
As expected, the DCPD mineral-free DCPD scaffolds presented the highest zeta
potential value of +43.47 + 0.35 while the zeta potential for DCPD mineral was -12.44
+ 0.4 mV. The zeta potentials of the synthesised freeze-dried scaffolds follow a
decreasing trend whereby increasing DCPD concentration caused a reduction in the
positive zeta potential values. The reduction in the zeta potential is correlated to the
presence of increasing DCPD phosphate ions, forming ionic bonds or electrostatic
interactions with the protonated amino groups in CS. Other researchers report similar

findings [368, 369].
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6.0.5 Comparison to Commercial Bone Scaffolds

Table 6.1 compares the porosity and mechanical properties of commercially available
bone scaffold such as Bio-Oss® (GeistlichPharma AG), Cerabone® (Botiss dental
GmbH) and Maxresorb (Botiss dental GmbH) [370]. Unlike the synthesised DCPD
mineral loaded scaffolds, where the primary constituent is chitosan, bovine mineral is
the commerecial scaffolds' primary component material. Increasing mineral content
often leads to increased bone scaffolds mechanical properties, evidenced by the
commercial scaffolds displayed in Table 6.1. Based on the proliferation results in
section 4.3, the DCPD mineral loaded scaffolds have the correct structural
environment to allow osteoblast proliferation; however, the freeze-dried scaffolds'
mechanical properties are not comparable to the commercial scaffolds. Incorporating
the synthesised DCPD mineral loaded scaffolds with other materials and structures,
i.e., porous titanium dioxide scaffolds [370] will enable the synthesised scaffolds'

mechanical properties to improve overall.

TABLE 6.1 - Examples of commercially available porous bone scaffolds and the

corresponding properties.

Name Composition Material Porosity Mean Pore Youngs

Diameter (um) Modulus (GPa)
(%)

Bio-Oss® Bovine bone mineral 60.1 + 3.4 320 + 56.7 15 [370, 371]

Cerabone® Bovine HA 69.0 + 3.8 300 + 43.2 83 [370, 372]
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Maxresorb 60% HA and 40% B- 67.5 + 3.6 140 + 33.6 102 [370, 373]

TCP

6.1 Cerium Oxide Nanoparticles
6.1.1  Antibacterial Mechanism

The three main antibacterial mechanisms displayed by cerium oxide nanoparticles

are:

e cell wall adsorption - Cerium oxide nanoparticles are positively charged,
thus, via electrostatic interactions adsorb onto the negatively charged bacterial
cell walls. The nanoparticles likely block the membrane and remain for a time
impairing the viscosity of the cell wall, thus disrupting the transport exchange
[374] between the solution and the bacterial cells [229].

e Attack proteins or cell transport - irregularly shaped nanoparticles are
capable of causing damage to bacterial walls and has been demonstrated
against Gram-positive bacteria [230, 375].

¢ Induce oxidative stress — cerium oxide nanoparticles have the potential to
induce oxidative stress in vivo by the generation of reactive oxygen species
(ROS). The ROS are developed on the bacterial cell wall surfaces from the
reversible conversion of Ce3*+ and Ce4* [230]. The ROS are known to attack
nucleic acids, proteins and polysaccharides, causing the loss of function, thus

leading to the destruction and decomposition of bacteria [376].
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Based on the results obtained, the relative size of the synthesised nanoparticles is also
related to antibacterial effectiveness. Similar to positively charged particles,
nanoparticles with relatively large surface areas can also adsorb tightly on the
negatively charged bacterial cell walls disrupting the membrane integrity, causing cell
lysis [377, 378]. As expected, the FRNP cerium oxide nanoparticles presented the
highest antibacterial efficacy compared to the C385 and C815 nanoparticles.
Therefore, the antibacterial results coincide with previously reported data which
demonstrate that smaller particles size exhibit enhanced antibacterial properties due

to increased surface area [368, 379].

6.1.2 Temperature-Dependent Particle Size

Based on the XRD results, increasing calcination temperature, i.e., from 80 °C to 815
°C, led to an increase in the calculated cerium oxide nanoparticles’ crystallite sizes
which, subsequently increased the size of the nanoparticles. The nanoparticles size was
determined from the TEM images, where the FRNP, C385, and C815 nanoparticles are
approximately 4 nm, 11 nm and 53 nm, respectively. Additionally, the surface area
results determined via BET confirm the HRTEM findings whereby the surface area
reduces as the particles size increases. The increase particles size with increasing
treatment temperatures is contributed to two possible mechanisms, (i) Ostwald
Ripening and (i) Oriented Attachment. Ostwald ripening is temperature-dependent as
it influences the interfacial surface energies and the growth rate coefficients of the
nanoparticles. Larger particles are more energetically stable as compared with smaller
particles; thus, the possible dissolution of the smaller particles led to the growth of the
larger sized nanoparticles. The oriented attachment mechanism is attributed to the

aggregation of nanoparticles which reduces the total energy of the system and the
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interphase boundaries, thus leading to increase particles size [380]. The
aggregation/agglomeration of the synthesised cerium oxide nanoparticles is also

confirmed from the obtained TEM analysis.

6.1.3 Antibacterial Properties of Cerium Oxide Nanoparticles

There is contradictory evidence in the literature regarding increased antibacterial
effectiveness against Gram-positive and Gram-negative bacteria. Several studies have
demonstrated superior action of cerium oxide nanoparticles against Gram-negative
bacteria Escherichia coli as compared with Gram-positive bacteria Bacillus subtilis
[381]. However, other studies expressed moderate antibacterial efficacy against Gram-
negative bacteria, i.e. Pseudomonas aeruginosa and Proteus vulgaris, with increased
activity against Gram-positive bacteria Staphylococcus aureus and Streptococcus
pneumoniae [375, 382]. The variation of the cerium oxide antibacterial properties is
likely related to possible oxygen defects in the nanoparticles, variation in the bandgap
energies [383], the Ce3* : Ce4* ratio, irregular morphologies and possibly low

dispersity [384].

The obtained antibacterial experimental results show that the most significant
antibacterial activity is observed against Gram-negative bacteria Escherichia coli and
Pseudomonas aeruginosa for the FRNP, C385 and C815 cerium oxide nanoparticles.
During the synthesis of cerium oxide nanoparticles, it was observed that the drying
method (i.e. freeze-drying or furnace drying) and -calcination temperatures
significantly affected the physicochemical properties, size, shape and the Ce3*: Ce4*

ratio. XRD and TEM confirmed the formation of the spherical cerium oxide
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nanoparticles. Also, the XPS and EELS data collected verified the presence of both Ce3+
and Ce4+ in all the synthesised nanoparticles. The presence of Ce3+in the FRNP and
C385 likely contributed to improved antibacterial effectiveness by the oxidative stress
mechanism [230] compared with the C815 cerium oxide nanoparticles, which contains

95 % Ce4+ as confirmed from the EELS data.

6.1.4 Antibacterial Properties of Other Minerals and Nanoparticles

Fluorapatite doped with cerium (Ce3+) and strontium (Sr2+) [385] and Bioactive Glass
has been found to exbibit antibacterial behaviour [386, 387]. Fluorapatite minerals at
concentrations of 100 ug/ml tested against Escherichia coli (BL21) and
Staphylococcus aureus (ATCC 25923) exhibited antibacterial behaviour with ICso
values of 110 + 7.5 and 112 + 6.2 respectively [385]. Also, antimicrobial activity was
observed for bioactive glass S53P4 against aerobic and anaerobic bacteria in the
planktonic and the sessile forms [386, 387]. The proposed bioglass antibacterial
mechanism involves inducing changes in the cellular environmental pH, osmotic
pressure and damaging the bacterial cell membranes leading to cellular death.
Although cerium oxide nanoparticles also induce similar antibacterial actions, the
presence of bivalency (Ce3+/Ce4+) presents additional antibacterial mechanisms, e.g.,
cell wall adsorption and inducing oxidative stress via generation of ROS. Therefore,
increasing the antibacterial action of cerium oxide nanoparticles in comparison to

single valance minerals/nanoparticles.
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7.0 Overview

The highly complex hierarchical structure of natural bone supports mechanical,
biological and chemical functions simultaneously within the body. Current synthetic
bone scaffolds lack the ability to address multiple requirements essential for the
regeneration of bone tissue via a single construct. Research efforts focus on increasing
the osteoconductive potential or improving the mechanical properties while
overlooking the antibacterial efficacy of scaffolds. An ideal bone scaffold should
exhibit: i) osteoconductive potential to aid the formation of new bone, ii) load-bearing
properties, iii) appropriate microstructure to promote angiogenesis for nutrients
circulation and iv) antibacterial efficacy to reduce or prevent infections which lead to
failure of the surgery. This study aimed to investigate the osteoconductive and
mechanical potential freeze-dried CS scaffolds embedded with different
concentrations of DCPD mineral (0, 20, 30, 40 and 50 wt %) and the antibacterial

potential of cerium oxide nanoparticles, respectively.

7.1 In-depth Conclusions
7.1.1  Freeze-Dried Scaffolds

The fabrication of porous freeze-dried CS scaffolds embedded with different
concentrations of DCPD minerals (0, 20, 30, 40 and 50 wt%) was successful as
confirmed from the XRD, FTIR and SEM characterisation results. CS alone does not
possess the required mechanical properties for suitable bone scaffold synthesis;
therefore, the incorporation of DCPD mineral improved the mechanical properties of
the freeze-dried scaffolds. Increasing the DCPD mineral concentration from o to 50 wt

% led to an increase in crystallinity of the scaffolds, thus enhancing the rigidity of the
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structures. The Youngs Modulus and Tensile Strength were found to be proportional
to the increasing DCPD concentrations where the 50-DCPD scaffolds presented five
times greater mechanical strength as compared with the DCPD mineral-free scaffolds

(CH).

Increasing the DCPD concentration also increases the hydrogen bonding and
intermolecular forces between the CS biopolymer chains, thus, leading to a reduction
in the scaffold liquid uptake and the rate of scaffold degradation. The CH scaffolds
exhibited the most significant water uptake of 934.74 + 29.87 %, while the 50-DCPD
scaffolds exhibited a 557.36 + 23.27 % increase, respectively. The initial scaffold
degradation for o to 1 week was high; however, from week two to week four, a
reduction in the scaffolds mass loss was observed. The reduction is related to increased
scaffold crystallinity, causing restriction of the CS biopolymer chains, thus reducing
the water molecules accessibility to the scaffold structures. The CH scaffolds mass loss
determined after four weeks of phosphate buffer submersion at 37 °C was 40.4 + 1.7
%, while the 50-DCPD scaffolds presented mass losses of 22.7 + 1.2 %. The ability to
synthesise multilayered freeze-dried scaffolds based on the fundamentals of advanced
manufacturing using freeze-drying was successful. The SEM analysis confirmed the
interconnecting of two distinct layers via the described freeze-drying approach.
Layer-1 consisted of CS while Layer-2 contained CS loaded with 30 wt % DCPD
minerals, where the presence of the two distinct layers was confirmed from the EDS
analysis. The scaffold porosity and pore size distribution were affected by the DCPD
mineral concentration. The number of pores in the DCPD mineral loaded scaffolds

were higher as compared with the CH scaffolds.
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Additionally, the pore size distributed decreased with increasing DCPD mineral
concentration (20 to 40 wt %). However, for scaffolds containing 50 wt % DCPD the
porosity reduced and many of the pores coalesced, thus forming closed-ended pores.
Since porosity and pore size plays an essential role in terms of osteoblast proliferation
and differentiation, the negative effect of the reduced porosity is observed for the 50-
DCPD scaffolds in terms of cellular growth. Increasing DCPD concentration led to
increased osteoblast proliferation for the 20, 30 and 40-DCPD scaffolds. However,
osteoblast reduction was observed at day 3 and 7 for the 50-DCPD scaffolds as
compared with the 40-DCPD scaffolds. The reduction is attributed to the change in the

scaffold architecture and reduced porosity.

7.1.2  Cerium Oxide Nanoparticles

The synthesis of cerium oxide nanoparticles was successful as confirmed from the
XRD and TEM analysis. It has been demonstrated that the drying method (i.e. freeze-
drying or furnace drying) and calcination temperature significantly affected the
physicochemical properties, i.e. size, shape, agglomeration and the oxidation ratio
Ces+ : Ce4+. Increased calcination temperatures from 280 °C to 815 °C caused the size
of the synthesised nanoparticles to increase where the nanoparticles calcined at 815
°C (C815) were eight times larger as compared with FRNP nanoparticles. The
nanoparticles size increase is temperature-dependent, thus related to Oswald ripening
and oriented attachment. The synthesised cerium oxide nanoparticles exhibited
agglomeration, causing a lack of individual particles as confirmed from the SEM
analysis, which would have negatively impacted the antibacterial potential. Two
oxidation states were detected for FRNP, FUNP, C280, C385 and C815 cerium oxide

nanoparticles. However, with increasing calcination temperatures, the Ce3+: Ce4* ratio
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reduced where the nanoparticles calcined at 815 °C consisted of only 5 % of Ce3* ions
with the remaining existing as Ce4+. The antibacterial properties of nanoparticles are
dependent upon two main factors, (i) the type of bacteria and (ii) the physicochemical

properties of the nanoparticles.

The FRNP, C815 and C385 nanoparticles all exhibited antibacterial properties against
Escherichia coli, Pseudomonas aeruginosa and Staphylococcus epidermis. The FRNP
nanoparticles presented significant antibacterial efficacy as compared to the larger
size C385 and C815 nanoparticles. Particles size influences the antibacterial potential,
where relatively small-sized particles cerium oxide nanoparticles (< 10 nm) can cause
more damage to bacteria compared to larger particle sizes. Additionally, increased
antibacterial efficacy was observed towards the Gram-negative bacteria as compared
with the Gram-positive bacteria. The reduced antibacterial potential against Gram-
positive bacteria is attributed to the structural difference in thickness between Gram-
positive and Gram-negative bacterial cell walls. As expected, the half-maximal
inhibitory concentrations (ICso) to reduce bacterial growth by 50 % were found to be

lower for FRNP compared with the C385 and C815 nanoparticles.

7.2 Main Thesis Outcomes

The initial thesis research questions which were investigated have been addressed; the

key findings are briefed below:

» The investigation confirmed the incorporation of DCPD mineral increases the

mechanical properties of the mineral loaded porous freeze-dried scaffolds.
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» The porosity of the scaffolds improved with increasing the DCPD
concentrations for 20 wt % and 30 wt %.

» The osteoconductive potential was enhanced in the scaffolds containing 30 wt
% to 40 wt % DCPD mineral.

» The freeze-drying approach successfully formed interconnected double-layered
scaffolds.

» Increasing calcination temperature, particle size and Ce3+ : Ce4* ratio altered
the overall antibacterial efficacy of synthesised cerium oxide nanoparticles.

» The optimal Ce3* : Ce4+ ratio, which observed more significant antibacterial

efficacy, was found to be 63 % : 37 % (FRNP).

7.3 Future work
The possible future research pathways are summarised below:

1) Synthesise, characterise and evaluate whether freeze-dried CS scaffolds
embedded with cerium oxide nanoparticles exhibit any cytotoxic effects to
osteoblast cells by performing cytotoxicity experiments.

2) Investigate whether the scaffolds embedded with cerium oxide nanoparticles
inhibit osteoblast growth and differentiation via proliferation experiments.

3) Fabricate and characterise the freeze-dried double-layered scaffold, where the
outer layer contains CS with cerium oxide nanoparticles, and the inner layer
contains DCPD mineral.

4) Cerium oxide has also been reported to exhibit angiogenetic potential (growth
of blood vessels); thus, co-culture osteoblasts and endothelial cell experiments

could be conducted.
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5) Surface micropatterning on the surfaces of scaffolds could provide guided
cellular growth if osteoblasts are seeded into the ablation channels. Initial
experiments were conducted on DCPD mineral loaded CS films (Appendix

VIIII).
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Appendices

FREEZE-DRIED SCAFFOLDS

Appendix I — Osteoblast Culture Protocols

Thawing the Cells

1) Take the frozen cryovial [Sigma-Aldrich, CAS: CLS431421] from the — 80 °C
freezer and wrap an ethanol-soaked tissue around the lid to prevent
contamination of the vial contents.

2) Suspend the vial in a water bath (37 °C ) until the vial content is completely
thawed.

3) Using the smallest stripette [Sigma-Aldrich, CAS: CLS4485] remove the
suspension from the vial and place into a small falcon tube, add 4 ml of medium.

4) Centrifuge the falcon tube [Sigma-Aldrich, CAS: CLS430791] (1200 rpm for 5
minutes).

5) Once centrifuged, aspirate the supernatant using a glass pipette [Sigma-
Aldrich, CAS: CLS9016].

6) Add 2 ml to 5 ml of medium [Sigma-Aldrich, CAS: D5796] to the centrifuged
pellet to re-suspend the cells.

7) Add 15 ml to 20 ml (dependent on the flask's size) of medium to each flask
[Sigma-Aldrich, CAS: SIAL1080]. For example, if re-suspended the cells in 2 ml

then add between 13 ml and 18 ml of medium.

Detaching the Cells

1) Place medium, PBS and trypsin into a water bath to warm.
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2) If preparing a new bottle of medium, then warm up FBS and PenStrep in the
water bath. DMEM medium > add 10 % FBS > add 1 % PenStrep. If using Alpha
medium, then add 5 ml of Glutamine.

3) Switch on the Hood > Blower ON > Light ON. Spray the workspace with 70 %
ethanol solution and wipe clean.

4) Remove the flask with the seeded cells from the incubator and check their
morphology under the microscope.

5) Aspirate the medium using a glass pipette > wash the flask using 10 ml of
Phosphate Buffered Saline (PBS) [Sigma-Aldrich, MDL: MFCDo00131855] and
repeat if necessary. Remove the PBS by tilting the flask and aspirating.

6) Add between 3 ml and 5 ml of trypsin and ensure all the cells are covered. Then

close the flask and place into the incubator for 5 minutes.

Collecting the Cells

1) Remove the flask for the incubator and gently tap once. View the cells under the
microscope to ensure the cell have detached (should look circular and floating
in the medium).

2) Add between 12 ml and 15 ml of medium to the flask, then take out all the
solution using a stripette and aliquot into a falcon tube. At this point re-suspend
the cells by mixing up and down using the stripette.

3) Centrifuge the falcon tube (1200 rpm for 5 minutes).

4) Remove the supernatant from the falcon tube, leaving behind the pelleted cells.

5) Add between 3 ml and 10 ml (dependant on the number of cells required) of

medium into the falcon tube and re-suspend the cells.
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Splitting the Cells

1) Add between 12 ml to 20 ml of medium into two flasks.

2) Next, add between 1 ml and 5 ml of cell suspension into each flask. Close the
lids and gently tilt from side to side.

3) Check each flask under the microscope to ensure the flasks contain cells, then
place into the incubator.

4) The cells will attach to the flask within a few hours.

Cell Counting

1) Remove 45 pl of cell suspension using a micropipette and place in an Eppendorf
vial [Sigma-Aldrich, CAS: EP0030119460].

2) Add 5 pl of Trypan Blue to the vial (the ratio should be 1:10)

3) Re-suspend the cells using the micropipette set to 10 ul, then remove 10 ul of
the solution and dispense into a haemocytometer.

4) Place the haemocytometer under a microstructure to count the cells. The
average of three different 'squares' should be counted and averaged. NOTE:
Live cells should be visible as white dots while the dead cells are visible as blue

dots (membrane was broken, and the dye stained the cells).

Averaged number of counted cells

/

Cell concentration = Nqv * 104* 1.1

/

Convert to ml
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Gives the cell concentration in cell/ml

5) The cell concentration must be multiplied by the total volume of the re-

suspension medium.
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Appendix IT — FTIR Peak Analysis

Attenuated Fourier Transform Infrared Spectroscopy: Determination of the amide I,
IT and III peak areas regarding the CH, 20, 30, 40 and 50-DCPD freeze-dried scaffolds.
OriginPro software was utilised to determine the baselines, peak centres and base

markers to calculate the area of the amide (I, IT and III) three peaks.

1.0 CH
3

0.8 S
©
3

)

Q

2

I

E

o 0.6 -

3

8

5 0.4

[¢]

k3]

Q

% 0.2

[

Normalize to [0, 1] of "CH"
Baseline
0.0 | Peak Centers
| Base Markers
1700 1600 1500 1400 1300 1200
Wavenumber (cm™)
1.04 20-DCPD

0.8 1

0.6 -

0.4 -

0.2 -

Normalize to [0, 1] of "20-DCPD"
Baseline

00 - | Peak Centers

| Base Markers

Reflectance (Normalised)

1800 1700 1600 1500 1400 1300 1200

Wavenumber (cm™)

Neelam Igbal 195



1200

1.0+ 30-DCPD
T 0.8 -
O
A
<
& 0.6
-
o
&
o 0.44
[ &)
=
o
S 0.2
% Normalize to [0, 1] of "30-DCPD"
[a'A Baseline
0.0- | Beat vemtons
1800 1700 1600 1500 1400 1300
Wavenumber (cm™)
1.0 1 40-DCPD
T 0.8
8 o
c 3
£ 0.6 3
3 o
E —
o 0.44
0
S
8
® 0.2
% N 1i 0, 1] of "40-DCPD
'ormalize to [0, 1] of "40-] "
2 Baseline -n
0.0 | Peak Centers
| Base Markers
1800 1700 1600 1500 1400 1300
Wavenumber (cm™)
1.0 - 50-DCPD

0.8 -

0.6 -

0.4 4

0.2 4

Reflectance (Normalised)

0.0 -

647.10346

== Normalize to [0, 1] of "50-DCPD"
Baseline

|  Peak Centers

|  Base Markers

1800

Neelam Igbal

1700

1600

1500

1400 1300

Wavenumber (cm™)

1200

1200

Appendices

196



Appendices

Appendix IIT — SEM images

(a) CH, (b) 20-DCPD, (c¢) 30-DCPD, (d) 40-DCPD, and (e) 50-DCPD where the pore

size distribution was determined by using the ImageJ software.
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Appendix IV — Hitachi SEM and EDS analysis

30-DCPD freeze-dried scaffold
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Appendix V — Double Layer SEM images

Double-layered freeze-dried scaffold, layer-1 = CS AND layer-2 contain 30 wt% DCPD

embedded in CS. Image (d) is a close up of DCPD mineral.
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CERIUM OXIDE NANOPARTICLES

Appendix VI — High-resolution TEM images and EELS Analysis
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FRNP
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C815
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Appendix VII — Optical Density Plots

Appendices

Optical density measurements characterising the antibacterial properties of C385 and

C815 cerium oxide nanoparticles after direct incubation with Escherichia coli,

Staphylococcus epidermidis and Pseudomonas aeruginosa for 48 hours.
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Appendix VIII — Linear regression plots

Various concentration of nanoparticles tested against Escherichia coli,

Staphylococcus epidermidis and Pseudomonas aeruginosa. The plots were used to

calculate the ICso
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Appendix VIIII — Initial Ablation Channels and Micropatterning

Micropatterning and microchannels are expected to promote guided cellular growth
leading eventually to the formation of vasculature. The channels were created using a
Coherent Libra-S-1K (100fs) femtosecond laser (1 kHz repetition rate), at a wavelength

of 800 nm.
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