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Abstract

The repair of large bone fractures is one of the most critical clinical challenges in orthopaedics.
Even though different types of materials and designs have been investigated, most of these
trials presented various deficiencies after the translation in the clinic. None of the proposed
designs and materials could accurately mimic the mechanical and biological behaviour of
natural bone. The “ideal” bone scaffold for treating large fractures must have collective
properties to support healthy bone growth and avoid malunion or non-union. This work aims
to develop a porous composite scaffold that can imitate the natural bone tissue by taking
favourable characteristics of different materials to create a synthetic bone replacement that is
biocompatible, appropriate for load-bearing applications, stimulates bone growth and promotes
vascularisation at the defect site.

Based on the design of experiments principles (DOE), porous titanium/10 mol% Fe** doped
brushite (Ti/DCPD-Fe) scaffolds were designed and fabricated. A parametric investigation was
conducted to identify the appropriate fabrication conditions that result in mechanical properties
similar to those of natural bone. Correlations that predict the mechanical properties of the
sintered Ti/DCPD-Fe scaffolds as a function of i) sintering temperature, ii) CaP ratio and iii)
extent of porosity were presented. The synthesised scaffolds were characterised in terms of
crystal structure, phase constitution, microstructure and mechanical properties. Results proved
the presence of calcium titanate CaTiOs on the surface of the composite scaffolds (Ti/DCPD-
Fe), while titanium dioxide TiO> existed on the surface of pure titanium scaffolds (Ti) with a
~ 3 — 8 % increase in the atomic percent of oxygen after sintering in the inert atmosphere.
Findings showed that the synthesised scaffolds had open porosity ranging between 26 — 60%
with a pore size was ~ 100 — 850 um. Also, small pores < 50 pum were observed in the structure
which resulted in better interconnectivity up to ~ 95% in the scaffold with 40% space holder
and 10% DCPD-Fe mineral. Finite element analysis was also conducted to investigate the stress
and strain behaviour of the synthesised scaffolds. Results displayed that scaffolds with higher
porosity and mineral content exhibited lower stiffness values closer to that of natural bone and
exhibited flexible biomechanical behaviour at the interface bone/scaffold. The stiffness of
porous composite scaffolds ranged between 3.30 — 20.50 GPa and the compressive strength
was ~ 130 - 165 MPa at sintering temperature >1000°C. In vitro outcomes suggested that all
the synthesised scaffolds were non-toxic and biocompatible. Furthermore, cells presented
excellent adhesion and growth, and their morphology shows a healthy attachment with a well-
spread shape, which is indicative of high cellular interaction with all scaffolds' surfaces.
Together experimental and numerical results have demonstrated that the synthesised porous
composite (Ti/DCPD-Fe) scaffolds are promising to successfully support bone regeneration.
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Chapter 1: Introduction

1.1 Introduction

The incidences of bone trauma have increased dramatically during the last few decades [1]. For
example, over 65,000 cases of hip fracture, which is one of the most severe and frequent
injuries for the elderly, were presented to 177 hospitals around the UK in 2016. As a result, hip
fractures cost around £1 billion per year to the UK government and social care, according to
the National Hip Fracture Database (NHFD) [2-6]. Fragility fractures also affect over 300,000
patients in the UK due to osteoporosis, and they are estimated to cost around £4.4 billion each
year [4]. Statistical analysis of Europe’s ageing population suggests that osteoporosis in men
and women will increase from 27.5 million in 2010 to 33.9 million in 2025 (23% rise) [7-9].
This exponential rise in bone defects due to trauma, disease or injury has led to high demand

for more advanced treatments to repair damaged tissue and promote bone healing.

Although bone tissue has remarkable regeneration properties, the healing process can be
affected by the patient’s characteristics or post-surgical complications [10-12]. These issues
can manifest as delayed healing (delayed union), compromised union (malunion) or non-union
at all. In order to treat these complications, recurrent surgical interventions are required,
increasing patient discomfort and increasing overall cost [13]. These challenges are more
frequent in the case of critical-size defects that would not heal spontaneously with bone during
the patient’s lifetime and require further surgical intervention [14, 15]. When the bone defect
exceeds the critical size (large-scale), as shown in Figure 1.1, additional support and more
complex surgical approaches are required, such as adding fillers made of the patient’s bone
(autologous) to increase the chances of recovery [16, 17]. However, this treatment is not always
successful, especially in the cases of osteoporotic patients where overall bone quality and
quantity are compromised [18, 19]. An alternative to the autologous graft is utilising either an

allograft using cadaver bone from bone tissue banks or a xenograft using animal bone [20-22].
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Chapter 1: Introduction

But these two types of procedures may cause a higher risk of infection after the surgery being
a foreign body at the recipient’s site [20, 23]. Therefore, there is an urgent need for an

alternative synthetic substitute to promote bone healing without risks.

Figure 1.1: Large femoral shaft fracture with gap ~ 7 cm, fracture due to motorcycle accident
of 16-year-old female [24].

In recent years, extensive research has been conducted to design and develop optimised bone
scaffolds using different materials and technologies. In general, surgeons and medical device
manufacturers favoured pure titanium (Ti) and titanium alloys due to their biocompatibility
and strength-to-weight ratio closer to bone properties compared to other metallic alloys [25].
Yet, titanium scaffolds are far from being wholly optimised for bone due to the inadequate
stimulation of new bone growth. The mismatch in stiffness between Ti scaffold and host tissue
can cause stress shielding; since the cortical bone has Young’s modulus E = 4 — 20 GPa while
titanium exhibits E = 100 — 110 GPa [20, 26-28]. Ceramic materials and bioglasses have also
been used widely due to their excellent biocompatibility and high corrosion resistance [29, 30].
Calcium phosphates (CaPs) have excellent osteoconductive properties due to their similar
mineral component and porosity to the bone, allowing them to form a robust interfacial bond
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with the host tissue and achieve bioactive interactions with osteoblasts to stimulate bone
growth. But, their low fracture toughness restricts using them alone in load-bearing
applications [29, 31-33]. Several studies included the usage of CaPs or bioglasses as coatings
on metal scaffolds. These trials had a positive effect on bone healing, but eventually, the
mechanical properties of scaffolds could not mimic those of natural bone [34, 35]. At the same
time, polymeric materials have poor mechanical properties that restrict their use in non-load-
bearing grafts even when integrated with bioceramics to enhance their strength. In addition,
synthetic polymers have poor osteoconductivity with the risk of inducing cytotoxicity and

inflammation, limiting their widespread use as bone substitutes [36].

1.2 Motivation

The regeneration and recovery of bone tissue is not an easy task since bone is a complex living
tissue with magnificent mechanical properties and significant metabolic activity. So far,
different types of natural and synthetic materials have been investigated, and several structures
and geometries have been designed. However, after the translation in the clinic, none of the
proposed designs and materials could accurately mimic the mechanical and biological
behaviour of natural bone. Most of these trials presented various deficiencies leaving clinicians
without a “golden route”, especially when used for treating large bone defects. In reality,
individual groups of materials have been unable to thoroughly consider the structure and
functionalities of natural bone tissue when used alone. The “ideal” scaffold must meet several
criteria; i) mechanical properties comparable to that of bone to sustain the load of the body; ii)
osteoconductive properties to promote bone formation; iii) an appropriate structure to allow
the circulation of nutrients; iv) and the potential to trigger vascularisation at the defect site [26,

37-40].
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The challenge of this work is to cope with the apparent limitations of current scaffolds and
develop a composite material by taking favourable characteristics of different materials to
create a synthetic scaffold that is biocompatible, appropriate for load-bearing applications,
supporting osteogenesis and providing sufficient vascularisation [40, 41]. This work aims to
fabricate and characterise porous titanium/calcium phosphate (Ti/CaP) material to be used in
bone substitutes. As different fabrication conditions significantly influence the mechanical
properties of the scaffold, this work considers the most critical synthesis variables i) sintering
temperature, ii) CaP ratio, and iii) porosity. The design of experiments principle is followed to
do a parametric investigation to define the space and combination of values that result in
mechanical properties similar to those of natural bone. Finite element analysis is also
performed to investigate the mechanical behaviour of bone with the synthesised scaffolds. This
work focuses on the stress and strain analysis of femur bone because femoral diaphysis
fractures are the most common injuries required to treat [42, 43]. Moreover, viability, adhesion
to the surface, and proliferation of osteoblast cells are conducted in vitro to prove the

synthesised scaffolds as an appropriate medium for cell survival.

1.3 Thesis Outline

The thesis is organised as follows:
» Chapter 1: commences with a brief introduction of the project, followed by the general

aim of the PhD research work.

» Chapter 2: explains in detail, giving the reader the background knowledge to understand
the concept of physiological engineering, starting with the fundamentals of bone
structure, bone properties and the regeneration process of natural bone. Then, the

chapter discusses the development and challenges of natural and synthetic materials
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used in bone repair. Later, the vital requirements to design and fabricate the ideal bone
scaffold to promote bone healing have been reviewed. Finally, the objectives of the

PhD research have been outlined.

Chapter 3: begins by laying out the materials used for the research and then describing
the fabrication process of the scaffolds. The methodology to accomplish the aims of the
research work is explained. This chapter involves characterisation techniques, testing

tools, and protocols employed to achieve the project objectives.

Chapter 4: starts with a detailed characterisation of the synthesised mineral (10 mol%
Fe3* dopped brushite). Then, compositional and structural analyses for the synthesised
scaffolds are conducted to investigate the interaction between the metal and mineral
phases. The scaffold's porosity is also explored, considering the distribution of pores,
pore size and interconnectivity to assess the validity of the synthesised structures for

implantation in bone scaffolding.

Chapter 5: starts with the mechanical testing for the synthesised scaffolds. After that,
the Minitab software performs the optimisation study of fabrication parameters to get
the required mechanical properties. Finally, the stress distribution and strain analysis

are performed for the scaffolds to validate the results.

Chapter 6: supports the previous results by involving all the required in vitro
experiments to investigate the potential of the synthesised scaffolds to be used in
contact with living tissue later. Then, characterisation of the scaffolds after cell seedings

is conducted to determine the changes in the structure and composition.
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Chapters 2 to 6 include an introduction to present the basic concepts and a conclusion to

summarise the chapter's content.

» Chapter 7: discusses the results of this research, where all findings related to the
characterisation of scaffolds, biomechanical behaviour and biological response are

linked and debated.

» Chapter 8: summarises and concludes the key findings of the work. The research’s

limitations and suggestions for future work are also presented in this chapter.
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2.1 Introduction

The need for synthetic bone substitutes was first realised after WW1I for helping victims when
stainless steel and cobalt-based alloys became popular in the early days [25, 30]. Nowadays,
titanium and titanium alloys have replaced stainless steel and cobalt alloys [44, 45]. However,
Ti and its alloys do not succeed entirely as bone scaffolds due to the poor integration with host
tissue [28, 46, 47]. Other materials such as polymers, bio-glass and calcium phosphate minerals
have also been used in orthopaedic applications. But, their use has been limited due to their

inappropriate mechanical properties [30, 36].

The concept of physiological engineering is a novel approach to address all these challenges
and limitations. Chapter 2 explores how this concept’s employment will lead to designing and
fabricating physiologically acceptable bone tissue for patients’ needs in an operating theatre.
This chapter starts with the fundamentals of bone structure and bone regeneration process to
get the required knowledge before designing and manufacturing a scaffold for bone tissue
engineering. Then, the review discusses the development of current natural grafts and synthetic
biomaterials for bone repair and highlights their challenges and drawbacks. Finally, all the
requirements and properties that the scaffold must meet to successfully match the biological

and mechanical properties of natural bone are reviewed.
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2.2 Fundamentals of Bone Regeneration

The development of an ideal bone scaffold relies on the comprehensive understanding of the
bone structure, bone properties, bone mechanics, and the mechanism of bone repair. All these
concepts must be considered during the design and fabrication process to successfully achieve
the physiological scaffold that could imitate the unique structure and enable full functionality
[48].

2.2.1 Function and Structure of Bone

The skeletal system comprises between 206 and 213 bones in adults associated with cartilages
and ligaments in the joints. Each kind of bone has a specific function, while the joints provide
the rigid skeleton with several types of movements at different locations. The skeleton is the
internal rigid framework of the human body. The bones in conjunction with the muscular
system enable the body to move as it does. Bones are vital for protecting internal organs and
keeping them safe from any injury or hard impact; for example, the brain is protected by the
skull. Bones store approximately 85% of the phosphorus and 99% of the calcium in the body,
which can be accessed when the body needs them. Also, fatty acids are stored in the yellow
bone marrow to be called upon as energy reserves when needed. While crucial growth factors
are stored in a mineralised bone matrix. Bone marrow is vibrant for producing red and white
blood cells in the body. Furthermore, Bone has a crucial role in hearing by conducting
vibrations through three tiny bones in the middle ear [42,49,50].

Bone tissue has several shapes and configurations adapted to the role of each bone; for instance,
the femur bone is a hollow and thick-walled tube, whilst the scapula is a broad and flat plate
[42]. Bone is a composite material containing approximately 60 - 70% inorganic mineral (can
be approximated as tiny crystals of hydroxyapatite), and 8 — 25 % water by weight and most
of the rest is an organic compound (around 90% are fibrous type | collagen and the remaining

10% are non-collagenous proteins) [49, 50]. The crystalline structure of bone contributes to the
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stiffness and compressive strength, whilst collagen fibres provide bone with flexibility, tensile
strength and toughness [50-54]. Figure 2.1 illustrates the structure of natural bone, which is

composed of a hard outer layer (cortical bone) and a spongy inner compartment (cancellous

bone) [28].
Cortical bone
(Hard bone) Cancellous bone
Periosteum (spongy bone)
‘ / : ] i
| Articular
_.<( — ;i cartilage
Ve
Blood Marrow
vessels Epiphyseal plate

Medullary canal

Figure 2.1: Internal structure of long bone showing the layers; the outer shell is the hard
cortical bone covered by the periosteum, and the inner component is spongy tissue, adapted
from [55].

Cortical (Compact) Bone

Cortical bone forms the hard external layer of bones; cortical bone tissue consists of cylindrical
osteons aligned parallel to the long axis of the bone and surrounding the Haversian canal
(osteonic canal), which contains the blood vessels and nerves [55, 56]. As can be observed in
Figure 2.1, a dense fibrous membrane, known as the periosteum, covers the surface of cortical
bone and contains blood vessels, nerves and lymphatic vessels, which nourish compact bone
tissue. Cortical bone has a higher material density; therefore, it is the strongest part of the bone.
It also stores calcium which it releases to the body when needed. Cortical structure and
microstructure contribute to the whole bone mechanical competence since osteons are aligned

in the same direction along the lines of stress-supporting bone to resist bending and fracture
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[55-57]. Cortical thickness, cortical area and area moment of inertia are considered the strong
predictors of bone strength and resistance to fracture [41, 51].

Trabeculae (Cancellous) Bone

Trabeculae bone forms the inner layer of bones; in the interior structure, bone tissue is arranged
in a network of intersecting plates and spicules, termed trabeculae [56]. Trabeculae is highly
porous, allowing nutrient diffusion and also vary in amount in different bones. Trabeculae
enclose spaces filled with blood vessels and marrow; this honeycombed tissue is also called
cancellous or spongy bone. In mature bone, trabeculae are arranged in an orderly pattern that
provides continuous units of bony tissue aligned parallel with the significant compressive or
tensile force. Thus, trabeculae provide a complex series of cross-braced interior struts that
support maximal rigidity with minimal material [41, 55, 58].

Bone Cells Function

Bone cells have an essential role in bone remodelling by maintaining the balance between bone
resorption and bone formation [28, 59]. Therefore, understanding the function of bone cells is
quite crucial before designing the synthetic scaffold to control the scaffold-cells reaction.
Bone contains four types of cells responsible for the remodelling process: osteoblasts,
osteocytes, osteoprogenitors and osteoclasts. As shown in Figure 2.3, these cells are
responsible for the production, maintenance and remodelling of bone [28]. Osteoblasts are the
cells found in the growing portions of bone (periosteum and endosteum) and are responsible
for forming new bone, synthesising and secretion of the collagen matrix and calcium salts.
When the team of osteoblasts has finished making new bone, some become surrounded with
matrix and differentiate into osteocytes, whilst others will remain on the surface of the new
bone and differentiate into lining cells. The rest undergo apoptosis (cell suicide) disintegrate
[59, 60]. Osteocytes are the primary cells of mature bone; each osteocyte is located in a pocket

called a lacunae surrounded by a bone matrix. The osteocytes’ function is maintaining the
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mineral concentration of the matrix via the secretion of enzymes. Osteoprogenitors
(Osteogenic cells) are the only bone cells that divide since osteogenic cells differentiate and
develop into osteoblasts. The fourth type of bone cell is called Osteoclasts which are
responsible for the resorption and breakdown of bone; they form sealed compartments next to

the bone surface and secrete acids and enzymes which degrade the bone [28, 61].

Canaliculi Osteocyte Matrix i i
Matrix Osteoid Osteoblast

SR [

Osteocyte: Mature bone cell Osteoblast: Immature bone
that maintains the bone matrix cell that secretes organic
g 9 components of matrix
Osteoprogenitor cell | : Osteoclast Matrix
Medullary = AR Medullary
cavity - | cavity
Endosteum
S @»\”/] pe—
Osteoprogenitor cell: Stem cell ; ; P
whose divisions produce osteoblasts 8\2tte:ecc§?::é:;n:clztilc?su::\eda::enislrln es

to dissolve bone matrix

Figure 2.2: The types and functions of bone cells [62]

2.2.2 Bone Remodelling and Repair

Bone can renew itself throughout life and replace old tissue with a new matrix through bone
remodelling. The bone remodelling process consists of two events; resorption by osteoclasts
(mature bone is removed) and formation by osteoblasts (new bone is formed) [63, 64]. This
dynamic process depends on the partnership between osteoclasts and osteoblast lineage cells
to get the proper balance between resorption and formation of bone [59]. A fractured bone

undergoes repair through four overlapping stages described below and shown in Figure 2.4 [65,

66].
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Hematoma formation (stage 1): following fracture, disruption of blood vessels results in the
formation of a hematoma, which encloses the injured area. The inflammatory process starts
rapidly after trauma and lasts until the bone formation begins (1-7 days post-fracture). New
bone is produced due to the transplantation of hematoma since granulation tissue forms at the
ends of the bone. Soft callus formation (stage 2): angiogenesis occurs during this stage since
new blood vessels form from pre-existing vessels. Granulation tissue is replaced gradually by
hypotropic cartilage (internal callus), and the periosteum undergoes direct bone formation to
create an external callus. Hard callus formation (stage 3): internal callus mineralises with
calcium hydroxyapatite to form a hard callus of woven bone. Bone remodelling (stage 4):
large fracture callus is replaced with secondary lamellar bone. The callus size is decreased to

that of pre-existing bone at the defect location, and the vascular supply reverts to normal [65,

66].
Stage1 Stage 2 Stage 3
External Bony
callus callus of
o ’ spongy
S| Internal =S AV S bone [N \
/' _ callus Nw - e
Fracture ' ‘ vessels fracture | Heale
H Fracture
Spongy !
bone
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Figure 2.3: The four stages of bone repair: (stage 1): hematoma formation, (stage 2) soft callus

formation, (stage 3) bony callus formation, and (stage 4) bone remodelling,.adapted from [65].

2.2.3 Bone Regeneration

Bone regeneration is a complex process in which most bone fractures can heal and regain full
functionality without the formation of scars [67]. However, the regeneration of large segmental

defects caused by trauma, osteoporosis, or cancer can be affected by the patient’s
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characteristics or post-surgical complications. Natural bone regeneration is compromised when
more than a 5 cm defect exists, leading to delayed union or non-union because large quantities
of bone tissue are required. The treatment of such cases is a clinical challenge; therefore, a
comprehensive understanding of bone regeneration is essential for developing more advanced
treatment methods [68-70]. The three critical elements in the regeneration process of bone are
osteoinduction, osteoconduction and osseointegration [71]. Osteoinduction is the process by
which new bone formation (osteogenesis) is induced since osteoinduction involves stimulating
immature cells to develop into pre-osteoblasts. The scaffold/material itself can be
osteoinductive after the insertion into injured bone [72-74]. Osteoconduction refers to the
process by which bone is directed to grow on a scaffold’s surface and conform to this surface.
This surface is termed an osteoconductive element which permits bone growth on its surface
or down into pores [72]. Osseointegration means the direct structural and functional bonding
between the host bone tissue and the grafting material without any connective tissue [32, 72].
Several factors can affect the osseointegration process and determine the ability of the scaffold
to integrate into the surrounding bone tissue successfully. These factors include

biocompatibility, scaffold surface, loading conditions, angiogenesis, and cell adhesion [75].

2.2.4 Biomechanics of Bone

Understanding bone biomechanics will help design the ideal scaffold with mechanical
properties consistent with natural tissue. Biomechanical stability is essential for the
performance in vivo to support bone regeneration and avoid healing delay or non-union.
2.2.4.1 Mechanical Behaviour of Bone

During daily activities, the skeletal system is subjected to various loads in different directions
(body weight, muscle forces, and external forces), producing five different types of forces:

tension, shear, compression, torsion or curvature [76]. The mathematical analysis demonstrates
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that each bone part has an excellent inner structure adaptation to the mechanical requirements.
For example, loads on the femoral head lead to internal stresses where the inner structure is
formed to supply an efficient manner for these stresses. The relation between these internal
stresses and the inner structure of the femur agrees with the theoretical laws producing
maximum strength with minimum material. In other words, the femur bone obeys the
mechanical relations for maximum economy and efficiency [77, 78]. Figure 2.5 demonstrates
the stress-strain curve of natural bone compared with ductile and fragile materials’ curves. As
can be observed, bone has fragile and ductile properties; thus, it is slightly deformed when a
load is applied before failure. While a fragile material responds linearly and breaks without any

deformation, ductile material gets into the plastic area and deforms before failure [76, 78].
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Figure 2.4: Stress-strain curves of human bone showing the general behaviour of bone and the
changes of mechanical properties with the density; the stress-strain curve of bone comparing
its general behaviour with ductile and fragile materials (left) and the compression stress-strain

curve for the cortical and trabecular bone with different densities (right), adapted from [76, 79]

Mechanical properties of bone differ according to the anatomical location and the loading
direction [41, 51]. There is wide variability in mechanical properties: Young’s modulus, tensile

strength and compressive strength between the longitudinal and transverse loadings, as shown
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in Table 2.1; thus, bone is considered an anisotropic material. The mechanical characterisation
of cancellous bone is even more complicated because the cancellous bone is extremely
nonhomogeneous [41, 80]. Mechanical properties of bone are related to several variables
dependent on each other such as age, gender, mineral and liquid content. For example, the
strength of cancellous bone depends on bone mineral density; thus, a 25% decrease in bone
mineral density (bone loss because of age) can lead to a 44% reduction in the strength of
cancellous bone. However, other properties of trabecular bone, such as the ultimate strain and

yield strain are almost independent of bone density [81].

Table 2.1: Structural and mechanical properties of cortical bone, adapted from [41].

Loading Porosity  Density  Young’s Tensile Compressive
[%0] [o/cm®]  modulus  strength strength
[GPa] [MPa] [MPa]
Longitudinal 5-10 1.99 17-20 79-151 131-224
Transverse 5-10 1.99 6-13 51-56 106-133

2.2.4.2 Bone Fractures and Disorders

The right balance between bone resorption and bone formation maintains the healthy condition
of the bone. Any alterations or changes in this mechanism lead to several skeletal diseases, like
osteoporosis, due to the massive resorption of bone. Osteoporosis weakens bone and makes it
fragile due to low bone mass, making bone at greater risk for injuries and fractures, as explained

in Figure 2.6 [74].
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Figure 2.5: Comparison of stress-strain curves of healthy bone and osteoporotic bone; healthy
bone presented (in black) and osteoporotic bone (in blue) and the “safe elastic range” area is
shown in green to identify bone deformation with any potential risks of failure or loosening
[82].

Bone is weaker in tension and fails mainly due to tensile forces. Even bone is more robust in
compression, but compressive forces might cause fracture by shearing. The combination of
compressive and bending stresses on bone results in the butterfly fracture, as shown in Figure
2.7 [80].

Fractures of the femur bone are among the most common bone injuries, especially in females
and older people. The mechanism of femur fractures can be classified into high energy trauma
and low energy trauma. Usually, femur fractures in young people occur because of high energy
collisions such as car crashes, motorcycle crashes or falls from heights. In contrast, most
femoral fractures by a lower force trauma occur in older people. On the other hand, femoral
fractures may occur due to pathologic fracture, osteoporosis, or metabolic bone disease.
Injuries may occur in any part of the femur bone; however, femoral shaft fractures are the most
common femoral injuries; therefore, this research will focus on this kind of fracture [83, 84],

as we will see in chapter 5.
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Figure 2.6: Different types of long bone fractures caused by different types of loads (tension,

compression and bending), adapted from [80]

As we discussed before, not all bone fractures will heal normally; for example, about 13% of
tibia fractures are associated with delayed union or non-union due to impaired bone
regeneration. Bone healing rates vary with the patient’s characteristics, especially the age since
the repair process is slower in the elderly [84-86]. Therefore, there is a tremendous need to
develop systemic therapies and novel treatments to promote bone healing and accelerate

regeneration.

2.2.4.3 Biomechanical Analysis

Biomechanical analysis is essential to understand the behaviour of natural bone during the
healing process. Several studies have used finite element analysis to describe bones' stress
distribution and deformation and the mechanical behaviour of joints and scaffolds [43]. This
study will focus on the stress analysis of femur bone because femoral diaphysis fractures are

the most common injuries required to treat [42]. Surgeons use orthopaedic implantation to
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replace the damaged bone in most femoral shaft fractures. Different biomaterials were
investigated for fabricating femur scaffolds; Deshmukh studied the properties and
biocompatibility of stainless steel, cobalt chromium, titanium alloys, and polymers. The results
showed that low stiffness material is better for long bone fractures [87]. Das also examined the
biomechanical feasibility of different biomaterials. The study included a simple bone plate
fixed with screws across a fracture line on the femur since torsional and compressive loadings
were applied along with several stages. The results found that titanium generates relatively
higher stresses in the damaged area than stainless steel and cobalt chrome. These higher stresses
at the callus zone provide better bone healing potential and better stability to the fracture
fixation [88]. Another study compared bone plates made of other materials, including stainless
steel, alumina, titanium, PMMA and Nylon [89]. A simulation of the full articulation using
three-dimensional solid models involving the friction among the bodies was also done [90].
Kumar studied the stress analysis of the femur to investigate the behaviour of hip contact
stresses/forces during daily activities like standing, walking, running and jumping [43].
Moreover, the influences of human weight during walking were studied by Amornsamankul;
the results of this work showed that higher weight leads to a higher value of displacement [91].
Several numerical studies also were run to determine the suitability of open-porous scaffolds
for healing femur fractures. Wieding et al. [92] used different titanium scaffold designs with a
porosity between 64 and 80%. The defect was a large segmental distal femoral (30 mm) that
stabilised with a plate and physiological hip reaction forces, as well as additional muscle forces,
were implemented to the femoral bone. Uniaxial compression testing revealed young modulus
of the scaffolds varied between 3.5 GPa and 19.1 GPa depending on porosity [92]. Later,
Karuppudaiyan and colleages [93] designed several scaffolds with open porous structures (5%
to 60% porosity) and used unit block for segmental defect of femur bone diaphysis. The

maximum stress and displacement of the scaffold were studied with hydroxyapatite. The results
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confirmed that the designed unit block could avoid the stress shielding effect between the

scaffold and living tissue [93].

2.3 Conventional Bone Grafts

Conventional approaches are widely used to replace, restore, or promote the repair of damaged
bone tissue [48]. Traditional grafts practised to treat bone defects can be divided into the
following types: autografts, allografts, xenografts, and any combination thereof [19]. This
review discusses the difference between the three clinical approaches and highlights the

limitations and challenges of each one.

2.3.1 Autografts

Autologous bone is the harvested bone tissue from a donor site of the patient’s body and then

transplanted to another location of the same body [17, 71, 94, 95].

Advantages: surgeons consider autograft the golden standard of bone space-filling to a load-
bearing replacement [23]. Autograft provides all the required properties of functional graft
material as it is histocompatible and does not trigger an immune response. It has the essential
components to promote osteoconduction, osteoinduction, and osteogenesis [17, 48, 71, 94, 95].
Disadvantages: since this approach includes harvesting bone tissue from the patient’s iliac
crest, a second surgery is required. Harvesting bone increases the surgical time and procedures
and is usually accompanied by residual pain at the donor site and cosmetic defects. In some
cases, significant complications may happen, including vascular or nerve injuries, deep
infections at the donor site, neurologic injuries, or severe hematoma formation [18, 71, 96].
Furthermore, the total amount of autologous bone that can be transferred is limited, which

restricts their use to treat segmental bone defects [19].

37



Chapter 2: Literature Review

2.3.2 Allografts

Allogeneic bone grafts are tissues transferred between two unmatched genetically subjects.
Allografts can be obtained from a living donor or cadaver and can be used in three ways: fresh,
frozen or freeze-dried and from cortical or cancellous [21, 71]. Allografts are easily accessible
through regional tissue banks and can be sent overseas because of tissue processing and
sterilisation technology, which eliminates any possibility of disease transmission [19, 71].
Fresh allografts have strong osteoinductive capabilities, even though they are rarely used
because of the high risk of disease transmission. Frozen and freeze-dried allografts are more
osteoconductive than fresh allografts but have weaker osteoinductive properties [19, 71].
Advantages: allograft is considered the second option for surgeons to avoid the challenges
associated with harvesting autologous bone, like morbidity at the donor site [23]. Allografts
are available in adequate quantity, especially allogeneic bone harvested from a cadaver that
can be customised in various sizes and shapes [21, 23].

Disadvantages: although the processing of allografts lowers the risk of transmission of viral
diseases compared with blood products, it is still possible, especially human immunodeficiency
virus (HIV) and hepatitis C virus (HCV) [23, 71]. On the other hand, the processing of
allografts negatively affects the biological and mechanical properties resulting in less

vascularisation and slower new bone formation [94, 95].

2.3.3 Xenografts

A xenograft is a tissue harvested from species other than humans, such as bovine bone, to
promote bone reconstruction. The shortage of human grafts led to finding alternatives like
xenografts to be practised after sterilisation and processing. Several xenografts have been
developed to be used alone or combined with growth factors and or allografts to simulate the

bone [19, 22]. During the xenograft treatment, the organic components are completely removed
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to reduce the chance of rejection and avoid any transmission of diseases. But this process results
in weak osteogenic capability, which restricts the wide use of xenografts in clinical practice.
However, the remaining inorganic contents provide a good calcium source for bone formation

[22].

2.4 Clinical Need for Bone Tissue Engineering

The rising rates of bone defects due to trauma, injury or disease have urgently required more
effective treatment approaches, especially with the progressive ageing of the population where
the higher potential of osteoporosis and poor physical activity exist [48, 97]. Although
conventional procedures have saved lives and provided good results for bone healing, many
drawbacks and challenges need to be overcome. As mentioned above, several studies have
reported the challenges and complications of conventional treatments, including autografts,
allografts and xenografts, especially in critical size bone defects [18, 19, 23, 48, 54, 71, 94, 95,
98]. This urgent need to create alternative therapy to conventional grafts has resulted in the
development of the tissue engineering approach [48]. In 1988, Skalak and Fox defined tissue
engineering to be “‘the application of principles and methods of engineering and life sciences
towards the fundamental understanding of structure-function relationships in normal and
pathological mammalian tissues and the development of biological substitutes to restore,
maintain or improve tissue function’’ [9, 99]. Bone tissue engineering is a promising and fast-
developing approach in bone regenerative medicine that aims to generate functional bone tissue
with limitless supply and no disease transmission [48, 97]. Bone Tissue engineering is a
multidisciplinary strategy combining the principles of orthopaedic surgery with the knowledge
from biomaterials, cell engineering, design, growth factors, etc., to develop scaffolds to restore

damaged bone tissue and recover its functions [9, 97].

39



Chapter 2: Literature Review

2.5 Requirements of Scaffolds in Bone Tissue Engineering

Although minor bone defects with small gaps can be treated with conventional approaches,
critical-size defects of more than 5 cm require more effective clinical intervention measures to
heal successfully without the risk of delayed healing or non-union [100]. Over a decade ago,
the ‘diamond concept’ proved itself to be an essential framework for understanding the vital
requirements in the bone healing process [101]. Figure 2.8 illustrates the interactions between
the critical parameters to generate the pathway for facilitating fracture repair. The diamond
concept represents the crucial constituents of bone healing as the following: 1) osteoinductive
mediators, 2) osteogenic cells, 3) an osteoconductive matrix (scaffold), 4) mechanical stability,

5) adequate vascularity, and 6) the host factors [11, 12, 101].

The ‘diamond concept’ is a conceptual framework that can be followed during the design of
the advanced treatment for a successful bone repair. Unlike natural substitutes, synthetic
substitutes can be almost completely controlled over the structure and properties [102]. The
“ideal” scaffold must have the following five properties collectively to avoid missed union or
non-union in a damaged bone: 1) biocompatible components do not trigger an immune
response; 2) osteoconductive properties to promote bone formation; 3) an appropriate structure
for supporting the circulation of blood and nutrients; 4) the potential to trigger vascularisation
at the defect site; 5) biomechanical compatibility comparable to that of bone to withstand the
load of the body and 6) controllable degradation rate matching the tissue growth rate [26, 37-
40, 48, 98, 103].

The materials development and the requirements that should be available in the synthetic bone

scaffolds are discussed in more detail below.
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Figure 2.7: Illustration of the requirements of an ‘ideal bone scaffold” based on the ‘diamond

concept’ of bone healing, adapted from [101].

2.5.1 Biocompatibility

The synthetic scaffold will directly contact the cells and living tissue; therefore, it should be
biocompatible with the host environment with no harmful effects on the patient’s body.
Biocompatibility is the first requirement that must be considered during the design and
manufacturing of any bone scaffold. Biocompatibility of the scaffold refers to its ability to
support cellular activity without any toxic effects on the host tissue [36, 104]. Thus, the
materials used to fabricate the scaffold must be non-toxic, non-allergenic, and not trigger an
immune response [25, 103]. Biomaterials used to manufacture bone scaffolds can be divided
into metallic, ceramic, polymeric, and composite materials [105]. This review has focused on
the historical development of biomaterials in the field of bone tissue engineering. Also,
challenges and drawbacks have been highlighted to be considered during the design and

fabrication of the ideal scaffold that aims to possess similar properties to natural tissue.
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2.5.1.1 Metallic Biomaterials

For several years, metals and their alloys have been used in orthopaedic and dental applications.
In general, metallic alloys are used more than pure metals in the manufacturing of implants due
to their superior properties. These alloys can be categorized into four groups based on the major
alloying element: stainless steels (such as 316 L), cobalt alloys, titanium alloys (such as Ti-
6Al-4V) and other alloys like NiTi, Mg, and Zr alloys [25, 106, 107].

2.5.1.1.1 Stainless Steels

Stainless steels have been used widely for implants manufacturing due to their low cost and
accepted biocompatibility [25, 30, 108]. Stainless steel can be categorised into four groups:
martensitic, ferritic, duplex and austenitic alloys, based on the characteristic microstructure
[44]. Austenitic alloys are the most popular in medical applications; for example, 316L alloy
is used as short-term implants [44]. 316L Stainless steels cannot be used as long-term implant
devices because of their poor resistance to corrosion in the body. The poor wear resistance may
lead to inflammatory reactions in the surrounding tissues. The time of failure varies from
several months to several years after implantation. Most of the failure analysis has indicated
that the fracture occurs due to fatigue failure, which gets worse in poor surface finishing
implants [109]. In addition to these limitations, the toxicity of released nickel and chromium
restricts the use of stainless steel alloys and is replaced by other efficient materials [25, 30].
2.5.1.1.2 Cobalt-based Alloys

Cobalt-chromium-molybdenum (CoCrMo) alloys were broadly used in load-bearing sites such
as hip and knee implants [44]. CoCrMo alloys experienced over 20-year service longevity in
the joint bearing systems due to their excellent corrosion resistance and better wear resistance
than stainless [110]. However, these alloys suffer from poor biocompatibility due to the release

of Co, Cr, and Ni in the surrounding. Its little resistance to corrosion fatigue and fretting fatigue
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can also lead to the implant's failure [25]. As shown in Table 2. 1, CoCrMo alloy has high
stiffness, making it more likely to produce more significant stress shielding [111, 112].
2.5.1.1.3 Titanium and titanium-based alloys

Titanium and its alloys have been intensively used in orthopaedic applications for many
decades due to their biocompatibility and chemical stability [25]. Hip, knee and elbow
replacements are the most common applications of titanium alloys. Depending on the
microstructure after processing, titanium alloys are categorised into four groups: a alloys, near-
a alloys, o — B alloys, and B alloys [25]. The first generation of titanium alloys (Ti—6Al-4V
alloys) has been reported to cause allergic reactions with the surrounding tissue, whilst the
second generation of titanium alloys (B -titanium alloys) has been developed and improved to
address this problem [113]. Titanium exhibits high specific strength and lower Young’s
modulus comparable with the other biocompatible metals (Table 2.2) [25, 46, 47]. Titanium is
non-ferromagnetic, so patients with titanium implants can be safely examined with magnetic
resonance imaging (MRI) and computed tomography scanning (CTS), which are required to
assess the position and health of the scaffold and the host bone tissue [47]. However, there are
many concerns regarding the long-term performance of titanium scaffolds. The inert biological
behaviour of titanium is a suitable property, but that badly affects its integration with the host
bone tissue [47]. Osseointegration between the artificial scaffold and the natural bone tissue is
critical for successful osteogenesis [113, 114]. Surface modifications techniques such as anodic
oxidation have been suggested to overcome these drawbacks and enhance titanium bioactivity
[115, 116]. The surface with moderately rough topography and high surface energy influences
cellular activities to promote bone formation [114, 117]. Also, highly porous Ti scaffolds have
been recently produced to improve the fixation and vascularisation at the defect site to improve
bone healing [35]. However, none of these trials has presented the ideal scaffold that matches

the mechanical and biological properties of natural bone. In reality, Titanium scaffolds are far
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from being wholly optimised for bone regeneration due to lack of osseointegration and the
mismatch in mechanical properties between the scaffold and host tissue, which can cause stress

shielding resulting in a decrease in density of the bone [20, 26, 47, 98, 118-120].

Table 2.2: Mechanical properties of bio-metallic alloys compared to the cortical bone, adapted
from [25, 47].

Young’s Tensile Yield Compresive Fracture
Materials modulus strength strength strength toughness
[Gpa] [Mpa] [Mpa] [Mpa] [Mpa.m®?]
Cortical bone 10 - 30 50-170 30-70 131-219 2-12
Ti alloys 110 - 125 700-930 485 590-1117 55-115
Stainless steels 189-205 540 - 1350 220-1200 170-310 50-200
CoCrMo alloys 240 900 - 1840 448-1606 - 100

2.5.1.2 Bio-Ceramics

2.5.1.2.1 Calcium phosphates

Calcium phosphate materials have been widely used as bone substitutes due to their
osteoinductive and osteoconductive features [29, 30, 121]. Osteoinductive and osteoconductive
characteristics of Calcium phosphates (CaPs) enhance cell adhesion, proliferation, and promote
bone regeneration [121]. Calcium phosphate materials have similar crystallinity to the mineral
components of bone. The most common types of calcium phosphates investigated for bone
tissue engineering and their properties are shown in Table 2.3 [41]. Bioactive behaviour differs
between these types due to their crystal structure, Ca/P ratio, porosity, and solubility [41, 121,
122]. The solubility and well-timed degradation rate of scaffolds play a vital role in bone
regeneration [123]. Solubility of CaPs phases varies with different factors: porosity, grain size,
crystallinity, and sintering temperature [23, 103, 122, 124]. Table 2.3 shows that the lower the

Ca/P ratio is, the more soluble the CaP phase is [125, 126]. TCP has greater solubility than HA
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and rapidly resorbs due to its high porosity. HA resorbs at a slower rate which does not match
the rate of bone regeneration; therefore, composite modification by mixing HA with calcium

carbonate and BCP has been investigated to increase the resorption [127].

Table 2.3: Calcium phosphate materials used in bone tissue engineering applications, adapted
from [126].

CalP Solubility
Name Formula Molar Density PH Stability Range at 37°C, _
Ratio log (Ks)
DCPA (dicalcium CaHPO4 1.0 2.929 2.0 -5.5 (>80°C) 7.02
phosphate anhydrous,
Monetite)
DCPD (dibasic calcium  CaHPO4.2H.0 1.0 2.319 2.0-6.0 6.63
phosphate dehydrate,
Brushite)
a-TCP (a-tricalcium a-Caz(POa):2 1.5 2.814 Precipitated from 25.5
phosphate) aqueous solutions
onlyat T >1125°C
B-TCP (B-ticalcium B-Caz(POa):2 1.5 3.067 Precipitated from 29.5
phosphate) aqueous solutions
only at T > 800 °C
HAp, or OHAp Ca10(PO4)s(OH)2 1.67 3.155 9.5-12.0 117.2
(Hydroxyapatite)
TTCP, or TetCP Cas(P0O4)20 2.0 3.056 Precipitated from 37-42
(tetracalcium aqueous solutions
phosphate, only at T > 1300 °C

Figure 2.9 displays how certain phases of calcium phosphates are biodegradable to be resorbed
in the human body and replaced by living bone tissue. These biodegradable phases are [3-
tricalcium phosphate, tetra-calcium phosphate, and CaO. When the material’s surface is

connected to water at a specific temperature, the bioactive phase (hydroxyapatite ), which has

45



Chapter 2: Literature Review

a unique molecular, micro and macrostructure to the bone, is formed. Then cells attach to the

surface and start growing to promote the formation of a new bone [33].

Ca s 3
‘ ; . .2+ HPOFX » 3
H H,O H Ca & q_‘
Tﬁ,ﬁ%?% R new bone
® o a3 X O
Ca(PO,OH ./ CagPO,), /. CaHPO,... HA surface
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Figure 2.8: The mechanism of the bonding between bioactive material and bone showing the
formation of new bone layer on HA surface; solubility of HA in physiological fluid (1 & 2),
equilibrium between the HA phase and physiological fluid (3), adsorption of proteins and other
bioorganic compounds (4), cell adhesion and growth (5, 6) and formation of new bone (7, 8).
[30].

Recently, Beta- calcium pyrophosphate (B-CPP) has emerged as a promising material for bone
tissue engineering [128]. B-CPP can be easily prepared by sintering brushite mineral, which
has a fast setting reaction and good stability at room temperature [129]. Pyrophosphate is an
ideal material for bone mineralisation and healing since it might work as a substrate of
mineralisation enzyme [130-133]. Grove, in his study, compared the biological performance of
a mixture of amorphous CPP/brushite with control brushite. It has been observed that more
bone formation ~ 33% occurred in the sample containing CPP. While for the brushite control
sample, only 14% of the area was replaced with new bone [131]. Naga and colleagues coated

a porous alumina scaffold with brushite and then sintered it at 1100°C - 1200°C to be
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transformed into B-CPP. Results showed that the transformed B-CPP after the sintering process

promoted new bone formation around the scaffold [132].

Although CaPs materials support new bone formation and biomineralisation [103], their
mechanical properties limit wider clinical applications of CaPs since they are brittle and have
low fracture toughness (Table 2.4) because of the porosity that results in initiation sites for
crack propagation [29, 134, 135]. Therefore, CaPs are used in non-load bearing applications

such as filling of bone defects or as a coating for metallic scaffolds [126].

Table 2.4: Fracture toughness of calcium phosphate materials in comparison with cortical bone

and titanium alloys, adapted from [136-139].

Material Fracture toughness
HA 0.5 1 MPam*?
B-TCP 0.92 MPa m'2
Brushite 0.1 MPa m*2
Cortical bone 2 —12 MPa m'?
Titanium alloys 28 — 108 MPa m*2

2.5.1.2.2 Bioactive glasses

Bioactive glasses have been used in a particulate form for bone regeneration due to their ability
to stimulate osteogenesis. Bioactive glasses consist of mixtures of oxides from SiO2, CaO,
Na20, K>0, MgO, P20s, and many compositions have been developed to adjust their properties
for specific applications [31, 140]. Bioglasses are proper materials for bone scaffolds because

of their excellent osteoconductivity and controllable degradation rate [41, 141]. The first
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known bioactive glass is 45S5: 45wt.% silica (SiO2), 24.5wt.% calcium oxide (CaO), 24.5wt.%
sodium oxide (NaO), and 6wt.% phosphorous pentoxide (P.Os) [140, 142]. After
implantation, such silicate-based bioactive glass has an additional advantage due to the released
Si ions that enhance primary osteoblasts’ growth and osteogenic differentiation [140]. 6P57
bioglass also has a promising composition: 56.5wt.% silica (SiO2), 15wt.% calcium oxide
(Ca0), 11wt.% sodium oxide (Na20), 6wt.% phosphorous pentoxide (P2Os), 3wt.% Potassium
oxide (K20), and 8.5wt.% Magnesium oxide (MgO) [143]. Popescu’s study proved that
primary osteoblasts grown on 6P57 bioglass surfaces displayed better viability and
proliferation than other bioglasses higher in silica [144]. Proper contacts between large surfaces
of the cells and the 6P57 films have proven that the structures forming in SBF represent suitable
substrates for osteoblasts survival [145]. The strong bond between bioactive glasses and living
tissue forms a biologically active layer of HCA that can develop only if the glass surface can
create Si-OH bonds when immersed in a biological environment [140]. However, bioglass
compositions based on borate and borosilicate have better controllable degradation rates than

silicate bioglass [146]. Their degradation rates are closer to the bone formation rate, making
them ideal for bone scaffolds [146]. The composition of bioglass affects the interfacial
reactions and hence the bioactivity. For example, released calcium ions and silicon enhance
bone osteogenesis. During the manufacturing process, bioactive glasses can be doped with
elements such as Cu, Zn or Sr to enhance antibacterial properties and regenerative processes
[104, 147]. However, the inherent brittleness and low fracture toughnes (0.7 — 1.1 MPa m*2 for
45S5 bioglass) limited the use of bioglasses as bulk material to non-loadbearing substitutes

[30].
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2.5.1.3 Polymers

2.5.1.3.1 Natural Polymers

Natural polymers have been suggested for bone reconstruction due to their biocompatibility
and bioresorbable properties [26, 148]. Natural polymers such as collagen, fibrin,
glycosaminoglycan and silk have good biocompatibility and biodegradability. Since bone
contains collagen, natural polymers are ideal to substitute the collagenous structure of bone.
Besides biocompatibility, natural polymers enhance cells adhesion and cell proliferation [149].

However, their low mechanical strength and lack of quantity limit their applications [104].

2.5.1.3.2 Synthetic Polymers

Synthetic polymers can be easily custom-made to fit the anatomical defects of individual
patients. However, their lack of osteoconductivity has limited their widespread use [36]. Also,
this type of polymer has poor mechanical properties that restrict its use to non-load-bearing
grafts. Many studies have investigated the combination of polymer materials with other bone
grafting materials like ceramics to get desirable properties. On the other hand, composite
polymers have been designed in a chemical process called co-polymerisation to control the
polymer properties, particularly the degradation rate and biological functionality to match
natural bone [127, 150, 151]. The most commonly utilized copolymer for bone tissue

engineering is the copolymer Polylactic-co-glycolic acid (PLGA) [103, 127, 152-155].

2.5.1.4 Composite and Coated Materials

In order to overcome the drawbacks coming from using biomaterials as single componenet,
several studies have demonstrated trials of new approaches. For example, titanium scaffolds
have been coated with thin layers of bioactive materials such as calcium phosphate or bio-glass

to promote osteogenesis [35]. Bioactive material stimulates a specific biological response at
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the interface of the scaffold leading to the formation of a natural bond and the development of
new mineralised bone tissue[34]. These coatings can also protect the scaffolds from corrosion
and limit the release of metallic ions into the human body [156].

On the other hand, many studied investigated the incorporation of bioceramic materials like
HA particles within polymeric matrix to enhance the mechanical properties of the polymers
[127, 150, 157] or mixing bioglass with natural polymer [104]. The improvement of
mechanical properties strongly depends on the size, shape and distribution of the rienforced
materials in the matrix [48]. Chu and colleagues mixed different ratios of HA with titanium
powder to modify the mechanical properties. Their non porous composite material showed
lower young modulus compared to pure titanium but still far away from the modulus of natural
bone [158-160].

However, these trials could not achieve any significant success in clinical practice because they
have been unable to thoroughly consider natural bone structure and properties, especially for

critical-size defect at load-bearing sites.

2.5.2 Osteoconductive Properties

A perfect bone scaffold should be osteoconductive, allowing bone cells to attach and
proliferate. The osteoconductive material must support bone-forming cells to migrate across
the scaffold and form an extracellular matrix on its surface and inside its pores [20, 103, 161].
The osteoconductive scaffold has the ability to guide bone cells to grow on its surface to be
replaced over time with new bone. In the work of Castro and collaborators, osteoconductive
nanocrystalline hydroxyapatite (HA) material was produced. Their in vitro results proved that
attachment, proliferation, and differentiation of bone marrow-derived MSC were significantly
enhanced [85, 162-165]. In Staffa and colleagues’ study, a method for making osteoconductive

bioceramic porous hydroxyapatite was described. After two years of follow up, all patients’

50



Chapter 2: Literature Review

results were clinically satisfactory, and the material with its structure promotes cell colonisation
and osteointegration [85, 166]. Another study demonstrated the osteoconductive properties of
a 3D printed porous scaffold of tricalcium phosphate and hydroxyapatite (TCP/HA) for vertical

bone augmentation [164].

2.5.3 Optimal Architecture

According to the understanding of the mechanism of bone regeneration, bone scaffolds require
a proper composition with an efficient structure to promote bone healing. Therefore,
synthesised scaffolds should be porous to ensure tissue growth, vascularisation, diffusion of
nutrients to cells, and waste elimination [20, 26, 48, 167]. Porosity allows cell penetration into
the structure and supports cells proliferation; hence bone cells migrate into the porous avenues
and then bond with the scaffold through the formation of new bone [38, 39]. However, porosity
and mechanical strength are in conflict; higher porosity means lower mechanical strength
[102]. This problem can be addressed by fabricating scaffolds with no more than 55% to 74%

porosities to combine good mechanical strength and efficient micro-architecture [26].

Generally, the shape of pores does not influence the biological response, but the critical factor
in the design of porous scaffolds is the pore size. Pore size directly affects bone regeneration
since larger pores vascularise and stimulate osteogenesis faster [20, 102]. The optimal pore size
should enable cell motion and ingrowth into the scaffold and, at the same time, ensure
improving cell adhesion [38]. Many studies have suggested pore sizes ranging from 100 to 800
um to be ideal for vascularisation and bone regeneration [20, 26, 85, 98, 102]. However, the
optimal pore size is affected by many factors playing a prominent role in tissue formation, such
as scaffold morphology, degradation rate, culture conditions, and mechanical properties of the

scaffold [26, 38]. Another essential factor in ensuring proper scaffold fixation to the
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surrounding tissue is the interconnectivity of the pores [168]. Interconnected micro and macro
pores also provide adequate diffusion of nutrients and oxygen to cells and transport metabolic
waste out of the scaffold. For successful osseointegration, pores should be open, large enough
and form connected channels to each other to allow vascularisation and ease penetration of

osteogenic progenitor cells into the pores [20, 40, 98, 169, 170].

2.5.4 Biodegradibility

In the treatment of large bone fractures, scaffolds made of biodegradable materials have the
potential to achieve fast bridging with healthy tissue which is the first phase of the healing.
Biodegradable material/scaffold can provide a crawling bridge for new bone tissue in the gap
and a platform for cells to play a physiological role, which will eventually be degraded and
absorbed in the body to be replaced by the new bone tissue [40]. PLGA copolymer has been
used widely in bone scaffolds since the degradation rate can be controlled by modifying the
ratio of its monomers [103, 127, 152-155]. Also, Brushite has been utilised as a bone-replacing
material since its degradation ratio is much higher than HAp [126].

Natural bones consist of various ions such as silicon Si*** sodium Na*, and magnesium Mg?*
which play an essential role in bone formation. Using trace elements with calcium phosphate
has opened a new opportunity to control the degradation ratio. Several studies have applied
these ions in designing bone scaffolds to investigate their effect on bone formation and growth.
[104, 147]. Also, doping with Fe ions could enhance the degradation rate of calcium phosphates
by creating defects on the CaP structure. According to previous in vitro work, the degradation
ratio of sintered brushite with concentration of Fe?* / Fe3* ions up to 10 mol% was higher than

undoped brushite [104].
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2.5.5 Angiogenic Properties

During fracture healing, bone regeneration is intimately coupled with the angiogenesis process.
Angiogenesis means the formation of a new blood vessel from a pre-existing one. Bone tissue
is highly vascularised; therefore, the synthesised scaffold must be able to support angiogenesis
and induce the formation of new blood vessels. These new-formed blood vessels play a crucial
role in fracture healing and bone regeneration [36, 171-174]. They bring nutrients and oxygen
to growing cells and tissues within the scaffolds. The lack or poor vascularisation at the fracture
site has been reported as one of the main reasons for delayed fracture healing or non-union [36,
171, 172]. Since the deficiency of nutrients and oxygen leads to improper cell differentiation
or cell death, which eventually affects the osteogenic repair [175]. Therefore, bone scaffolds
must serve as templates for establishing the vascular system and supporting bone-forming cell
growth. Many studies on bioactive glasses have demonstrated their beneficial effect on
angiogenesis due to the released ions during the degradation process. Other studies have proven
that polymer/bioglass composites can improve angiogenesis and neo-vascularisation [146]. In
addition to the scaffold’s materials, its structure significantly influences vascularisation, as
discussed before in (2.5.3 Appropriate Architecture). Larger pores (>100-150 um) promote
vascularisation and stimulate osteogenesis, whilst smaller pores hinder vascularisation [20,

176-179].

2.5.6 Optimal Mechanical Properties

Mechanical properties of the scaffold have a critical role in bone healing, especially at load-
bearing sites [48, 180, 181]. Mechanical stability is one of the four basic principles in the
diamond concept of bone healing [10], as presented above in Figure 2.7. Mechanical stability
supports forming a callus that bridges the fracture, permitting loads to be transferred across the

fracture site [10, 11]. From a clinical point of view, the designed scaffold should mechanically
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secure and support stable fixation during the initial stages of tissue growth [103, 161].
However, to support stability and fixation of the scaffold, surgical interventions, including
internal or external stabilisation systems, may be used, which eventually enhance fracture

healing [10, 11].

The optimal bone scaffold must have mechanical properties closely matching the host tissue’s
characteristics to support its growth. For example, if the compressive strength of the bone
scaffold is too low, it could not withstand the load and will be deformed, leading to improper
tissue growth or preventing tissue growth at all. On the other hand, when the compressive
strength of the scaffold is too high, cells will not be subjected to the required in vivo conditions
to promote tissue growth [26]. Mechanical stability is more complicated in repairing large bone
fractures, particularly at load-bearing sites. The healing of such cases requires a scaffold with
high stiffness (elastic modulus) to maintain the applied load for the time needed without
showing symptoms of fatigue or failure [182]. But, significant differences in stiffness between
the scaffold and bone tissue cause different strain levels at the same stress value, leading to
scaffold delamination [26]. At the same time, the higher elastic modulus of the scaffold results
in a decrease in the density of the surrounding bone due to the reduced physiologic loading of
the natural bone [183]. According to Wolff’s Law, bone is generated and becomes stronger
along the lines of the mechanical stress, so bones that are not subject to everyday stress will
lose its mass [71, 184-189].

This is the major challenge of the current metallic scaffolds like titanium, where their
mechanical properties exceed the surrounding bone leading to “stress shielding” [124, 190]
(Figure 2.10). For example, cortical bone has Young’s modulus E = 4 — 20 GPa while titanium

exhibits E = 100 — 110 GPa [20, 26-28]. Thus ideal bone scaffold must have adequate
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mechanical properties to minimise any risk of stress shielding and allow proper load transfer

to support the regeneration of bone [48, 181, 191, 192, 193].

The material composition significantly influences the mechanical properties of the scaffold. As
we explained previously in (2.5.1 Biocompatibility), several biomaterials have been
investigated in the field of tissue engineering. For instance, bioceramics have elastic modulus
and compressive strength very close to the human cortical bone; but they are brittle and have
low fracture toughness [48]. At the same time, biodegradable polymers exhibit cancellous bone
compatible mechanics. For this reason, polymer-ceramic composites were investigated to
modify the mechanical properties to the required values based on the host tissue [48]. Although
this strategy is valid, the mechanical properties of the synthesised scaffolds are far from those
of the human cortical bone.

The tremendous variation in mechanical properties of natural bone according to location and
function, as discussed before, makes it challenging to design an ideal scaffold from a single
component [26, 103, 161, 182]. Therefore, most of the current scaffolds have failed clinically

and caused delayed healing or non-union.

Figure 2.9: Stress shielding of the proximal femur; the red arrow refers to a local bone
demineralisation due to the stress shielding around the replacement, adapted from [194].
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2.6 Research Aim and Objectives

The regeneration and recovery of bone tissue is not an easy task since bone is a complex living

tissue with magnificent mechanical properties and significant metabolic activity. This work

aims to establish a completely new approach for the development and fabrication of bone

scaffolds. Instead of focusing on a single material, a combination of different technologies,

materials and fabrication techniques will be used in order to design and develop a synthetic

scaffold that could imitate the unique structure and functionalities of natural bone. In order to

achieve this aim,the work has included the following main objectives:

Design and fabrication of porous titanium/10 mol% Fe** doped brushite (Ti/DCPD-Fe)
scaffolds. By following the design of experiments (DOE) principles, mineral ratio,
porosity and sintering parameters will be identified to get the appropriate scaffold for

load-bearing applications. (Chapter 3)

Characterisation of the synthesised scaffolds in terms of crystal structure, phase
constitution, and microstructure using techniques such as XRD, STA, XPS, SEM and

uCT. (Chapter 4).
Optimisation of mechanical properties by conducting a parametric study to identify the
appropriate fabrication conditions that result in mechanical properties similar to those

of natural bone. (Chapter 5).

Finite element analysis to study the stress and strain behaviour of the synthesised

scaffolds. The work includes a model for a femoral fracture with the potential scaffolds
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to investigate the biomechanical behaviour at the interface bone/scaffold and optimise

the scaffold’s design according to the needs of each patient. (Chapter 5).

In vitro cell compatibility and proliferation of the synthesised materials will be tested.
Also, characterisation of the synthesised scaffolds after cell seeding will be conducted.

(Chapter 6).
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Chapter 3
Materials & Methods
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3.1 Introduction

This chapter discussed the materials and methods employed to synthesise porous titanium/ Fe3*
doped brushite scaffolds. Different characterisation techniques were used to investigate the
crystal structure, composition, and porosity, including X-ray diffraction analysis (XRD),
scanning electron microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS) and Computed
Tomography (u-CT). Compressive testing was also conducted to calculate the mechanical
properties of the synthesised scaffolds, and then numerical analysis was performed to explore
the stress and strain behaviour. The protocols and procedures followed to examine the influence

of the porous composite scaffolds on biological response were also described.

3.2 Materials Preparation

Commercial pure titanium powder Ti (99.7% purity, provided by Sigma Aldrich ® 268496)
was used to prepare the scaffolds. The irregular shape and average size of the titanium powder
are shown in Figure 3.1. Spherical potassium chloride powder KCI (99.1% purity, provided by
Fisher Chemical) with a particle size range of 100 - 400 um was used as the space holder. The
particle size of the space holder (KCI) was chosen according to the literature review [38, 47,
194-196] to get a pore size larger than 100 um to facilitate cell migration and ensure the growth
of bone into the scaffold. On the other hand, using a space holder with larger particles than
titanium powder would give better distribution and, eventually, better interconnectivity [197].
Figure 3.1 shows the average size and morphology of starting powders of titanium (Ti) and

space holder (KCI).
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LEMAS 2.0kV 9.3mm x100 LM(L)

Figure 3.1: SEM images showing the particles’ shape and size of titanium and potassium
chloride; titanium powder with a particle size (45 - 180 um) (a) and KCI powder with a particle
size (100 - 400 pm) (b).

The Brushite powder CaHPO4-2H,0 (Ca:P ratio 1:1) used in the fabrication of scaffolds was
synthesised by the precipitation method following the procedures explained by Anastasiou,
Alsubhe and Elmadani [128, 130, 198-200]. 200 mL of a 0.1M calcium solution
Ca(NOz3)2-4H20 (Fisher Chemicals, CAS:13477- 34-4) was heated to 37°C (solution A). Then
200 ml of a 0.1M phosphate solution HPO4(NH4)2 (Acros Organics, CAS:7783-28-0) (solution
B) was added drop by drop into solution A. The equation representing the reaction is described

below [200, 201].

Ca(NOs), - 4H,0 + HPO,(NH,), = CaHPO, - 2H,0 + 2NH, NO; + 2H,0 (3.1)

The A and B solutions mixture was continuously stirred at 37°C for 2 hours. Then the mixture
was covered with foil to exclude the CO> ingress into the solution and left without heating to
stand for a further 1 hour to allow precipitation. The resultant brushite crystals were collected
on a filter paper (Whatman grade 44 with 3um pores), washed several times with distilled water

and dried in an air furnace for 24 hours at 80°C. Synthesis of the Fe** doped brushite (DCPD-
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Fe) followed a similar method, but before the addition of the phosphate solution HPO4(NHa4)2,
10% mole Fe(NO3)3-9H.O (VWR Chemicals, CAS: 7782-61-8) was added into the calcium
nitrate solution. Figure 3.2 shows the preparation steps of preparing 10% mole Fe** doped
brushite (DCPD-Fe) powder. PH was measured using a pH meter (HI991001, Hanna) during

the synthesis process.

Figure 3.2: Experimental steps of preparing 10% mole Fe** doped brushite (DCPD-Fe)
powder; (a): stirring process, (b): filtration process and (c): resultant powder after drying

process.

3.3 Scaffolds Fabrication

Titanium powder (Ti) was the primary component for all the fabricated scaffolds. Fe* doped
brushite (DCPD-Fe) mineral was added to adjust and improve the mechanical and biological
properties of titanium. Potassium chloride (KCI) was mixed in different volume ratios to
control the porosity of scaffolds. In order to optimise the properties of the fabricated scaffolds
to imitate natural bone, the Design of Experiments (DOE) was followed as described below

before starting the synthesis process.
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3.3.1 Design of Experiments (DOE)

DOE is a powerful statistical method to determine the individual and interactive effects of
synthesis variables (input) on mechanical properties of scaffolds (output) to develop an
accurate input-output relationship [202-205]. The design included three independent variables
(sintering temperature, porosity and CaP ratio) and ranges of their change by considering three
levels for each, as shown in Table 3.1. The three levels of the variables (temperature, porosity
and CaP ratio) were determined based on information available in the literature. Minitab
software was used to create three factors Box-Behnken Design (BBD), to identify the
fabrication conditions for each sample (Table 3.2). Table 3.2 displays the arrangement for 15
experimental points with 12 factorial design runs (in black) and three replicates at the centre
point (in blue). Based on the design matrix, 15 samples had to be fabricated with different

combinations of KCI and CaP ratios, then sintered at various temperatures.

Table 3.1: The values of the levels for the variables (sintering temperature, porosity and CaP ratio).

Factor/Variable Level
Low (-1) Medium (0) High (+1)
Sintering Temperature (°C) 850 1000 1150
Porosity (vol%) 0 20 40
CaP ratio (vol%) 0 5 10
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Table 3.2: Box-Behnken Design matrix showing the arrangement of the required samples,

including coded and real values.

Factors (Coded values) Factors (Real values)
Runs Sintering Porosity CaP Sintering Porosity CaP
Temperature (vol%) ratio Temperature (vol%) ratio
(°C) (vol%) (°C) (vol%)

1 -1 -1 0 850 0 5
2 1 -1 0 1150 0 5
3 -1 1 0 850 40 5
4 1 1 0 1150 40 5
5 -1 0 -1 850 20 0
6 1 0 -1 1150 20 0
7 -1 0 1 850 20 10
8 1 0 1150 20 10
9 0 -1 -1 1000 0 0
10 0 1 -1 1000 40 0
11 0 -1 1 1000 0 10
12 0 1 1 1000 40 10
13 0 0 0 1000 20 5
14 0 0 0 1000 20 5
15 0 0 0 1000 20 5

3.3.2 Synthesis Process

Porous titanium/10% mole Fe*? dopped brushite scaffolds were fabricated using the powder
metallurgy with the space holder process. Titanium powder was mixed in different ratios (0, 5,
10 vol%) with 10% mole Fe*® dopped brushite powder. The porosity was controlled by
adjusting the volume ratio of potassium chloride (0, 20, 40 vol%) to titanium and brushite
mixtures. Two drops of Ethanol were added to ensure proper mixing and distribution of the
components. The different combinations of powders were uniaxially pressed at 250 MPa at
room temperature using a manual hydraulic press with closed stainless steel die [197, 206, 207]
to obtain cylindrical samples of 10 mm in diameter. Two different heights of samples were
fabricated 2mm for cell work and 10mm for mechanical testing. Five minutes were given for

each sample to settle in the die before taking out to avoid breakage or crumbling. Later, samples
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were immersed in heated water at 80°C for 3 hours to extract the space holder and then samples
were washed and cleaned with isopropanol using an ultrasonic bath for 1 hour to get rid of the
oxygen [208]. Afterwards, the samples were dried in the furnace at 90°C for 3 hours and then
thermal sintering took place [209]. Sintering process was conducted in an inert atmosphere at
a flow rate of 3 L/min of Argon. Three temperatures (850, 1000, 1150 °C) were used for
sintering with a constant time of 2 hours and a heating/cooling rate constant at 15°C /min.
Argon was on during the cooling cycle until the temperature dropped to below 400°C to avoid

oxidation.

Porous Composite Sintering Drying Dissolution
Scaffold

Figure 3.3: The main steps of the synthesis process of the porous Ti/ DCPD-Fe scaffolds.
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Table 3.3: List of the codes of the fabricated samples referring to the KCI and CaP ratios used

for the synthesis.

Designed scaffold

Code* KCI CaP
(vol%) (vol%)
(0,0) 0 0
(0,5) 0 5
(0,10) 0 10
(20,0) 20 0
(20,5) 20 5
(20,10) 20 10
(40,0) 40 0
(40,5) 40 5
(40,10) 40 10

*Samples were coded as follows (A, B);
A = KCI (vol%)
B = CaP (vol%)

For example: (20,10) is a scaffold fabricated using 20vol% KCI to create porosity and contains
10vol% of CaP mineral.
Samples were coded as described above to make the presentation and discussion of the results

easier in the following chapters.

3.4 Characterisation Techniques

3.4.1 X-Ray Diffraction (XRD)

3.4.1.1 Principle

X-ray diffraction (XRD) is a non-destructive technique utilised to study the material's crystal
structure and atomic spacing. A standard XRD equipment consists of three main parts as
illustrated in Figure 3.4a: i) X-ray cathode tube, which generates X-rays by heating the filament

inside it to produce electrons, ii) the sample holder to place the target material and iii) X-ray
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detector which rotates around the sample and its position is recorded as the angle 26. After
generating electrons in the x-ray tube, they accelerate and hit the target material. When
electrons have sufficient energy to eject the inner shell electrons, characteristic X-ray spectra
are produced. The detector records the intensity of the diffracted X-rays; since the X-ray
intensity is typically recorded as counts or counts per second. The detector records the number
of X-rays observed at each angle 20. Then the material structure is identified by analysing the
location, angle, and intensity of peaks [210-212]. The interaction of the incident rays with the
sample produces constructive interference and a diffracted ray when conditions satisfy Bragg's
Law. Bragg’s law relates the wavelength to the diffraction angle and d spacing by the formula
[210-212].
nA= 2dp sin 6

Where:

n is an integer (order of reflection)
A is the X-ray beam wavelength

0 is the diffraction angle (degree)

d is the distances between planes of atoms

w

,,—1 .
g 2d sin 9

Figure 3.4: Schematic diagram of X-ray diffraction equipment consisting of an X-ray tube, a
target holder, and an X-ray detector (a) and an illustration of Bragg’s law (b), adapted from
[210, 213, 214].
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3.4.1.2 Sample Analysis

The crystalline phases of synthesised samples were determined by XRD Bruker D8 equipped
with a monochromatic Cu Ka radiation source (A= 1.54A) generated at a voltage of 40 kV. The
diffractometer step size was 0.065°, and the 26 scanning range was from 5° to 80° with a scan
speed of 1° s, Both powders and sintered pellets were analysed by X-ray diffraction using
these settings. Highscore plus software (Malvern Analytical) was used to analyse the obtained

XRD patterns and identify the phases.

3.4.2 Scanning Electron Microscopy (SEM)

3.4.2.1 Principle

Scanning electron microscopy (SEM) is used to study topography and composition of materials
with a high resolution of ~ 1 - 20 nm [215, 216]. Features such as the size and shape of crystals
or pores can be viewed by SEM [217-220]. The scanning electron microscopy (SEM)
construction is illustrated in Figure 3.5a. SEM microscope consists mainly of i) an electron
gun, ii) an electron optical system, and iii) an electron detection system. The system works
under a vacuum to prevent electron scattering with the gas molecules. When the electron beam
scans the sample's surface, electrons are emitted and penetrate the surface. As shown in Figure
3.5b, the beam interacts with the material, and then secondary and backscattered electrons are
generated. The secondary electrons are caused by inelastic collisions resulting in electrons
emission close to the material's surface. These electrons give the topographical contrast with
high-resolution images. The backscattered electrons are higher energy and are emitted from
deeper within the interaction volume. Different phases and grain boundaries of a material can
be detected because of the higher backscatter coefficient of larger atomic weight materials

[221].
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Figure 3.5: Schematic diagram showing the basic construction of scanning electron

microscopy (SEM) (a) and the electron beam interaction with the target material (b) [216, 222].

Energy Dispersive X-ray Spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique utilised for the

elemental identification and quantitative compositional data [223]. EDX detects the energy of

x-rays that are emitted from the sample. These x-ray energies correspond to specific elements.

As illustrated in Figure 3.6, X-rays emitted from the material’s surface enter the semiconductor

detector; eventually, electron-hole pairs are produced with quantities (electric current) equal to

the X-ray energy. By measuring these quantities, we can get the values of X-ray energy. Peltier

cooler is used to cool down the detector to reduce the electric noise [222].

Au coating

\

Incident X-rays

VAVAVAVE Y

Au coating
Electron
*—
-—0 [
Hole To the
measurement
system

F

-1000V

P
layer

Intrinsic N
region

layer

Figure 3.6: Construction of the detector for the energy-dispersive X-ray spectroscopy [222].
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3.4.2.2 Sample Analysis

SEM, Hitachi SU8230 1-30 kV fitted with a cold field emission gun was used to investigate
the size and morphology of powders used in the fabrication process. The microstructure and
porosity distribution of the scaffolds’ surfaces were also examined. Energy-dispersive X-ray
spectroscopy (EDX) with Aztec processing software was used to identify the elemental

composition of the synthesised materials and scaffolds.

3.4.3 X-ray Photoelectron Spectroscopy (XPS)

3.4.3.1 Principle

X-ray photoelectron spectroscopy (XPS) is a surface characterisation technique, also known as
electron spectroscopy for chemical analysis (ESCA). XPS can determine the elemental
composition of the surface and measure the electronic and chemical state of the material’s
atoms. XPS instrument consists of an X-ray source, a specimen stage, a lens, an analyser and
a detector, as seen in Figure 3.7a [224]. The examination is conducted in an ultra-high vacuum
~ 107® Pa to avoid surface contamination or electrons collision with the residual molecules
[221, 224]. XPS spectra are acquired by exposing a solid surface to a beam of X-rays and
measuring the electrons’ kinetic energy. X-rays target the electrons from the top 1-10 nm of
the surface (the ultra-thin film as shown in Figure 3.7b). These ejected electrons are counted
over a range of kinetic energies to obtain the photoelectron spectrum. Intensities and energies

of the photoelectron peaks permit the identification and quantification of the elements [225].
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Figure 3.7: Schematic diagram showing the XPS instrument principle (a), and the surface
layers identifying the depth that can be penetrated by the XPS source (the ultra-thin film in
blue) (b) [221, 225, 226].

3.4.3.2 Sample Analysis

Samples were examined using a UHV XPS machine with a SPECS Phoibos 150 analyser and
a SPECS XR50-M monochromated x-ray Al anode (1486.7eV) with 400W of power and 15kV
anode. It was unfocussed with a spot size of Imm x 3.5mm. The samples were charge
neutralised with an electron flood gun 3eV at 25mA. The samples were measured in Medium
Area mode with the surveys taken at pass energy of 50eV, and the High-Resolution scans were
taken at 30eV. The software on the machine is SPECs Prodigy, and the analysis of obtained

spectra was done with CasaXPS.

3.4.4 Simultaneous Thermal Analysis (STA)

3.4.4.1 Principle

STA is a simultaneous thermal technique that can be used to investigate the reactions and phase
transformations which take place during the heating process of materials. In this work, STA
instrument (PerkinEImer®, STA 8000), with the capability of acquiring the differential

analysis feature (DTA, DSC) with the thermogravimetric analysis (TGA) was used [227, 228].
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Thermo Gravimetric Analysis (TGA) is carried out to determine the weight change during
material heating as a function of temperature. The holders in the STA furnace are linked to a
balance which measures both the reference and sample mass [227, 229]. Differential Thermal
Analysis (DTA) measures the change in temperature between the sample and the reference as
a function of temperature. Differential Scanning Calorimetry (DSC) measures the amount of
heat flow (energy absorbed or released) by a material during heating/cooling at a constant

temperature [227, 230].

Relerence—\ /‘ Sample

/— Furmnace
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— Sample Temperature
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o
2

Figure 3.8: Schematic diagram showing the furnace of DTA [231].

3.4.4.2 Sample Analysis

STA technique (PerkinElmer®, STA 8000) was used to investigate the effect of heating on the
phase transformation of the Fe*® doped brushite powder. All thermal experiments were carried
out in a nitrogen atmosphere where alumina powder (Al.O3) was used as a reference and ~ 8-
10 mg of tested powder. The temperature range of the instrument was from ambient to 1450°C;
at the beginning, the sample was held at 30°C for 1 min and then heated up to 1450°C at a
heating rate of 20°C/min. Then, the sample was kept at 1450°C for 1min before cooling down

to 30°C temperature at a cooling rate of 20°C/min.
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3.4.5 Helium Pycnometer

3.4.5.1 Principle

Helium pycnometer is a method to measure the skeletal volume of a pre-weighed sample by
gas displacement (helium displacement). Helium (with 0.260 nm dynamic diameter) has
excellent permeability and can penetrate even the most minor voids or pores in the sample;
therefore, more accurate results can be obtained. Also, this method is entirely automatic,
starting from calibration and ending by calculating the results, which avoids human errors [232,
233]. This method employs Boyle's law (volume-pressure relationship) and gives the most
accurate estimation of open porosity since helium has a high diffusivity and can penetrate even
the most refined pores in the structure. However, the helium pycnometer technique can quantify
only the open porosity accessible to the helium. The schematic diagram of the helium
pycnometer is shown in Figure 3.9. The pycnhometer consists of two interconnected chambers:
a sample chamber and an expansion chamber equipped with three valves: fill valve, expansion
valve and vent valve to control helium flow in the system and connected with temperature and
pressure sensors. At the beginning of the test, the dry sample is placed inside the sample cell
and then loaded in the sample chamber (of known volume Vsample chamber), and the whole system
is flushed with helium several times to get rid of any gases. Helium is introduced and fills the
sample chamber penetrating all accessible pores in the sample. The helium pressure is
measured as (P1) and then released to the expansion chamber, decreasing to a new stable level

(P2). The sample volume can be calculated using the gas law from the following equation [232,

234, 235].
Vsample = Vsample chamber — VHe (32)
_ Vexpansion chamber
Vsample - Vsample chamber — P_1_1 (33)
P
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The skeletal density of scaffolds p is defined as the ratio of mass (M) to the solid volume
(Vpycnometric), Which is the volume of the solid material with the closed pores (inaccessible to

the helium), as shown in Figure 3.10.

p= = (3.4)

V pycnometric

The volume of the pores that are accessible to helium gas (open pores) can be calculated from:

Vpores = Vtotal - prcnometric (35)

The open porosity (Popen) is defined as the ratio of the volume of open pores (Vpores) to the total

volume (Viotal).

V pores
Popen (%) = 7 total (3.6)
P1
| | P2
Sample Expansion
Chamber Chamber
Pressure
Gauge
Helium
flow 1011 ]
= 0
Fill Valve Expansion Vent Valve
Valve

Figure 3.9: Schematic diagram of the basic construction of helium pycnometer [232].

a b C

2 2 2

Figure 3.10: Blue shaded areas refer to the measured volumes by a helium pycnometer; (a)

with an open pore; (b) with open and interconnected pores; (c) with an open pore and closed

pore, adapted from [234].
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3.4.5.2 Sample Analysis

The skeletal density and open porosity of the scaffolds were measured using the helium
pycnometer (Pycnomatic ATC, Thermofisher Scientific). The helium pycnometer method
offers excellent temperature control to avoid volume changes during the measurement. The
procedure was set up to take repeat measurements for each sample until three density values
were obtained with a standard deviation < 0.5 %. Triple samples for each composition were

used, and then an average of those values was calculated.

3.4.6 Micro Computed Tomography (p-CT)

3.4.6.1 Principle

Micro-CT is a 3D imaging technique that uses X-rays to visualize and map the internal structure
of an object with resolutions ranging between 1 and 100 um [236-238]. This characterisation
technique is used to study biological samples or composite materials to check the morphology
and identify features such as density, porosity, particle size, etc. [239]. The target is rotated
between a fixed X-ray source and a fixed X-ray detector in a micro-CT scanner, as shown in
Figure 3.11. The source generates X-rays that pass through the specimen and are then recorded
by the detector as 2D projections. The sample keeps rotating on the stage with a specific
increment to get a series of X-ray projection images through a 180 degrees turn (or 360
degrees). These 2D images show the cross-section planes of the sample geometry, which are
then reconstructed to create a 3D model. The generated X-ray intensity is dependent on the

acquisition parameters, including the current, the voltage and the use of a filter [237, 240].
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Figure 3.11: Schematic diagram of the basic construction of micro-CT scanner; the X-ray
source, the sample on the rotating holder, and the detector (a) and the raw output as a series of
2D projection images of the sample recorded at different angles (b), adapted from [236].

3.4.6.2 Sample Analysis

The porous scaffolds were examined using three-dimensional Micro-CT (Skyscan 1172,
Bruker, Belgium). The X-ray source was kept constant at 100 kV and 100 pA using two filters
of 0.5 mm Aluminum. Fourteen hundred 2D slices were recorded with a rotational step of 0.4
degrees. The total scanning time was 80 min with an image resolution of 10um. The 3D
scaffold structure was reconstructed from the 2D projection images using (Nrecon, SkyScan)

software. Then, Dragon Fly (2020.2.0.941) software was used for the analysis.

3.5 Mechanical Testing

3.5.1 Optimisation of Mechanical Properties

A parametric study was conducted to optimise the mechanical properties of porous titanium/
Fe3* doped brushite (Ti/DCPD-Fe) scaffolds. Synthesis parameters that significantly influence
the development of mechanical properties were considered in the research. The fabrication

parameters involved: sintering temperature, porosity and CaP ratio, which were the study’s
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input (variables). The modelling and analysis aimed to investigate the influence of every single
factor of the synthesis parameters and their interactions on the mechanical properties of the
scaffolds [204, 241]. The work started by following the design of experiments (DOE) principles
[242] for manufacturing 13 different scaffolds as described in Chapter 3 (section 3.3). Then
data were collected from the compressive test, including Young’s modulus, ultimate
compressive strength and yield strength, which were the output (responses). Finally, the
analysis was performed using Minitab 21.2 software to get the theoretical models which can
be used to design a scaffold with mechanical properties matching the bone properties to
decrease the risk of stress shielding.

Eq (3.7) presents the second-order polynomial regression model used to fit the experimental

data considering the number of factors and levels.

3 3 2 3
Y = Ao +ZaiXi +ZaiiXi2 +Z ZaUXlX] (37)
i=1 i=1

i=1 j>1

Where; Y represents the response (Young’s modulus, compressive strength or yield stress); ao,
ai, aii, and ajj are the regression coefficients for intercept, linear, quadratic and interaction terms,

respectively. Xj and Xj are the independent factors.

3.5.2 Experimental Work (Data Collection)

Mechanical properties of the synthesised scaffolds were calculated by conducting compression
testing. The compressive test was done using INSTRON 5569 test machine (load cell capacity
= 100 kN) to quantify the stiffness of the scaffolds and the ultimate load to failure. Cylindrical
samples with a diameter of 10 mm and a height of 10 mm were prepared. The samples were
compressed at a crosshead speed of 0.001 mm/s according to the standard ASTM E9-89a. The

compression testing was carried out in the longitudinal direction at room temperature, and the
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test was performed three times (n = 3). Following the arrangments in Table 3.2, (45 samples)
were fabricated for the compression test (15x3) in order to investigate the influence of the
synthesis parameters on the mechanical properties of the scaffolds. In the beginning, calibration
for the machine was done by doing a compression test for a commercial pure titanium rod with
known mechanical properties. The mechanical properties were derived from the stress-strain
curves. Based on the dimensions of the cylindrical samples, length (L=10mm) and diameter

(D=10mm), stress and strain were calculated by applying the following formulas.

o= g (3.8)
£ = % (3.9)

Compressive Elastic modulus (Young's modulus) was calculated from the slope of the elastic

region of the stress-strain curve [243].

Ao
E = T (3.10)
Yield stress was determined using the 0.2% offset method to identify the beginning of plastic

deformation [244, 245]. Ultimate compressive strength was defined as the maximum stress

before scaffold failure [243].
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Figure 3.12: INSTRON 5569 Universal testing machine.

3.6 Numerical Work

Numerical analysis was vital to accomplish a comprehensive understanding of the mechanical
behaviour of the synthesised scaffolds. Finite element analysis using ANSYS WORKBENCH
2020 R1 was done to investigate the mechanical behaviour of damaged human femur bone
with the synthesised scaffolds during standing up. Finite element analysis using ANSYS
WORKBENCH software was done to investigate the mechanical behaviour of damaged human
femur bone with the synthesised scaffolds during standing up. The femur bone sustains the
largest percentage of body mass during daily activities providing support to the human body,
and injuries may occur in any part of it [42, 43, 246]. In this analysis, we considered femoral
shaft fracture, one of the most common femur injuries requiring special care being a load-
bearing site [42, 83, 84]. The model consisted of a femur bone with a segmental defect of 50mm
that was filled with the designed cylindrical scaffold. All the models were subjected to a
compressive load on the femoral head equal to the body weight and fixed support at the distal

end.
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3.6.1 CAD Geometry

The femur bone has a very complex geometry, so a pre-existing model was used in this study.
The pre-existing model helped save time, simplify the procedures and get the best results. The
CAD was for human femur bone prepared by Digital Imaging and CT Scan (Figure 3.13a)
[247]. The femur was for the left leg of a male (age 44, weight 85 kg and height 185 cm [247].
Then, a segmental defect of 50mm was modelled as shown in Figure 3.13b. The created defect
in the femoral shaft was filled with a cylindrical scaffold (Figure 3.13c). The design aimed to
mimic the most common femoral shafts fractures caused by high energy trauma, as illustrated

in Figure 3.14.

g synthesised
bone scaffold

-
3

Figure 3.13: The CAD used in the numerical work; a) femur bone of a male with original
dimensions, b) femur bone with 5¢cm segmental defect in the shaft, and c¢) the femoral defect
was replaced and filled with the designed scaffold.
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Figure 3.14: Femoral shaft fracture after high energy trauma (right side, 29 years old man).

3.6.2 Materials Properties and Meshing

Mechanical properties of natural bone vary according to the location and function, as
mentioned in the literature review in Chapter 2. Therefore in this study, mechanical properties
of cortical femur bone were assigned, as shown in Table 3.4. The study assumed that bone is a
homogeneous, isotropic and linearly elastic material [42]. For the synthesised scaffolds,
experimental density and mechanical properties were employed in the numerical work. The
structure of femur bone is irregular; therefore, our designs were meshed using tetrahedral
meshing [42, 248]. In order to get independent results of the number of elements, the solution
was done three times by increasing the number of elements to get better results. Proper settings
and values were executed to use more minor elements on proximities and curvatures for the

model [249].
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Table 3.4: The physical and mechanical properties of cortical femur bone used in this study
[42, 244].

Property Cortical Bone
Density [Kg/mS] 2000
Young's Modulus [Gpa] 12
Poisson's ratio 0.33

3.6.3 Boundary Conditions

The boundary conditions included applying a load equivalent to the patient’s body weight on
the femoral head (B), and the distal end of the femur was fixed support (A) [249, 250]. By
considering a healthy male with an average body mass of 85 kg, the equivalent load for the

standing of his body was applied, as shown in Figure 3.15.

Figure 3.15: The Boundary conditions applied to the models; force on the femoral head in red

and fixed support at the distal part in purple.
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3.7 In Vitro Cell Experiments

3.7.1 Cell Culture

Before cell experiments, all the tools, including forceps, moulds and scissors, were autoclaved
on moist heat at 120°C for 2hr. Samples were cleaned three times with 70% ethanol, dried in
air for 30 minutes, and then sterilised with UV light for 1 hr. G292 cells (Provided from tissue
bank, division of Oral Biology, School of Dentistry, University of Leeds) were maintained with
high glucose Dulbecco's Modified Eagle’s Medium (DMEM) (SIGMA-ALDRICH, Life
Science) at 37 °C and 5% CO2. G292 cell line is a cell line that has fibroblast morphology and
was isolated from the bone of Human Caucasian osteosarcoma derived from a primary
osteosarcoma of a 9 year old Caucasian female. G292 cell line is immortalised, continuous cell
line and therefore proliferate indefinitely. G292 cell line is widely used in bone related
research, in particular for cell proliferation and cytotoxicity assay, as it is a more stable cell
line and less aggressive (proliferates slowly) [251].

The medium was supplemented with 10% Fetal Bovine Serum (FBS), 1% PenStrep and 1% L-
Glutamine. Cells were washed with phosphate-buffered saline (PBS) (137 mM NacCl, 2.7 mM
KCI, 10 mM NazHPO4, and 1.8 mM KH2POg; pH 7.4.) and supplied with fresh medium every
2-3 days. When cells reached 80% confluence, they were rinsed with PBS and then detached
with trypsin (5 ml for 175 cm? flask) for 5min at 37°C and 5% CO,. The detached cells were
concentrated by centrifugation at 1200 rpm for 5min at room temperature. The supernatant
(liquid solution) was then taken out, and the pellet of cells was diluted and counted to get the
required number of cells per ml. Cells were seeded onto the scaffolds and incubated at 37°C

and 5% COa.
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3.7.2 Biocompatibility Analysis

Biocompatibility of the synthesised scaffolds was investigated using the contact and extract

cytotoxicity tests.

3.7.2.1 Contact Cytotoxicity Assay

Samples (n = 3 per group) were fixed to the centre of six-well plates using steir-stripe (3M
Health Care). 40% anhydrous Dimethyl sulfoxide (DMSQ) and steir-stripe were prepared in
triplicate as positive and negative controls, respectively. 2ml of culture medium containing
G292 cells at a density of 1x10* was added to each well and incubated at 37°C in 5% (v/v) CO2
for 72 hours. Following this, the medium was gently aspirated, and the wells were washed with
PBS and fixed with 10% (v/v) neutral-buffered formalin (NBF) (Cellpath) for 10 minutes. After
discarding the formalin, the wells were washed with PBS and stained with enough Giemsa
solution (4mg in 4ml ethanol) (technical grade, SIGMA) for 10 minutes. The wells were rinsed
with water until the water ran clear, then dried in air for 24 hours. The stained samples and
controls were examined to observe cell viability, morphology, and confluency using Leica
DMI6000 B inverted microscope under bright field illumination. All the images were captured

digitally using the LEICA DFC295 camera.

3.7.2.2 Extract Cytotoxicity Assay

Alamar Blue is a sensitive and accurate test known as resazurin reduction applied to measure
cell viability. In this work, samples (n=3 per group) were incubated in pure DMEM medium
(ratio of 3cm?/mL 1S010993-12) for 72 hours at 37°C in 5% (v/v) CO2. The extract supernatant
was then collected and used for the extract cytotoxicity experiment. G292 cells at a density of
1 x10% cell/200pL were seeded on 96-well plates and incubated for 24 hours. Then, the culture

medium was removed and replaced with 178uL of the extract supernatant mixed with 20uL
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FBS and 2uL LG and incubated for 24 hours. For controls, we used cells cultured in DMEM
medium as negative control and cells cultured in 40% Dimethyl sulfoxide (DMSQO) as a
positive control (in triplicate). After incubation, the compounds were aspirated carefully, and
a fresh culture medium with 10% Alamar Blue (Invitrogen by Thermo Fisher Scientific) was
prepared. 200uL of the medium mixture (180uL DMEM + 20uLL Alamar Blue) was added to
each well and incubated in the dark at 37°C for 4 hours. Eventually, the fluorescence was
measured with excitation wavelength at 530-560nm and emission wavelength at 590nm using

the plate reader (Varioskan Flash, Thermo Scientific).

3.7.3 Cell Attachment and Proliferation

Agarose wells were used to restrict cells to stay on the surface of pellets during cell seeding.
Therefore, 10mm diameter 316L stainless steel moulds were fabricated, as shown in Figure
3.16a. The fabricated moulds were suspended 2mm above the bottom of the 12-well plates, as
displayed in Figure 3.16b. Then, 5 ml of 4% agarose gel (prepared using PBS and autoclaved
for 3 hours) was poured into the 12-well plates. After the gel had cooled and set, the sterilised
pellets were placed into the agarose wells (n=3 per group). 1 ml of cell suspension with a
density of 1x10* cells was seeded onto the top of each pellet, and then the well plates were
incubated. Cell attachment and proliferation were investigated using fluorescence imaging and

PicoGreen DNA assay.
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.

Figure 3.16: Stainless steel moulds were fabricated for preparing agarose wells to restrict cells

from staying on the surface of the scaffolds.

3.7.3.1 Fluorescence Imaging

Preparation

Fluorescence imaging using confocal microscopy was done to examine the adhesion of cells
on the scaffolds’ surface. After three days of incubation, pellets were washed with PBS, and
cells were fixed with 4% (v/v) neutral-buffered formalin (NBF) for 15 minutes at room
temperature. Cells on the top of pellets were washed gently with PBS and permeabilised using
0.1% Triton X-100 (Alfa Aesar) in PBS for 15 minutes and then washed twice with PBS. For
staining actin of cells: Alexa Fluor 488-phalloidin solution (Invitrogen by Thermo Fisher
Scientific) was added to each sample and incubated for 60 minutes in the dark at room
temperature, then washed twice with PBS. For staining nuclei of cells: 4’,6-diamidino-2-
phenylindole DAPI dye (Sigma-Aldrich) was added and incubated for 30 minutes in the dark

at room temperature, then washed twice with PBS. Finally, confocal fluorescence microscopy
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(Leica DM6 CS) was used to observe the actin and nuclei of cells attached to the scaffolds'
surface.

Confocal Fluorescence Microscopy

Confocal microscopy is widely used in biological science disciplines to observe the detailed
structure of cells and tissues. Confocal microscopy is an optical imaging technique giving high
clarity and contrast images with more excellent vertical and horizontal resolution. A series of
thin slices of the sample can be reconstructed into a 3D structure. The principle of confocal
laser microscopy is illustrated in Figure 3.17. Laser light transmits through a very small area
(pinhole 1) and illuminates a defined spot at a specific depth within the specimen, resulting in
fluorescent light emission at this point. A dichroic mirror reflects the light to the sample, and
the microscope objective will focus the light in a specific spot. The same dichroic mirror
transmits the fluorescence from sample fluorophores to the detector. Pinhole 2 cuts off signals
out of focus and allows the fluorescence signals from the illuminated spot to enter the detector.
By scanning the specimen in a raster pattern, images of one single optical plane are created.
3D objects can be visualised by scanning several optical planes and stacking them using a
suitable microscopy deconvolution software (z-stack). It is also possible to analyse multicolour
immunofluorescence stainings using state-of-the-art confocal microscopes, including several

lasers and emission/excitation filters [252-254].
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Figure 3.17: Schematic diagram illustrating the principle of the confocal fluorescence

microscope [252, 253].

3.7.3.2 PicoGreen dsDNA Assay

PicoGreen dsDNA quantitation assay was used according to the manufacturer's instructions.

G292 (1x10* cells/well) were cultured on the samples, and their proliferation was quantified at

four different periods (4 hours, 1 day, 3 days and 7 days) using Quant-iT PicoGreen dsDNA

assay (Invitrogen by Thermo Fisher Scientific). The protocol followed to prepare samples for

DNA quantitation was described in detail in Appendix B. The plate reader (Varioskan Flash

plate reader, Thermo Scientific) was used for fluorescence examination for DNA evaluation at

excitation wavelength 480 nm and emission of 520 nm. Then data were calibrated using a DNA

standard curve.
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3.7.4 Statistical Analysis

The data were expressed as means + standard deviation (SD) and then analysed using one-way
analysis of variance ANOVA. The statistical analysis was carried out using MS Excel

Software, and P-value < 0.05 was considered a statistically significant difference [255].

3.8 Conclusion

The materials preparation and fabrication process of the scaffolds were described in this
chapter. The principles and methods of characterisation techniques used to achieve the project
objectives were explained. Parameters acquisition for machines, standards and protocols for
tests were also defined. This chapter presented all the required information to prepare for the

upcoming chapters 4, 5, and 6, where all the results will be presented and discussed.
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4.1 Introduction

This chapter started with a detailed characterisation of the synthesised mineral (10 mol% Fe3*
dopped brushite; DCPD-Fe) to observe phase stability, phase transformations, and
morphology. Then, the titanium (Ti) and composite scaffolds (Ti with DCPD-Fe) were
characterised to investigate the phase constitution and crystal structure. The scaffolds’ porosity
was also characterised, considering the distribution of pores, pore size and interconnectivity to

assess the validity of the synthesised structures for implantation in bone tissue engineering.

4.2 Mineral Characterisation

4.2.1 pH Values during the Synthesis Process

The synthesis of calcium phosphate minerals is highly dependent on the pH, which
significantly affects the phase stability and the supersaturation condition [199, 256, 257].
Therefore, pH values were recorded during the synthesis of 10 mol% Fe** doped brushite
(DCPD-Fe). During mixing the solutions as described in chapter 3 (section 3.2, Materials
Preparation), pH variation over time was monitored at a constant temperature of 37°C (Figure

4.1).
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Figure 4.1: pH changes over time during the synthesis of 10 mol% Fe®** doped brushite (DCPD-
Fe). Measurements were carried out at a constant temperature of 37°C and under continuous

stirring.

The iron nitrate doped into the calcium solution resulted in an initial drop of pH to ~ 1.95. The
addition of phosphate solution initiated the reaction and increased pH that reaching a steady
value of ~ 5.0 at the end of the synthesis process. According to the literature review, pH within
the range of 3.5 — 6.5 with a low solution Ca/P ratio would produce brushite minerals

(CaHPO4+2H20) at a constant temperature of ~ 37°C [200, 258, 259].

4.2.2 Phase Transformation

The phase transformation after heat treatment for the synthesised mineral was analysed by X-
ray powder diffraction. Figure 4.2a presents a comparison of diffraction patterns of the Fe*
doped brushite (DCPD-Fe) powders before and after heating in an inert atmosphere at 1000°C
for two hours. Figure 4.2b shows XRD analysis of the initial mineral since all the significant
peaks associated with 20° ~ 11.65°, 20.95°, 23.47°, 29.25°, 30.54° were linked with brushite
phase with reference pattern (JCPDS-01-074-6549 card). Therefore, the synthesised mineral

can be considered as brushite (CaHPO4.2H20) with minor quantities of monetite (CaHPOa)

91



Chapter 4: Characterisation

(JCPDS-04-011-3070 card), evident by the peak (*) at 26° ~ 26.58°. As shown in Figure 4.2c,
the XRD pattern of the synthesised mineral dramatically changed after sintering at 1000 °C and
transformed into B-pyrophosphate ($-Ca2P207) since the majority of the peaks coincide with

the peaks of the reference pattern (JCPDS-00-017-0499) [128, 130, 200].
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Figure 4.2: A comparison of X-ray diffraction patterns of the initial and heated 10 mol% Fe*3
doped brushite (DCPD-Fe) (a); mineral before heating (b) and after heating in argon at 1000°C
for 2h (c), with indexing to the JCPDS reference files of brushite (), monetite (*) in (b) and -

pyrophosphate (0) in (c).

4.2.3 Simultaneous Thermal Analysis

Differential scanning calorimetry (DSC) and thermogravimetry analysis (TGA) were carried
out to investigate the phase transformation temperatures of the Fe™ doped brushite powder

during heating. The synthesised powder was heated at a constant rate of 20 °C/min with a
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temperature range of 30 °C -1450 °C [260]. The changes in weight and enthalpy were recorded
during heating, as depicted in Figure 4.3. As can be observed, there were five stages of
decomposition during the heating process. The first transformation occurs at ~ 204 °C when
DCPD-Fe powder loses two water molecules and transforms into monetite (CaHPO4) (Eq. 4.1).
A second transformation happened upon heating to ~ 470 °C, leading to the formation of y-
pyrophosphate (y-Ca2P207) following the reaction in (Eq. 4.2). This reaction was accompanied
by a reduction in weight due to the loss of %2 H20. The exothermic peak at ~ 715 °C was linked
to B-pyrophosphate (B - Ca2P207), which eventually changed at 1050°C to a-pyrophosphate (a-
CazP207). However, numerous studies have found that the a phase has converted back to the 3
phase during cooling due to the unstable nature of a- Ca>,P207 [130, 261, 262]. Thus, XRD data
(Figure 4.2) showed the presence of B-pyrophosphate within the structure after heating. The
melting point was identified at ~1294 °C. Changes in mineral weight were observed during the
thermal process since ~ 27% reduction in mass occurred compared to the starting value.
Obviously, ~ 21% of the weight drop was due to the water loss during the transformation of
brushite to monetite, and another ~ 6% reduction took place during the formation of y-

pyrophosphate (y-Ca2P207).

204°C
2CaHPO, » 2H,0 = 2CaHPO, + 4H,0 (4.1)

470°C
2CaHPO, = Ca,P,0, + H,0 (4.2)
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Figure 4.3: Thermal analysis of the Fe3* doped brushite (DCPD-Fe) powder, identifying the
phase transformation during heating up to 1450°C with a constant rate of 20 °C/m. The DSC
curve is shown in red (values reported on the LH y-axis), and the TGA curve is shown in dash

blue (values reported on the RH y-axis).

4.2.4 Morphology and Chemical Composition

SEM images of the initial and heated Fe** doped brushite mineral are compared in Figure 4.4.
As depicted in Figure 4.4a, a plate-like structure appeared in the unheated powder, the known
structure of brushite mineral as reported in the literature [199]. The plate-like particles in the
initial DCPD-Fe powder have nearly parallelogram shapes with sizes ranging from a few
micrometres to <50 um, which is close to the extent reported in a previous study [199]. From
Figure 4.4b, it is evident that the morphology of DCPD-Fe mineral has transformed after

heating at 1000°C in an inert atmosphere. The heated mineral has transformed into B-calcium
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pyrophosphate (B-Ca2P.07) and exhibited some densification. This finding has confirmed the

XRD data reported previously in Figure 4.2.

Figure 4.4: SEM images of unheated Fe*? doped brushite powder (DCPD-Fe ) (a) and the
heated Fe*® doped brushite powder (DCPD-Fe ) at 1000°C in the presence of argon for 2h (b).
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4.3 Scaffolds Characterisation

The contribution between the scaffolds’ composition (titanium with DCPD-Fe mineral) and the
created porous structure is suggested to realise an optimum cortical scaffold, which manifests
mechanical and biological properties comparable with natural bone. The following paragraphs
will present and discuss the characterisation results of the designed scaffolds and investigate

the features of the created porous structure.

4.3.1 Phase Composition and Crystal Structure

4.3.1.1 Analysis of Oxygen Content in the Metallic Titanium Scaffolds

Titanium used in the fabrication process is 99.7% purity, as mentioned in Chapter 3 (section
3.2 Materials Preparation). X-ray diffraction was used to analyse the crystal structure of
titanium samples before and after heating. Figure 4.5a presents the experimental XRD patterns
for the titanium pellets sintered in argon at temperatures ranging from 850 to 1150 °C for two
hours. The titanium sample without sintering was examined at room temperature (25 °C) to use
as reference. XRD patterns of all Ti pellets conform to the hcp structure of a-Ti according to
the information reported in the database card (JCPDS 04-006-2824). This finding indicates no
change in the crystal structure of titanium after the sintering process. The main 26° are 35.22°,
38.55° and 40.29°, corresponding to (1 0 0), (0 0 2) and (1 0 1) peaks, respectively. After
heating, peaks were shifted to lower 26° positions than the unheated sample (Table 4.1). For
instance, the major peak (1 0 1) at 26° ~ 40.29° was shifted to 26° ~ 40.05°, 40.06°, 40.08° at

850, 1000 and 1150°C, respectively (Figure 4.5b).
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Figure 4.5: Normalised X-ray diffraction patterns for Ti pellets pre and post sintering in argon

at various temperatures for 2h (a), the shifts in position of the prominent (1 0 1) peak after

sintering at various temperatures at a constant time 2h (b).

The Bragg angles (20) and interplanar spacing (d) for pure titanium pellets sintered in argon at
various temperatures for a constant time of two hours are given in Table 4.1. Interplanar

distance (d) of Ti samples was calculated using the following formula of Bragg’s law [263].
A= 2 dhkl sin 6 (4‘3)

Ay = ——— 4.4

L™ 2 sin 6 (44)

Where: ) is the X-ray beam wavelength (CuK, = 1.5406 A)
0 is the diffraction angle (degree)

d is the interplanar spacing (A)
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Table 4.1: Interplanar distance (d) with Brag angle (20) for pure titanium pellets pre and post

sintering in argon at various temperatures for 2h.

Pure Ti 25 °C Pure Ti 850 °C Pure Ti 1000 °C Pure Ti 1150 °C
26° dA° 20° dA° 20° dA° 20° dA°
35.22 2.546 34.98 2.563 34.98 2.563 35.01 2.561
38.55 2.334 38.25 2.351 38.27 2.350 38.26 2.350
40.29 2.237 40.05 2.249 40.06 2.249 40.08 2.248
53.13 1.722 52.86 1.730 52.87 1.730 52.87 1.730
63.08 1.473 62.86 1.477 62.86 1.477 62.89 1.477
70.80 1.330 70.49 1.335 70.51 1.334 70.50 1.335
76.33 1.247 76.10 1.279 76.10 1.250 76.11 1.250
77.48 1.231 77.26 1.250 77.27 1.234 77.29 1.234

The changes in the lattice parameters of titanium pellets after the sintering process were
investigated, as shown in Table 4.2. Lattice parameters of initial and heated Ti samples were

calculated using the procedures given for the hexagonal structure [264].

+ — (4.5)
dhkl2 3

a? c?

1 4(h2+hk+k2> [?

Table 4.2: Lattice parameters and unit cell volume of Ti samples at various temperatures.

Sample aA° c A° Unit cell volume
Ve A%
Pure Ti 25 °C 2.940 4.667 34.9342
Pure Ti 850 °C 2.959 4.700 35.6374
Pure Ti 1000 °C 2.959 4.701 35.6450
Pure Ti 1150 °C 2.959 4.702 35.6525
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Figure 4.6: Lattice parameter ratio c/a as a function of sintering temperature of Ti samples (a),
calculated lattice parameters a and ¢ of Ti samples as a function of the atomic percent of oxygen
(b & c); respectively.

By increasing temperature, 26 peaks were shifted to lower values for all heated samples (Table
4.1). The lower 20 was accompanied by an increase in the interplanar distance (d) for all Ti
samples. For instance, after heating Ti to 1150 °C, 26 of the prominent peak (1 0 1) shifted to
a lower value from 40.29° to 40.08° with an increase in d spacing from 2.237 A°to 2.248 A°.
The lattice parameters and unit cell volume of Ti samples before and after sintering were
calculated as shown in Table 4.2. Then c/a ratio of Ti samples as a function of temperature
ranging from 25 to 1150°C was plotted in Figure 4.6a. The lattice parameter ratio c/a increased
significantly after the sintering of titanium samples. Also, the unit-cell volume Vc increased

with a higher temperature to become 35.6525 A% at 1150°C compared to 34.9342 A% for the
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initial Ti sample. The rise in the c/a ratio for all heated Ti samples is potentially due to the
increase in the solid solution caused by the oxygen atoms in the structure of a-titanium [265].
The higher oxygen concentration after heating resulted in lattice stretching due to the existence
of oxygen atoms as interstitial elements between the Ti lattices [266-269]. Figures 4.6b,c show
the lattice parameters a and ¢ of Ti samples as a function of the oxygen concentration based on
our experimental values and literature data reported in [268, 270, 271] studies. An increase in
the atomic percentage of oxygen from 0.5% to ~ 3 - 8% has been noticed, indicating the

titanium structure has stored oxygen after sintering in the inert atmosphere.

4.3.1.2 Analysis of the Composite Material (Ti/ 10%vol DCPD-Fe)

XRD diffraction pattern of the composite material (titanium with 10% vol Fe®* dopped
brushite) sintered in argon at 1000 °C for two hours is plotted in Figure 4.7a. The sample with
a higher ratio of Cap (; 10% vol) is considered in order to investigate the influence of mineral
addition to titanium more clearly. The dominant phase is hexagonal a-titanium (JCPDS 04-
006-2824 card), which refers to no change in the crystal structure of titanium after reaction
with the mineral. It can be seen that there is no shift in the Ti peaks of the composite material
compared to pure heated Ti (Figure 4.5), indicating that there is no new solid solution or a
significant amount of impurities in the titanium structure. The peaks associated with 26° ~
37.09°, 41.36°, 44.55°, 46.30° are linked with p-pyrophosphate (B - Ca2P207) (Figure 4.7h)
with reference pattern (JCPDS-00-017-0499 card). This finding is consistent with the phase
transformation curve in Figure 4.3; after heating Ti/DCPD-Fe sample at 1000°C, y to
transformation of DCPD-Fe is supposed to take place at 715°C [128]. XRD pattern of the
heated Ti/DCPD-Fe sample showed only peaks associated with the a-titanium phase and p-
pyrophosphate phase. However, other secondary phases might be predictable based on the
expected chemical reaction between titanium and iron-doped brushite, such as calcium titanate

CaTiOs and iron-titanium alloy Fe-Ti [54]. These phases were not identified in XRD analysis,
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which might be due to the lower temperature and duration time of sintering or the small amount

of the DCPD-Fe mineral since 90%vol of the sample was titanium [272-277].
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Figure 4.7: X-ray diffraction pattern of the composite material (Ti with 10% vol DCPD-Fe)
after sintering in argon at 1000°C for 2h, with indexing to the JCPDS reference files of titanium
Ti (A) and B-pyrophosphate p - Ca2P2O7 (*) (a), magnified X-ray pattern showing the peaks
linked to B-pyrophosphate phase (b).

4.3.2 Morphology and Chemical Composition of the Synthesised Scaffolds

SEM was utilised to examine the morphology of the synthesised scaffolds, and then the
chemical composition was determined by EDX analysis. Figure 4.8 displays the morphology
and phases distribution in the composite scaffolds after sintering in the inert atmosphere at
1000°C for 2h. Titanium with 5mol% and 10mol% Fe*3 doped brushite scaffolds are compared.

Overall, the microstructure of the scaffolds was not well sintered with clear grain boundaries
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[278]. The microstructure was dominated by titanium, and DCPD-Fe mineral was distributed

between Ti grains with a higher quantity in a 10mol% scaffold.

LEMAS 15.0kV 23.8mm x514 PDBSE(CP) 100pm
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Figure 4.8: SEM micrographs of the composite scaffolds; titanium with 5mol% Fe*® doped
brushite (a & b), titanium with 10mol% Fe*® doped brushite (¢ & d).

The SEM-EDX investigated the composition of the synthesised scaffolds. The elemental
mapping of pure titanium samples sintered in argon (as shown in Figure 4.9) confirmed the
XRD data and showed that the oxygen atoms distributed through the structure. In contrast,
most titanium was oxidised in titanium samples sintered in the air, as displayed in (Appendix
A). Figure 4.10 presents the elemental mapping of the composite scaffold (Ti/10 DCPD-Fe)

that assured the distribution of DCPD-Fe mineral between titanium grains. The EDX analysis
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of composite scaffolds was carried out at different locations. The overall EDX mapping
demonstrates that the composite scaffold contains Titanium (Ti), Oxygen (O), Calcium (Ca),
Phosphorus (P) and a minor amount of Iron (Fe). The oxygen was higher in the scaffold with
10vol% DCPD-Fe than the scaffold with only 5vol% DCPD-Fe. EDX confirmed the XRD
analysis; there is no significant oxidation for titanium in the scaffold. EDX images presented
the uniform distribution of Fe over the structure. In the interface area, Ti and P were detected,
as shown in Figure 4.11. This finding suggests that phosphor diffusion into titanium particles

occurred during the sintering process; this analysis was justified by Balbinotti study [279].
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Figure 4.9: EDX mapping of pure titanium sample sintered in an inert atmosphere at 1000 °C
for 2h.
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Figure 4.11: EDX analysis of the interface region containing phosphorus (P) in the composite
scaffold (Ti/10 DCPD-Fe).
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4.3.3 Surface Analysis

Surface analysis is essential to understand the interaction between the scaffold and the
surrounding environment. The scaffold surface has a massive influence on cells response and
activity due to the direct connection. X-ray photoelectron spectroscopy (XPS) was utilised to
analyse the surface chemistry of the synthesised scaffolds, providing information about the
elemental composition and chemical state. Binding Energy was calculated using the

photoelectric effect equation (4.6).

Ep = hv - Ex (46)

Hence Ey is binding energy, hv is the X-ray photon energy (for Al Ka =1486.7¢V), and Ex is

Kinetic energy.

Figure 4.12a is the XPS survey spectrum of the pure Ti sample, which shows strong peaks of
titanium (Ti2p) and oxygen (O1s). According to the XPS Database, the high resolution fitting
for the Ti 2p peak is presented in Figure 4.12b [280]. The Ti 2p spectrum shows symmetrically
and splitting two peaks, Ti 2ps2 and Ti 2p12. As can be seen, the Ti 2p1» peak at a binding
energy of 464.2 eV is much broader and shorter than the Ti 2ps/2 peak at a binding energy of
458.5 eV. The two components at these binding energies are assigned to TiO2 with a chemical
state Ti (4+). This finding implies that titanium dioxide (TiO rutile) existed on the top 5-10
nm layer of the surface of the Ti scaffold [221]. However, no peaks were associated with TiO-
rutile in the XRD diffraction pattern, which means the oxide was present only on the surface

of the scaffolds.
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Figure 4.12: XPS survey spectrum for the surface of pure Ti sample (D=10mm) sintered in
argon at 1000°C for 2h (a), fitting for the titanium 2p peak after calibration via the carbon peak
Cls at 285 eV (b), (n=3).

Figure 4.13a displays the XPS survey spectrum of the composite material Ti/10 DCPD-Fe. The
constituents on the surface of the composite material are oxygen (O1s), titanium (Ti2p),
calcium (Ca2p), phosphorus (P2s), carbon (C1s), and nitrogen (N1s). The relatively strong
carbon peak (Cls) appeared due to surface contamination. A lower Ti 2p peak was on the
composite material’s surface compared to the pure Ti sample. The higher resolution spectrum
of the Ti 2p (Figure 4.13b) was similar to that of pure Ti [281]. But, the two-component peaks
of Ti 2p were located at a bit higher binding energies. The 2p1/2 and 2ps/> peaks were located
at binding energies of 464.5 eV and 458.8 eV, respectively. The high resolution fitting for the
Ca 2p spectrum is relatively consistent (Figure 4.13c). The binding energy difference between
Ca 2p12 and Ca 2p3p2 is 3.4 eV, and both 2p bands are symmetrical. Binding energy (347 eV)
and width of the peak at half maximum (1.67) of Ca2ps/2 indicate that the Ca2p peak is possibly
linked to CaTiOs oxide [282]. Figure 4.14 presents the shift to the higher binding energy of
Ti2p peaks in the composite material Ti/L10DCPD-Fe compared to pure Ti. Also, the peaks

became broader since the full width at half maximum FWHM of Ti2ps2 was ~ 1.21 compared
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to ~ 0.94 in the pure Ti surface. These findings are inherent in calcium titanate CaTiOa.
Calcium titanate CaTiO3zwas used in previous works as a coating for titanium scaffolds because
of its biocompatibility, improvement of apatite bonding, as well as enhancement of cell
attachment and proliferation [283-288]. CaTiOs demonstrated the ability to provide the
opposite surface charges with phosphate ions in a simulated body fluid (SBF), supporting

growing bone-like apatite [289].
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Figure 4.13: XPS spectrum for the surface of the composite material Ti-10 DCPD-Fe sintered
in argon at 1000°C for 2h (a), fitting for the titanium 2p peak (b) and fitting for the calcium 2p
peak (c), after calibration via the carbon peak C1s at 285 eV, (n=3).
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Figure 4.14: High-resolution spectra of Ti 2p on the surfaces of the pure Ti sample (in black)
and the composite material Ti/10 DCPD-Fe (in red) after sintering in argon at 1000°C for 2h.

Table 4.3 presents the values of the binding energy BE and full width half maximum FWHM
of Ols, Cls, Ti2psp, Ca2psr2 and P2s for investigated pure Ti and composite material Ti/10

DCPD-Fe.

Table 4.3: The mean values of XPS fitting parameters for the prominent peaks of pure Ti and
composite material Ti/10 DCPD-Fe, (n=3).

Element Pure Ti Ti/10 DCPD-Fe
BE [eV] FWHM [eV] BE [eV] FWHM [eV]
O 1s 529.70 1.09 531.40 2.93
Cls 285.00 1.15 285.00 2.95
Ti2par 458.50 0.94 458.80 1.21
Ca2psn - - 347.00 1.67
P 2s - - 197.70 2.88
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4.3.4 Porosity Characterisation

Following the compositional characterisation of the synthesised scaffolds, the findings of the
structural characterisation will be presented here. The powder metallurgy with the space
holding fabrication process resulted in highly porous scaffolds. An assessment of the porosity
features of the resultant structures is vital to determine the scaffolds' efficiency in tissue
engineering. These structural features significantly influence the mechanical properties and
biological functionality of the synthesised scaffolds [290, 291]. Helium pycnometer, scanning
electron microscopy, and micro-tomography were conducted to characterise the porosity of
scaffolds. These techniques were utilised to investigate the feasibility of the scaffold’s structure

by exploring open porosity, average pore size and pores’ interconnectivity.

4.3.4.1 Skeletal Density and Open Porosity of the Synthesised Scaffolds

The skeletal density and open porosity of the synthesised scaffolds were measured by the
helium pycnometer technique. This method gives the most accurate porosity estimation due to
the high diffusivity of helium and its ability to penetrate the smallest pores in structure [232,
233]. The skeletal density of scaffolds (p) is defined as the ratio of mass (M) to the measured

skeletal volume (Vpycnometric), Which is the volume of the solid material with closed pores.

M
V pycnometric

p= (4.7)

The helium pycnometer technique can quantify only the open porosity accessible to the helium.
The open porosity (Popen) is defined as the ratio of open pores volume (Vpore) to the total volume

(Vtotal) .
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Popen (%) — V pore — V total-V pycnometric (4.8)

V total V total

Table 4.4 shows the apparent density, skeletal density and open porosity of the synthesised
scaffolds. The apparent density of the synthesised scaffolds was measured based on the
sample's mass and apparent volume. Then, skeletal density and open porosity estimation were
performed using a helium pycnometer. The values were calculated following (4.7) and (4.8)
formulas [168, 234, 292].

Pure titanium samples, referred to as (0,0), were tested to serve as a reference to compare it
with the composite and porous samples. The pure titanium sample had a density of 4.39 g/cm?®
and open porosity of ~ 26%. The resultant density depended on the applied compaction
pressure during the fabrication process, which affected the green density [293]. Sintering
temperature also significantly influenced the final density and porosity due to the densification
behaviour of solid powders during heating [293] since individual powders bond together during
the sintering process through the solid-state diffusion [168].

Increasing the volume fraction of the space holder (KCI) raised the porosity and reduced the
apparent density of scaffolds. Open porosity increased from 37.89% to 55.40% for samples
(20,0) and (40,0), respectively, indicating that the space holder particles were removed after
the immersion in heated water.

For solid composite samples (0,5) and (0,10), open porosity increased from ~ 27.97% to
29.41%, respectively, by increasing the ratio of DCPD-Fe mineral from 5 vol% to 10 vol%. A
similar influence of DCPD-Fe mineral ratio on porosity was observed in samples (20, 0), (20,
5), and (20,10) since open porosity increased from 37.89% to 38.65%. This influence was more
significant in higher porous samples (40, 0), (40, 5), and (40,10) as the open porosity increased

from 55.40% to 60.00% by increasing the mineral ratio from O to 10 vol%. A possible
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explanation for this observation is that small pores were formed between pressed and sintered
particles of titanium and DCPD-Fe. That suggests some particles of the mineral phase was set
between titanium particles, which lost the physical contact between titanium particles and led
to higher porosity.

All the synthesised scaffolds have open porosity greater than 30vol%, which is promising for
bone scaffolds. The optimal structure of bone scaffold must contain porosity in the range of 30
- 90 vol%, as reported in the literature [168]. However, the helium pycnometer method is
limited and can measure only the open porosity accessible to the helium. Therefore, SEM and
micro CT techniques will help complete the comprehensive analysis of the porous structure of

the synthesized scaffolds [234, 294].

Table 4.4: The mean values of density and open porosity of the synthesised scaffolds (n=3).

Designed scaffold Apparent Skeletal Open
Sample* KCI DCPD-Fe  density density porosity
(vol%)  (vol%e)  (9/emd) (g/cm?) (%)

(0,0 0 0 3.25 4.39 25.96
(0,5) 0 5 3.09 4.29 27.97
(0,10) 0 10 3.00 4.25 29.41
(20,0) 20 0 2.72 4.38 37.89
(20,5) 20 5 2.60 4.20 38.09
(20,10) 20 10 2.54 4.14 38.65
(40,0) 40 0 1.94 4.35 55.40
(40,5) 40 5 1.88 4.30 56.28
(40,10) 40 10 1.68 4.20 60.00

*Samples named as following (KCI vol%, DCPD-Fe vol%), for example (20,5) means the
sample containing 20vol% of KCI and 5vol% of DCPD-Fe.
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4.3.4.2 Micro-structure of the Synthesised Scaffolds

Scanning electron microscopy examined the microstructure of the synthesised scaffolds
sintered in an inert atmosphere. Figure 4.15 is the microstructure of the composite material
Ti/5vol% DCPD-Fe, showing the tiny pores between Ti grains and DCPD-Fe particles. This
finding confirms the helium pycnometer results when open porosity increased by a higher ratio
of DCPD-Fe mineral. Figures 4.16a,b,c,d display SEM images of the porous titanium samples
fabricated with two different percentages of the space holder KCI (20 vol% and 40 vol%). As
can be observed, the space holding particles have been removed entirely after the leaching and
sintering process. As visible, the surface roughness is relatively high, which is supposed to
enhance osteoblasts' adhesion and differentiation. The pores are nearly spherical, and the size
of solo pores is equivalent to KCI particle size. As can be observed in SEM images, large
macropores characterised the architecture of scaffolds with an average size of 100 — 450 pm.
In addition to the larger pores, smaller pores are formed between pressed and sintered particles
(< 50 um), providing an interconnection throughout the structure. The pores in the scaffold
with only 20vol% KCI seem to be more self-isolated and closed. However, higher porosity
affected the structure and resulted in a higher level of aggregation, leading to larger and more
irregularly pores (600 — 850 um). More pore clusters' aggregation increased the
interconnectivity significantly in the 40%vol KCI scaffolds. However, pore interconnectivity
also depends on the densification during the powder pressing and sintering process. This
microstructure of the synthesised scaffolds is ideal for bone substitutes; hence, pore size must
be large enough to enable cell migration, support the circulation of blood and nutrients, and
eventually allow the penetration of new bone. As well, smaller pores can aid to develop an
effective vascular network. In this respect, and according to the tissue engineering research,
the ideal bone scaffold must have a pore size with a minimum of 50 — 100 um to promote bone

regeneration [20, 103, 176-178, 295, 296]. However, the mechanical properties will be
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compromised if the scaffold has too large pores because of the void volume [20, 103, 176-178,
295, 296]. Pore interconnectivity is also essential for bone scaffolds as it facilitates cell seeding,
penetration, and migration of osteoblast cells into the scaffold [20, 103, 176-178, 295, 296].
However, more accurate results regarding the interconnectivity of the pores were assessed by

the micro CT technique.

~,

LEMAS 15.0kV 23.7mm x2.00k PDBSE(CP) = ' 20.0um

Figure 4.15: Magnified SEM image of Ti/5vol% DCPD-Fe showing the pores between
titanium grains and mineral particles.
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LEMAS 15.0kV 14.9mm x10¢

LEMAS 15.0kV 15.0mm x200 PDBSE(CP)

Figure 4.16: SEM images of the porous scaffolds showing the morphology, size, distribution
and interconnectivity of pores; Ti scaffold with 20%vol KCI (20,0) (a & c), Ti scaffold with
40%vol KCI (40,0) (b & d) and porous composite scaffold containing 10%vol DCPD-Fe

(40,10) (e, f, g, and h).
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4.3.4.3 Distribution and Interconnectivity of Pores

The computed tomography (u-CT) technique was used to investigate the distribution and
interconnectivity of pores inside the structure of scaffolds. However, micro CT analysis is quite
challenging for metal samples due to the attenuating X-rays. Hence the possibility of getting
dark and bright grainy artefacts obscure some details in the scan images [290, 297]. The results
are dependent on the applied algorithms and setups; thus, results are approximate with minor
errors. The samples were characterised in different planes, and hundreds of cross-sections in
three directions were recorded. Dragonfly software was then used to reconstruct the three-

dimensional structure from these hundreds of cross-sections.

Figure 4.17 shows 2D and 3D u-CT images of the porous titanium scaffold fabricated using
40%vol of KCI. Figure 4.17b corresponds to the sample's top view cross-section (X, y-
direction). Figures 4.17c,d show the cross-sections of the side views (X, z-direction) and (y, z-
direction). Pores (in black) are visible and distributed within the structure (in grey). As depicted
in the top view, the spherical shape of the single pores is related to the shape of the initial space
holder particles (KCI particles). The potassium chloride KCI crystals are entirely removed
during the dissolution process, providing well-defined pores. The open pores are present from
the surface through to the centre of the scaffold. Figure 4.18 displays the porous composite
scaffolds Ti/10vol% DCPD-Fe; Figure 4.18a,b corresponds to the (40,10) scaffold fabricated
with 40%vol KCI, whilst Figure 4.18c,d belongs to the (20,10) scaffold fabricated with only
20%vol KCI. The Dragonfly analysis showed that the total porosity was approximately 47%

for the (20,10) scaffold and 65% for the (40,10) scaffold.
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Figure 4.17: p-CT images of the 40%vol KCI titanium scaffold (40,0); 3D image of the
scaffold (a), top view cross-section (X, y-direction) (b), side view (X, z-direction) (c) and side

view (y, z direction) (d); hence pores (in black) and the structure (in grey).

The pores inside the scaffold with higher porosity are mostly interconnected and accessible (~
95%), as shown in green in Figure 4.18a,b, whilst very few pores are inaccessible, as illustrated
in red. However, lower porosity and interconnectivity are presented in (20,10) scaffold, as
shown in Figures 4.18c,d, since ~ 20% of pores are inaccessible. These findings are very close
to the results obtained from the helium pycnometer method. An accessible porous structure
indicates the potential of providing an excellent stable fixation with growing bone. Adequate
biological fixation is a vital requirement to create a highly convoluted interface between the
growing bone and the porous scaffold [167, 298-301]. The open and interconnected pores

would facilitate the transport of nutrients and oxygen required during bone tissue growth [103,
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302]. On the other hand, the broad pore size range (100 — 850 um) should be sufficient to enable
blood supply inside the scaffold. Literature also showed that a mean pore size greater than 300

um facilitates cells proliferation [167, 298-301].

Figure 4.18: Cross sections showing the accessible pores in green and inaccessible pores in
red for the porous composite scaffolds Ti/10vol% DCPD-Fe; (40,10) scaffold (a & b) and
(20,10) scaffold (c & d).
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4.4 Conclusion

This chapter presented the phase transformation and morphology of the synthesised mineral
(DCPD-Fe). According to XRD results, no change in the crystal structure of all titanium
scaffolds was observed. The calculated lattice parameters after the sintering process showed ~
3-8% increase in the atomic percent of oxygen. XPS proved the presence of calcium titanate
on the surface of the composite scaffolds, while TiO> existed on the surface of pure titanium
scaffolds. The open porosity of the synthesised scaffolds ranged between 26 — 60%. Pore size
was distributed between large pores 100 — 850 um and small pores < 50 um. Pores were ~95%

interconnected and accessible in the scaffold (40,10).
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5.1 Introduction

This chapter studied the mechanical properties of the synthesised scaffolds as a function of
fabrication parameters. Three different synthesis variables, porosity, CaP ratio and sintering
temperature, were considered in the study. The effect of oxygen content on the mechanical
behaviour of the synthesised scaffolds was also discussed. Then, finite element analysis was

included to determine the stress and strain distribution through the scaffolds.

5.2 Optimisation of Mechanical Properties

The Box-Behnken design along with the mechanical properties of the synthesised scaffolds sintered in

an inert atmosphere are shown in Table 5.1.

Table 5.1: The mean values of mechanical properties of the synthesised scaffolds (n=3).

Variables Responses
Temperature KCI CaP Young Modulus Yield Stress Ultimate
[°C] [vol%] [vol%] [GPa] [MPa] Strength [MPa]
850 0 5 20.80 300 600
850 20 0 10.75 82 200
850 20 10 10.50 68 72
850 40 5 3.30 14 50
1000 0 0 40.80 450 700
1000 0 10 29.00 400 600
1000 20 5 20.50 125 165
1000 40 0 10.00 45 140
1000 40 10 8.70 35 130
1150 0 5 30.50 435 650
1150 20 0 20.20 120 340
1150 20 10 20.17 105 165
1150 40 5 9.60 38 138
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Figure 5.1 displays the variety in the failure behaviour between titanium scaffold (0,0) (Figure

5.1 a) and porous titanium scaffold (20,0) (Figure 5.1b).

Figure 5.1: Some broken samples after uniaxial compression test; (a) titanium scaffold before
(left) and after (right) testing, (b) porous titanium scaffold fabricated by 20%vol KCI and
sintered at 1150°C.

The theoretical models for the responses: Young modulus, compressive strength and yield
stress are shown in Eq (5.1), (5.2) and (5.3), respectively. The models considered the effect of
the synthesis variables and their interaction terms on the responses. The statistical analysis was
done by implementing response surface methodology (RSM) using three factors Box-Behnken
design (BBD). The regression equations were generated describing the change of Young
modulus, compressive strength and yield stress against the alterations in synthesis parameters,
including sintering temperature, porosity and CaP ratio. The experimental values of the
mechanical properties (responses) were entered corresponding to the input synthesis

parameters (variables) in the created design matrix [202, 205, 242].
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Young Modulus [GPa] = - 245.2 + 0.531A - 0.521 B - 1.13 C - 0.000248 A*A + 0.00284 B*B
+0.0196 C*C - 0.000283 A*B + 0.00007 A*C + 0.0263 B*C (5.1)

Compressive Strength [MPa] = 321 + 0.49 A -37.00 B - 11.6 C - 0.000083 A*A + 0.4909 B*B
+ 1.245 C*C + 0.00317 A*B - 0.0157 A*C + 0.225 B*C (5.2)

Yield Stress [MPa] = - 955 + 2.248 A -7.73 B + 7.7 C - 0.000933 A*A + 0.2319 B*B
- 0.410 C*C - 0.00925 A*B - 0.0003 A*C - 0.1500 B*C (5.3)

Where; A, B and C are the variables of sintering temperature, porosity and CaP ratio,
respectively. The R? values were ~ 98%, indicating that the models could not explain less than
2% variations. The adjusted determination coefficient (R? (adj) = 97.72%) was also able to
confirm the significance of the models.

Then model reduction was applied by eliminating the insignificant terms to simplify the models
and maximise the precision of predictions. The parameter o = 0.05 was used as the threshold
for statistical significance. The p-value was used to check the relevance of each term since all
the terms with p-value > 0.05 were removed. The final reduced models of the mechanical

properties are:

Young Modulus [GPa] = 0.3 + 0.0293 A - 0.5594 B (5.4)
Compressive Strength [Mpa] = 380.0 + 0.3092 A - 32.50 B - 10.32 C + 0.4857 B2 (5.5)
Yield Stress [Mpa] = 176.3 + 0.1950 A - 17.95 B + 0.2375 B2 (5.6)
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Pareto charts and normal plots of the standardised effects are depicted in Figure 5.2, showing
the influence of synthesis parameters on the mechanical properties. The Pareto chart shows the
absolute values of the standardised effects from the most significant to the slightest. The
reference line in the chart refers to the statistically significant effects. In the normal plot, the
red square refers to the significant influence on response, while the blue circle has a

nonsignificant impact.
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Figure 5.2: Pareto charts and normal plots of the standardised effects for the mechanical
properties; pareto charts (a,b,c) and normal plots (d,e,f) of the standardised effects for the
compressive strength, Young modulus, and yield stress, respectively; 0=0.05
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Based on these results, 2D contour plots for the mechanical properties are presented in Figure

5.3, considering the variables with the most significant impact.
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Figure 5.3: 2D contour plots showing the effect of porosity and CaP on compressive strength
when the temperature is 1150°C (a), and the effect of porosity and temperature on elastic

modulus and yield stress when the CaP ratio is 10vol% (b and c).

The obtained results indicated that the rise in sintering temperature from 850 to 1150°C resulted
in an increase in elastic modulus, compressive strength and yield stress. Figure 5.3a illustrates
the effect of porosity and CaP ratio on the compressive strength since porosity had a negative
contribution, mainly when the KCI fraction was higher than 20%. Increasing the CaP ratio led

to a remarkable reduction in the ultimate compressive strength; for example, the compressive
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strength of the (20,0) and (20,10) scaffolds sintered at 1150°C were 340 and 165 MPa,
respectively. This finding indicated that increasing the CaP ratio from 0 to 10vol% for the
scaffolds with the same designed porosity (20vol% KCI) and sintered at the same temperature
decreased compressive strength to half value. Figures 5.3b,c show the effect of porosity and
temperature on Young’s modulus and yield stress, respectively. The porosity had a negative
impact on both Young’s modulus and yield stress [93]. However, the more decisive influence
of porosity existed in the yield stress values. The elastic modulus values for the porous
composite scaffolds ranged between 3.30 — 20.50 GPa based on porosity value, CaP ratio and
sintering temperature. Young’s modulus values for the porous composite scaffolds are
comparable with that of the human femur bone (4 - 20 GPa) [243, 244, 303, 304], which
indicates they are supposed to minimise the stress-shielding effect. Also, they exhibited
suitable compressive strength ~ 130 - 165 MPa at sintering temperature 1000°C or higher.
These values are similar to data reported in the literature for compressive strength vs. age for

the femur cortical bone ~ 90 - 180 MPa [243, 303, 305-307].

The fabrication using powder metallurgy with space holding technique greatly influenced the
scaffolds' mechanical properties. As discussed in Chapter 4, mixing titanium with CaP mineral
increased the porosity inside the pressed and sintered structure, resulting in lower density
values, which eventually influences the mechanical integrity. As reported in the literature, the
mechanical properties of porous materials depend strongly on microstructural characteristics
such as pore shape, pore size, and connectivity [308]. High porosity increases the possibility
of forming micro-cracks or defects in the structure, decreasing compressive strength. However,
introducing pores into a scaffold structure either by the space holder KCI or the CaP particles

can be beneficial in reducing the stiffness to match that of the surrounding bone. This finding
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has been reported in previous studies on porous materials, revealing a decrease in elastic
modulus with increasing total porosity [303].

Regarding sintering at high temperatures, it has been found that the mechanical properties of
the synthesised scaffolds increased significantly due to high-temperature diffusion, which
enhances the particles' bonding [293, 309]. According to XRD characterisation in Chapter 4,
an increase in the c/a ratio with a higher sintering temperature was determined due to the higher
oxygen content. The higher c/a ratio increases the strength of scaffolds due to the restricted
number of slip planes in the hcp structure, as proven in previous studies [266, 268, 269, 293,

309-312].

5.3 Numerical Analysis

Numerical analysis was vital to accomplish the comprehensive understanding of the
mechanical behaviour of the synthesised scaffolds. The study presented the stress and strain
distribution along the damaged femur bone with the synthesised scaffolds. The scaffolds
(20,10) and (40,10) were chosen to be studied in this analysis to investigate the stress and strain
distribution. These two porous composite scaffolds showed interesting mechanical properties,
with the best balance between stiffness and compressive strength and, consequently, ideal
candidates for the use as cortical bone substitutes. Analysis of the femur bone with pure
titanium scaffold (0,0) and bone graft using real properties of bone as displayed in Chapter 3
(Section 3.6.2: Materials Properties and Meshing) were also done. The analysis of these two
scaffolds (0,0) and bone was considered as a reference to compare with in order to assess the

mechanical behaviour of the porous composite scaffolds (20,10) and (40,10).
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Figure 5.4: Equivalent von Mises stress of fractured femoral shaft with the scaffolds; titanium
scaffold (0,0) (a), bone graft (b), (20,10) scaffold fabricated by 20%vol KCI & 10%vol CaP (c)
and (40,10) scaffold fabricated by 40%vol KCI & 10% vol CaP (d). Colour coding ranges from

low values in blue to higher values in red.

The equivalent von Mises stress obtained from the stress analysis of the femur bone with
scaffolds during normal standing up is shown in Figure 5.4. The maximum stress for the
titanium scaffold (0,0) was 57.62MPa which occurred on the contact surfaces between the
scaffold and the femoral shaft (Figure 5.4a). The maximum stress for the model with the
scaffold (20,10) fabricated using 20%vol KCI, and 10% vol CaP was 43.77MPa (Figure 5.4c),
which also happened on the contact surfaces but with a lower value compared to the titanium
scaffold. The results of scaffold (40,10) manufactured using 40%vol KCI and 10% vol CaP
(Figure 5.4d) and the bone graft (Figure 5.4b) were very similar. The maximum stress value

was ~ 36MPa distributed along the femoral shaft with the scaffold without stress concentration.
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The equivalent elastic strain was also compared for the four models of the femur bone with
scaffolds during normal standing up, as displayed in Figure 5.5. The strain distribution was
along the femoral shaft, but the maximum value was closer to the distal part, which was fixed
with the boundary conditions. By analysing the strain distribution through the four scaffolds,
we can see that minor elastic strain was generated on the titanium scaffold (0,0) ~ 1.42e-4 %
(Figure 5.5a). The strain distributions of the bone graft and (40,10) scaffold were similar, as
shown in Figure 5.5b and Figure 5.5d, respectively. The strain occurred along these two
scaffolds with maximum value on the contact area between the lower surface of the scaffolds
and the femoral shaft. The elastic strain generated along the bone graft ranged between 0.24 —
0.61%, and for (40,10) scaffold was 0.18 — 0.56%. However, the elastic strain along the (20,10)

scaffold was lower, with a range of 1.42e-4 — 0.12% (Figure 5.4c).

Figure 5.5: Equivalent elastic strain of fractured femoral shaft with the scaffolds; titanium
scaffold (0,0) (a), bone graft (b), (20,10) scaffold (c) and (40,10) scaffold (d). Colour coding
ranges from low values in blue to higher values in red.
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Excessive stress with negligible strain was exhibited by the titanium scaffold (0,0), which was
far away from the behaviour of the bone graft. The behaviour of titanium scaffold can be
explained according to the simple mechanical rule in the composite system (femoral shaft and
scaffold) since the stiffer component (titanium scaffold) withstood the greater load. That means
the scaffold was overloaded, whereas the femoral shaft was unloaded due to the mismatch in
stiffness. This finding indicates a high risk of stress shielding that can impair the scaffold's
stability for long-term performance [54, 313, 314]. The bone tissue grows more in the loaded
area while weaker in the unloaded areas containing less bone and more potential to fracture
[244, 305, 306, 315, 316]. Better behaviour was exhibited by the synthesised scaffolds (20,10)
and (40,10) since lower stress was generated, indicating better matching with the femoral shaft
stiffness. Closer stiffness values to the natural bone were achieved by creating the porous
composite structure of titanium with CaP. This result is supposed to help reduce the stress-
shielding effect and peri-scaffold bone resorption [71, 185, 187-190]. On the other hand, the
negligible strain in the titanium scaffold refers to improper scaffold-to-bone load transfer. In
contrast, porous composite scaffolds (20,10) and (40,10) were able to generate interface
scaffold-bone micromotions, which should support the osteointegration [48, 317-319]. The
ability of the scaffolds to respond to the mechanical loading and deform is supposed to

significantly enhance bone ingrowth due to stimuli cells' response.

5.4 Conclusion

The mechanical properties of the synthesised scaffolds depended highly on the fabrication
parameters. The high values of mechanical properties are attributed to the high sintering
temperature and low values of mineral ratio and porosity level. The elastic modulus values for
the porous composite scaffolds ranged between 3.30 — 20.50 GPa, which indicates they are

supposed to minimise the stress-shielding effect. Also, they exhibited suitable compressive
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strength ~ 130 - 165 MPa at sintering temperature 1000°C or higher. The results of the
numerical study showed that the porous composite scaffolds (20,10) and (40,10) exhibited
lower stiffness values closer to that of natural bone, providing lower stress concentration and a

good load transfer which should be beneficial to stimulate the formation of new bone.
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Chapter 6: Cellular Response

6.1 Introduction

The synthesised scaffolds were tested in vitro to investigate the influence of porosity and Fe*®
doped brushite on the biological performance of osteoblasts. The chapter started with
biocompatibility testing to examine G292 cell line viability and growth. Qualitative and
quantitative assessments for the attachment and proliferation of osteoblasts on the scaffolds’
surfaces were also conducted using Fluorescence imaging and PicoGreen DNA assay. Later,
characterisation for the composition and surface of the pure Ti and composite material

Ti/10DCPD-Fe was undertaken to examine the changes after osteoblasts seeding.

6.2 Biocompatibility Analysis

Biocompatibility is an essential requirement for bone scaffolds; hence, contact and extract
testing were performed on the synthesised scaffolds. Evaluation of biocompatibility was
conducted in vitro using G292 osteoblasts to assess the viability and growth of the cells [320,
321].

6.2.1 Contact Cytotoxicity

The direct contact assay is a qualitative assessment of cytotoxicity via microscopic analysis to
observe any changes in the morphology or number of cells. The synthesised scaffolds were
cultured with 1x10% G292 osteoblast cells for 72 hours to achieve 80% confluency. Six groups
of scaffolds (n=3 for each) presenting different porosity and mineral ratios were evaluated by
qualitative observation, as illustrated in Figure 6.1(c, d, e, f, g, h). Microscopic imaging of the
cells proliferated near all the scaffolds exhibited similar results in terms of morphology and
attachment compared to the negative control (Figure 6.1a). The positive control consisting of
40% dimethyl sulfoxide (DMSO) resulted in a lack of cell growth due to cell lysis, as depicted
in Figure 6.1b. The consistent morphology and number of osteoblast cells proliferated

throughout all the zones near the scaffolds confirmed no cytotoxicity signs.
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Figure 6.1: Brightfield illumination images of Giemsa stained cell cultures to determine
contact cytotoxicity after 72h. Images show negative control (steir-stripe) (a), positive control
(40% DMSO) (b) in comparison with pure Ti (0,0) (c), (0,10) scaffold (d), (20.0) scaffold (e),
(20.10) scaffold (f), (40.0) scaffold (g) and (40.10) scaffold (h). (n=3) and scale bar: 75 um
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6.2.2 Extract Cytotoxicity

Extract cytotoxicity testing was vital to assess the potential toxic effects of released substances
from the scaffolds on cells. Alamar Blue assay was followed to determine any changes in the
oxidation-reduction range of the cellular metabolism [321, 322]. Negative control and positive
control refer to the G292 cells incubated with the DMEM and 40% DMSO, respectively. The
results showed the viability of the osteoblast cells on all scaffolds was equivalent to the
negative control, as shown in Figure 6.2. There were no significant differences between any of
the scaffolds and the negative control. The results showed a considerable reduction of Alamar
Blue due to the growing osteoblast cells during the incubation with soluble extracts of
scaffolds. While the positive control containing 40% DMSO exhibited dye oxidation that
resulted from the significant cells growth inhibition [323, 324], as shown in Figure 6.2.

Together these indicate that all scaffolds are biocompatible and support the growth of cells.

150

Alamar Blue Assay

100 - Bl _I_
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positive negative scaffold scaffold scaffold scaffold scaffold scaffold
control control  (0,0) (0,10) (20,0) (20,10) (40,0) (40,10)

Percentage of Cell Viability (%)

Figure 6.2: Cell viability evaluation for the synthesised scaffolds considering different
porosity and mineral ratio levels. Negative and positive controls symbolise cells treated with
media and 40% DMSO, respectively. Data represent the Mean = SD, n=3, *p < 0.05.
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6.3 Cell Attachment and Proliferation

Qualitative and quantitative assessments for the cell growth on the surface of the scaffolds were
conducted in vitro using the G292 cell line. Fluorescence imaging and PicoGreen DNA assay

examined the attachment and proliferation of osteoblasts on the scaffolds’ surfaces.

6.3.1 Fluorescence Imaging

Cell adhesion and spreading on the scaffold surface are the initial interaction between the
scaffold and cells that highly influence cells proliferation [325]. The osteoblasts are considered
attachment-dependent cells; since they need to attach to the surface and spread to start
proliferating. Therefore, it is essential to investigate the influence of the morphology and
composition of the synthesised scaffolds on cell adhesion [326]. Qualitative analysis using
confocal microscopy was conducted to assess the potential of the synthesised scaffolds to
interact effectively with the osteoblast cells. The cytoskeleton of osteoblasts stained by Alexa
Fluor 488 and DAPI are presented in Figure 6.3. Alexa Fluor 488 dye shows the cytoplasmic

in green, and DAPI staining shows the nucleus in blue.

After incubation for three days, fluorescent imaging showed an excellent adhesion for intact
and flat spread cells on all scaffolds' surfaces. The results showed that cells attached to the
surfaces of (0,0) and (0,10) scaffolds, as depicted in Figures 6.3a,b indicating the excellent
interaction between osteoblasts and the scaffolds’ components (titanium and Fe™ doped
brushite). However, there is no apparent difference between the six groups of scaffolds.
Therefore, quantitative analysis was required to investigate precisely the effect of the

morphology and composition of the synthesised scaffolds on cell growth.
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Figure 6.3: Confocal microscopy images visualising G292 cell line attachment on the
synthesised scaffolds after incubation for 3days. (0,0) scaffold (a), (0,10) scaffold (b), (20,0)
scaffold (c), (20,10) scaffold (d), (40,0) scaffold (e), and (40,10) scaffold (f). The green colour
represents the actin cytoskeleton, and the blue colour represents the cell nucleus. Scale bar: 50

pm.
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6.3.2 PicoGreen dsDNA

Quantitative testing was employed using the PicoGreen dsDNA assay to investigate the
influence of the morphology and composition of the scaffolds on cell growth [326]. The
number of cells was measured at predetermined periods (4 hours, 1 day, 3 days and 7 days).
The purpose was to quantitatively determine which mineral ratio and porosity level offer the
best cell attachment and proliferation.

Figure 6.4 compares the viable cell densities for the synthesised scaffolds after 4 hours,1 day,
3 days and 7 days of culture. More osteoblast densities were measured for all the synthesised
scaffolds with increasing the cell culture time. Statistical analysis confirmed that the

differences in cell densities were significant (P-value < 0.05) for all culture periods.
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Figure 6.4: Osteoblast cell proliferation on the surface of the synthesised scaffolds evaluated

using PicoGreen assay. Data represent the Mean + SD, n=3, *p < 0.05.
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Figure 6.5:Osteoblast cell proliferation on the surface of the porous scaffolds (40,0) and (20,0)
in comparison with the solid titanium scaffold (0,0). Data represent the Mean + SD, n=3, *p <
0.05.

Figure 6.5 compares the viable cell densities for the porous scaffolds (20,0) and (40,0) with
solid titanium (0,0) after 4 hours,1 day, 3 days and 7 days of culture. The results showed that
after 7 days of incubation, cells proliferated more on the scaffold with higher porosity. Scaffold
(40,0) presented a higher proliferation rate with ~ 18.3% compared to (20,0) sacaffold and ~
31% compared to solid titanium (0,0) scaffold. According to Chapter 4 results, the average
pore size of the fabricated porous scaffolds (40,0) and (20,0) ranged between 100 — 450 um,
and the size of interconnected pores was about 600 — 850 um. This finding correlates with
previous studies that reported porous bone scaffolds with an average pore size of 100 - 1500
um facilitated excellent osteoblast cell attachment and proliferation [167, 298-301, 318, 325].
Whilst, too large pores > 1500 um resulted in a decrease in the surface area, limiting cell
attachment [298]. The configuration of porosity, interconnectivity and surface area of the
synthesised porous scaffolds (40,0) and (20,0) were suitable for the cells to adhere and
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proliferate. Literature demonstrated that cells prefered to agglomerate and attach as clusters in
and near the pores in porous structures [302].

Figure 6.4 displayed that no considerable effect of the Fe*® doped brushite (DCPD-Fe) mineral
on cell proliferation after only 4 hours of incubation. However, the results after 3 and 7 days
proved a higher number of cells on the surface of the composite scaffold (0,10) compared to
(0,0). Scaffold (0,10) had a higher proliferation rate with ~ 19.2% after 3 days and ~ 10.5%
after 7 days in comparison with pure titanium scaffold (0,0).

The porous composite scaffold (40,10) presented the positive influence of porosity and Fe*®
doped brushite mineral (DCPD-Fe) on osteoblasts proliferation after seven days of culture as
shown in Figure 6.4. This finding is consistent with the literature showing better bone

formation in CaP based scaffolds [103, 132].

6.4 Characterisation after Cell Seeding

In vitro experiments investigated the effect of the synthesised scaffolds on osteoblasts,
considering the influence of composition and porosity of scaffolds. In order to inspect the
interaction between the cells and scaffolds, characterisation for the pure titanium and composite
material Ti/LODCPD-Fe was conducted after cell seeding.

XRD patterns of the pure Ti and composite material Ti/L0DCPD-Fe after cell seeding for seven
days are plotted in Figures 6.5 and 6.6. The XRD patterns of Ti and composite material before

cell culture are also presented for comparison purposes.
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Figure 6.6: A comparison of X-ray diffraction patterns of Ti scaffolds before and after cell
seeding for 7 days; with indexing to the JCPDS reference files of titanium Ti (A) (a), and the
magnified scale of XRD patterns (b).
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Figure 6.7: A comparison of X-ray diffraction patterns of the composite material Ti-10 %
DCPD-Fe before and after cell seeding for 7 days; with indexing to the JCPDS reference files
of titanium Ti (A), B-pyrophosphate B - Ca2P.07 (*), and TiOg 47 (*) (a), and the magnified
scale of XRD patterns (b).

There were no changes in the titanium scaffold after cell culture, and all peaks were linked with
a-titanium (JCPDS 04-006-2824 card). The main identified phases of the composite material
(titanium with 10%vol Fe** dopped brushite) after cell seeding were: a-titanium Ti (JCPDS
04-006-2824 card) and B-pyrophosphate 3 - Ca,P.O7 with reference pattern (JCPDS-00-017-
0499 card). The peaks associated with 26° ~ 37.76°, 39.83°, 62.95°, 69.55° were linked with
titanium oxide TiO, 1, (JCPDS 01-082-7490 card) [271, 277, 327]. The peaks corresponding
to Titanium Oxide TiO, 5, Were not observed in the XRD pattern of the composite material
before cell culture. This result indicated a higher oxygen concentration in the composite

scaffold after cell seeding since TiO ;5 contains ~ 15% atomic percent of oxygen. This finding
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suggests that cells were growing on the surface of the composite material and provided oxygen
to the scaffold. Whilst in pure titanium, no evidence of the presence of oxygenated titanium
TiOy. 176 In the structure, which means the synthesised composite scaffold exhibited a better
cell hosting environment. The dissolved oxygen in the composite scaffold would support cell
growth and activity for longer-term. This may explain the higher cell proliferation on the
surface of the composite scaffold compared to pure titanium after 3 and 7 days. However, to
clarify this finding, the DNA quantification after a more extended period (> 7 days) would be

helpful.

Surface analysis was also performed for the synthesised scaffolds after cell culture for seven
days. Figure 6.7 displays the XPS survey spectra of the pure Ti and the composite material
Ti/10DCPD-Fe before (in red) and after (in black) cell seeding. The most significant change
on the surface of pure titanium after cell seeding was the lower intensity of the titanium (Ti 2p)
peak. For the composite material, not only was a decrease in the intensity of titanium (Ti 2p)
peak but also (Ca 2p) and (P 2s) peaks almost disappeared. The surface of both scaffolds,
titanium and composite, showed more substantial peaks of oxygen (O 1s), nitrogen (N 1s) and
carbon (C 1s) after cell seeding. XPS technique can penetrate only 5 — 10nm of the surface,
which explains the decrease in intensity for the component peaks of the scaffolds. The more
substantial peaks of oxygen, nitrogen and carbon on the surface of scaffolds after incubation
with osteoblasts indicated to the growth of cells. Higher concentrations of oxygen, nitrogen
and carbon gave a good sign of the biocompatible nature of the surfaces of scaffolds and the
excellent interaction with cells. The results in Chapter 4 confirmed the formation of titanium
dioxide TiO2 and calcium titanate CaTiOz on the surface of the Ti and Ti/10DCPD-Fe

scaffolds, respectively. According to literature, these oxides provide the scaffold’s surface with
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properties similar to those of natural bone, enhancing biocompatibility and increasing the

bonding with cells [277, 284, 289, 328-330].
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Figure 6.8: XPS survey spectra of (a): pure Ti and (b): composite material Ti/10DCPD-Fe
before (in red) and after (in black) incubation with G292 cell for 7days.
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SEM-EDX mapping of the composite material Ti/LODCPD-Fe, as shown in Figure 6.8,
confirmed the XRD and XPS results. Higher concentrations of oxygen, nitrogen and carbon

were detected on the surface of the scaffold, demonstrating the growth of osteoblasts.
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Figure 6.9: EDX mapping of titanium with 10vol% Fe*® doped brushite illustrating the

scaffold composition after cells seeding for 7 days.

6.5 Conclusion

In vitro results demonstrated that all the synthesised scaffolds were non-toxic, biocompatible,
and promoted osteoblasts' adhesion and growth. The (20,10) and (40,10) scaffolds promoted
the proliferation of osteoblasts due to the higher porosity and DCPD-Fe ratio. XRD results
showed that the composite material Ti/ DCPD-Fe exhibited a better cell hosting environment
than pure titanium. XPS and EDX data presented higher oxygen, nitrogen, and carbon ratio on

the scaffolds' surface; reffering to cells' metabolic activity.
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7.1 Characterisation of Scaffolds

The powder metallurgy with a space holder technology was feasible and effective for producing
porous composite scaffolds with ~ 38 — 60% open porosity. The phase constitution of the
sintered composite material (titanium with 10%vol Fe** dopped brushite) was o-titanium and
B-pyrophosphate (B-Ca2P207). Beta pyrophosphate is a promising material for bone tissue
engineering due to its significant role in hard tissue mineralisation, as reported in previous
studies [331, 332]. XPS results showed that the surface of the sintered composite material
presented the formation of calcium titanate CaTiO3z whilst only TiO, was detected on the
surface of sintered pure titanium. According to literature, these oxides provide the scaffold’s
surface with properties similar to those of natural bone, enhancing biocompatibility and

increasing the bonding with cells [277, 284, 289, 328-330].

The synthesised porous scaffolds (20,0), (20,10), (40,0) and (40,10) included an optimal pore
size distributed between 100 — 450 pum. According to tissue engineering research, bone
scaffolds must have a minimum pore size of 50 — 100 um for adequate bone regeneration [38,
47, 194-196]. Pore size directly affects new bone development since larger pores vascularise
and stimulate osteogenesis faster [20, 102, 333]. Smaller pores (< 50 um) were also observed
in the synthesised scaffolds, which are beneficial for providing an interconnection throughout
the whole structure. The uCT images displayed the open and interconnected pores, which
should provide adequate fixation to the surrounding tissue and promote the diffusion of oxygen
and nutrients to cells and transport metabolic waste out of the scaffold [334, 335].

On the othe hand, the lack of vascularisation in large bone defects due to a scaffold with closed
pores is one of the most critical obstacles limiting the extent of bone regeneration[54, 336-
339]. The porous composite scaffold (40,10) with interconnected and accessible pores ~ 95%

is promising to successfully promote vascularisation at the defect site.
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7.2 Mechanical Behaviour of Scaffolds

The fabrication using powder metallurgy with a space holder greatly influenced the scaffolds'
mechanical properties. Mixing pure titanium with DCPD-Fe mineral increased the porosity
inside the pressed and sintered structure, resulting in lower density values, eventually
influencing the mechanical integrity. However, introducing pores into the scaffold structure
either by the space holder KCI or the DCPD-Fe particles was beneficial in reducing the stiffness
to match the natural bone value. This finding was consistent with previous studies on porous
materials, showing a decrease in elastic modulus with increasing total porosity [303]. In
general, high porosity increases the possibility of forming micro-cracks or defects in the
structure, decreasing compressive strength [93, 308]. Therefore, a balance must be preserved
during the design and manufacturing of scaffolds to get the appropriate porous structure with
optimal mechanical properties. The additive of DCPD-Fe mineral to titanium helped moderate
the stiffness of scaffolds to match the cortical femoral bone without causing stress localisation
due to very high porosity ( > 70%), as reported in previous works [26, 102].

The results showed that the rise in sintering temperature significantly increased elastic
modulus, compressive strength and yield stress due to high-temperature diffusion, which
enhanced the particles' bonding [293, 309]. On the other hand, XRD results displayed an
increase in the lattice parameter ratio of c/a with a higher sintering temperature due to the upper
interstitial oxygen concentration. This finding suggests that the mechanical properties of the
synthesised scaffolds were affected by the lattice expansion that arises during the sintering
process. The increase in c/a ratio with respect to the interstitial oxygen concentration increases
the strength of scaffolds due to the restricted number of slip planes in the hcp structure, as
proven in previous studies [266, 268, 269, 293, 309-312, 327, 340].

However, oxygen concentration must be cautiously controlled to obtain the required

mechanical properties. High oxygen concentration leads to massive oxidation, negatively
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affecting the mechanical properties of titanium. We can see the enormous difference in
mechanical properties of the scaffolds sintered in the air compared to those in an inert
atmosphere (Appendix A).

The (20,10) and (40,10) scaffolds exhibited a more uniform stress distribution and better strain
transfer across the scaffold/bone interface compared to the pure titanium scaffold. The stress
and strain developed by (20,10) and (40,10) scaffolds were comparable with cortical femur
bone values. The designed scaffolds exhibited mechanical behaviour and stiffness, making
them suitable for minimising the stress shielding effect and reducing mechanically mediated
bone resorption [319]. However, we can not decide which scaffold is the best to use as a
replacement for a segmental bone defect until we determine the type of fixation. The fixation
of the scaffold with the surrounding bone must give support during bone healing. However,
several factors, including the surgery, scaffold and patient, will play an essential role in

determining the best fixation method.

7.3 Cellular Response of Scaffolds

The influence of scaffold on the viability and growth of osteoblasts is a critical factor in the
success of bone regeneration. Therefore, scaffolds with different compositions and porosity
were tested in vitro. The outcomes suggested that all the synthesised scaffolds were non-toxic
and biocompatible. Furthermore, cells presented excellent adhesion and growth, and their
morphology shows a healthy attachment with well-spread shape, which is indicative of a high
cellular interaction with all scaffolds’ surfaces. As indicated elsewhere, these proprieties
demonstrated the osteoconductive capability potential of all these scaffolds [20, 103, 161].
However, exploring precisely the effect of porosity and Fe*® doped brushite demonstrated the
cell proliferation rate increased by increasing the scaffold's porosity. In Chapter 4, uCT results

illustrated how pores were interpenetrating and interconnected in the scaffold with 40 vol%
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KCI (40,0), whilst lower interconnectivity was in the scaffold with 20 vol% KCI (20,0) due to
the closed pores. These results can explain the significant effect of the scaffolds with 40%vol
KCI on cell growth and proliferation density. The porous structure with interconnected micro
and macro pores is ideal for bone scaffolds as it facilitates cell seeding, penetration, and migration
of osteoblast cells. Also, pores interconnectivity provides adequate diffusion of nutrients and
oxygen to cells and transports metabolic waste from the scaffold [20, 40, 98, 169, 170].

In the extended incubation period with cells (after three and seven days), the composite scaffold
(0,20) containing DCPD-Fe mineral enhanced the proliferation of osteoblasts. The composite
material Ti/LODCPD-Fe exhibited a better cell hosting environment than the pure titanium for
the long term incubation. XPS results showed the formation of CaTiO3 on the surface of the
sintered composite material, which can be one of the reasons behind the higher osteoblast
adhesion and proliferation. Previous studies showed better integration with the surrounding
bone after coating or modification of titanium surface with CaTiO3 [283-288].
Characterisation results presented a higher oxygen concentration in the composite material
after cell seeding due to the formation of titanium oxide TiO, ;7 Which contains ~ 15% atomic
percent of oxygen. This product indicates that cells were growing on the surface of the
composite material (Ti/LODCPD-Fe) and provided oxygen to the scaffold. The additive of 10
%vol DCPD-Fe mineral to pure titanium succeeded in creating bio-interactive material to
enhance bone regeneration. The composite material (Ti/10DCPD-Fe) is supposed to have
osteoconductive and osteoinductive properties due to the ability to create biodegradable
channels. Many studies have reported a better degradation rate of Beta-calcium pyrophosphate
(B-Ca2P207) comparable to bone regeneration rate than other CaPs materials to support bone
formation [124, 128-133, 200].

On the other hand, the potential of using the dissolved oxygen in the composite scaffold as a

source of O to support cell growth and activity for a longer term would also be promising.
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However, an extended dsDNA quantification test should be done to confirm this finding and

investigate the effect of dissolved oxygen on the cells' growth.
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8.1 Conclusion

This work presented the design and fabrication of porous composite scaffolds (titanium/ Fe**
doped brushite), which can provide the appropriate mechanical support and biological response
during bone restoration. The most important outcomes of this research could be summarised

as the following:

e The resultant phases after sintering composite material (titanium/10% vol Fe** dopped
brushite) in argon at 1000°C were hexagonal a-titanium and B-pyrophosphate (B-

CazP.07).

e Surface analysis for the sintered composite material (Ti/L0DCPD-Fe) presented the

formation of calcium titanate CaTiOs.

e The powder metallurgy with space holder process was feasible in fabricating scaffolds
with open, large enough and interconnected pores. Scaffolds (40,10) and (20,10) are

supposed to allow vascularisation and ease penetration of cells.

e The elastic modulus of the (40,10) and (20,10) scaffolds were 8.7 and 20.17 GPa,
respectively at sintering temperature > 1000°C. These values are comparable with that
of the human femur bone (4 - 20 GPa), which indicates they are supposed to minimise

the stress-shielding effect.
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(40,10) and (20,10) scaffolds exhibited also suitable compressive strength ~ 130 and
165 MPa, respectively at sintering temperature > 1000°C. These values are similar to

the femoral cortical bone ~ 90 - 180 Mpa.

The numerical study suggests that the synthesised scaffolds (20,10) and (40,10) have
the potential to perform well for bone regeneration within segmental defects and could

be biomechanically flexible in interaction with the surrounding bone.

All the synthesised scaffolds were non-toxic and biocompatible with no harmful effects

on the osteablast cells.

The in-vitro results showed that the synthesised scaffolds were osteoconductive and
supported cells to attach and proliferate. Higher proliferation rates were detected in

scaffolds containing DCPD-Fe mineral and higher porosity.

The porous composite scaffolds (20,10) and (40,10) could be promising for promoting
successful osseointegration. These scaffolds succeeded in meeting the five
requirements of bone scaffolds as identified in the ‘Diamond Concept’. The scaffolds
are biocompatible, osteoconductive, have the proper porous structure, exhibit the
potential to trigger vascularisation and have mechanical properties consistent with the

cortical bone.
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8.2 Limitations

There are two major limitations in this work that could be addressed in future research.

> First, the numerical study was affected by the computer performance and specifications.
The shortage of a high-speed processor restricted the creation of a 3D meshed model
that imitates the actual structure of the porous composite scaffold. The study considered
the physical and mechanical properties of the synthesised scaffolds without taking into
account the effect of the geometry and distribution of pores on stress and strain

behaviour.

» Second, the lockdowns and restrictions resulting from the Covid-19 pandemic
adversely affected the biological experiments. The entire bone cell viability and
proliferation studies were destroyed during the lockdown, which resulted in repeating
the incomplete work. The period of time spent on repeating was designed to spend on

angiogenesis testing for the synthesised porous composite scaffolds.

8.3 Recommendations and Future Work

At this point, some future research directions are proposed that can further enhance the work

developed in this thesis.

» Further mechanical testing would be recommended to get a comprehensive
understanding of the mechanical behaviour of the synthesised scaffolds. The scaffold
may display good behaviour under uniaxial stress (as addressed in this work), but when
multiaxial stress is produced due to a notch, the scaffold might not withstand the elastic
and plastic deformation in different directions. Therefore, three points bending test with

a notch would be important to calculate the fracture toughness of the scaffolds.
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The numerical study should be validated using a 3D model created by high-resolution

uCT images.

The finite element analysis could include the fixation method for the synthesised

scaffold with bone tissue.

Further studies are required to investigate the influence of the DCPD-Fe mineral on the

osteogenic differentiation, angiogenesis and mineralisation.

Endothelial cells assay would be suggested as these cells are from the inner surface of
blood vessels and thus can form vascularisation networks. This test would inspect the

influence of the created porous structure on the proliferation of endothelial cells.

In vivo experiments for the (20,10) and (40,10) scaffolds will be conducted during my
next three years project to investigate the influence of the synthesised scaffolds on cells

response.

Also, the porosity and mineral ratio of the porous composite material (Ti/ DCPD-Fe)
will be adjusted by considering porosity value between (20%vol and 40%vol KCI) and
increasing the mineral ratio by more than (10%vol DCPD-Fe) which potentially may

result in better biodegradable behaviour.

Furthermore, designing and fabricating a two-layered scaffold that embodies all the
required properties in a physiological analogue of a natural bone will be running. The
outer layer of the scaffold is made up of the porous composite material Ti/LODCPD-Fe

(investigated in this thesis), and the inner layer is made up of freeze-dried chitosan with
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brushite (investigated in my colleague's work [345]). The outer layer can work as
synthetic cortical bone providing a scaffold with mechanical stability and stimulation
of bone growth, and the inner layer behaves as synthetic cancellous to facilitate tissue

growth and ensure vascularisation.
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Appendix A: Scaffolds sintered in air

1. Scaffolds characterisation

The X-ray diffraction patterns of the titanium samples sintered in two different environments,
air and argon, are presented in Figure 1 and compared with the X-ray diffraction pattern of the

initial Ti powder.

Ti sintered in
argon at 1000°C

A A ZAN
A

A A

>

0

Ti sintered in
air at 1000°C

Y W
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=l

Intensity (a. u.)
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Figure 1: Normalised X-ray diffraction patterns of initial Ti powder and Ti pellets sintered in
air and argon at 1000 °C for 2h, with indexing to the JCPDS reference files of titanium (A) and

titanium dioxide (o).

Ti samples sintered in these two environments exhibited different diffraction patterns. Ti
sintered in the presence of O2 had diffraction peaks associated with 26° ~ 27.43°, 39.18°,

56.63°, 64.06°. These peaks match the reference standard XRD data for TiO rutile (JCPDS:
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00-034-0180 ). Ti pellet was oxidised because titanium reacted rapidly with the oxygen when
heated in the air at 1000 °C due to the strong chemical affinity and high solid solubility of
oxygen in titanium [312]. Whilst all the peaks of titanium pellet sintered in an inert atmosphere
were related to a-Ti with a hexagonal close-packed (hcp) structure, according to the

information reported in the database card (JCPDS 04-006-2824).

The EDX elemental mapping of pure titanium samples sintered in air showed that most of the

titanium was oxidised, as shown in Figure 2.

f 100pm ! f 100pm !

Figure 2: EDX mapping of pure titanium sample sintered in the presence of O at
1000°C for 2h.
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2. Mechanical properties:

Table 1 displays the ultimate strength of the scaffolds designed and fabricated according to
Box Behnken's design. Compressive strength was negatively affected by the sintering
process in air. The low values of compressive strength restrict the use of these scaffolds in

load-bearing applications.

Table 1: Compressive strength of the synthesised scaffolds sintered in air.

Temperature KCI CaP Ultimate
[°C] [vol%] [vol%] Strength [MPa]
850 0 5 113
850 20 0 85
850 20 10 37
850 40 5 49
1000 0 0 133
1000 0 10 15
1000 20 5 37
1000 40 0 33
1000 40 10 25
1150 0 5 17
1150 20 0 16
1150 20 10 19
1150 40 5 18

Appendix B: Experimental protocols

Proliferation experiment using DNA quantitation (Quant-iT PicoGreen dsDNA Assay
Kit)
This protocol was used to determine the proliferation of cells after 4 hours, 1day, 3days, and 7

days of incubation.

159



Appendices

Cells lysis:

» 1% solution of Triton-X100 (Alfa Aesar) was prepared by adding PBS.

» The samples were rinsed twice with PBS and 1.5 mL of 1% Triton was added to the
samples and frozen for 15 mins at -80°C and then defrosted at 37°C. This cycle was
repeated three times, with scraping by pipette tips each time to lyse all the cells.

» The lysates were then centrifuged at 1200 rpm for 5 min, and 100 pL of the supernatants
was used to determine DNA content.

Standard stalk solution of ds DNA:

The data were calibrated using a DNA standard curve following these steps:

» First, 1x TE buffer solution was prepared by diluting 750 ul of 20x TE buffer (200 mM
Tris-HCI, 20 mM EDTA, pH 7.5, Invitrogen by Thermo Fisher Scientific) in 14.25 ml of
nuclease free water.

» Then ds DNA standard solution was prepared by diluting 20 pl of ds DNA (100pg/ml)
(Invitrogen by Thermo Fisher Scientific) in 980 ul of 1x TE buffer to prepare serial
dilutions (2000, 1000, 500, 250, 125, 62.5, 31.3,15.6, 7.8, 3.9, 1.95, 0.98, 0.49 ng/mL)
and the blank (TE buffer only) to get several points for the DNA standard curve.

Picogreen solution preparation:

» Each 10 pl concentrated of PicoGreen (Invitrogen by Thermo Fisher Scientific) was
diluted in a 990 ul TE buffer to the prepare PicoGreen solution.

» For DNA quantitation, 100 pl of PicoGreen solution was added to each well (i.e., to each
100 pul standard DNA and 100 ul from the samples in the 96 well plate), and then the well
plate was kept at room temperature for 5 min in the dark.

» The plate reader (Varioskan Flash plate reader, Thermo Scientific) was used for
fluorescence examination for DNA evaluation at excitation wavelength 480 nm and

emission of 520 nm.
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