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ABSTRACT

In bone tissue engineering, one of the main challenges is to fabricate scaffolds that
promote and support osseous reconstruction. The research reported in this thesis

considers the use of apatite-wollastonite (A-W) as a bone scaffold.

A variety of scaffold fabrication techniques, all based on initially processing powder to
create a pre-form for subsequent sintering, have been developed and characterised
for their ability to create microporous; and interconnected macroporous scaffolds. A
range of powder processing techniques were used: pelleting, dry powder and slurry
moulding, and different powder particle size ranges were assessed for the
preparation of microporous scaffolds to influence their surface roughness without

significantly varying the porosity.

To introduce macroporosity within the ceramic scaffolds that would be comparable in
terms of scale and organisation to trabecular bone, a variety of methods were
employed. Burning off negative templates such as polymeric patrticles, filaments and
fused deposition modelling 3D constructs was investigated, together with a novel
method based on thermally induced phase separation (TIPS), freeze-drying and

sintering.

Selected microporous scaffolds with different surface topography and pore size; and
highly interconnected scaffolds with porosity >80% were fabricated with height 2+ 0.1
mm and diameter 8- 10 mm depending on the fabrication method and the particle
range that was used.

The parameters that were evaluated in vitro were the effect of variable topographies
on microporous constructs and the influence of high porosity on cell adhesion,

proliferation and cell differentiation.

It is concluded that the surface area of A-W scaffolds affects their bioactivity,
degradation and mechanical properties. Microporous scaffolds with smaller pores
allow cell-cell interaction and promote osteogenesis. Further investigation is required
to clarify the observed chondrogenesis that occurred when MSCs were cultured on
microporous scaffolds with larger pores. Highly porous A-W scaffolds allow cell

infiltration, migration and demonstrate signs of osteochondral lineage differentiation.
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Introduction

INTRODUCTI ON

Currently the life expectancy has increased and the ageing population suffers from
degenerative diseases, such as osteoarthritis (OA) that affects the bone and
cartilage. Therefore, there is a need for scaffolds that may prevent OA at the early
stage and have long-term impact on disease progression (Roberts et al., 2011).

Currently there is no treatment for osteoarthritis. Only when the disease is at the end
stage and the patient is immobilised, a total joint replacement surgery takes place.
The main purpose of this thesis was to develop a ceramic scaffold that would be the
bony part of an osteochondral plug for early stage intervention in the pathogenesis of
OA. This scaffold could potentially be used by removing the diseased area and

replacing it bone to prevent progression of the disease.

A-W was used as material, because it combines biocompatibility, bioactivity,
osteoconductivity and bioresorbability in vivo with high mechanical properties
(Kokubo et al., 1986, Dyson et al., 2007) that are necessary characteristics for bone
scaffolds (Will et al., 2012). Additionally, a bone scaffold needs to be highly porous
and interconnected to promote fluid diffusion, cellular migration, neo-vascularisation

and tissue ingrowth (Karageorgiou and Kaplan, 2005).

In this thesis different scaffold fabrication techniques were investigated to prepare
microporous and highly porous interconnected scaffolds. The fabrication techniques
that were used were: cast compact and loose powder, cast slurry, organic polymeric
particle and filaments burnt out. Two new techniques were developed during this
study.

1 FFF negative templates were used as cores in a mould and A-W was poured.

After sintering a macroporous interconnected scaffold remained.

1 Polymeric scaffolds fabricated with thermally induced phase separation (TIPS)
followed by freeze drying have been reported to be highly porous with
channels that indicate interconnectivity (Yang et al., 2006). During TIPS
method, a polymer dissolved in a solvent system to promote phase
separation. In this occasion, poly (lactic acid) was dissolved in dioxane or

dioxane: water solution. To fabricate hard, mechanically robust scaffolds for
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bone tissue engineering applications, A-W microparticles were incorporated
into the polymeric solution and after the slurry was frozen and freeze dried; it
was sintered to burn out the polymeric phase and leave behind a hard, rough

ceramic scaffold.

The main technique that was common for all the A-W scaffolds was sintering to

provide a ceramic scaffold with mechanically robust structure.

One of the main goals of this thesis was to develop and characterise ceramic
fabrication techniques using A-W ceramic powder that would result in microporous

scaffolds; and highly porous and interconnected scaffolds.

One type of microporous and one of macroporous scaffolds were selected to further
investigate. The structural integrity was the main criterion to select the scaffolds to be
used for further examination. Scaffolds were assessed in vitro before and after they
were immersed in SBF solution to examine their bioactivity, bioresorbability and

mechanical properties.

In addition, the immortalised human telomerase reverse transcriptase mesenchymal
stem cell line (h-TERT MSCs) Y201 was seeded on the microporous and
macroporous highly interconnected scaffolds to study their influence on cell fate. The
Y201 cells were selected, because they are clonal cells from a donor patient that
underwent total hip replacement, have the ability to differentiate to the three lineages
(osteogenic, chondrogenic and adipogenic) (James et al. 2015) and can obtain a

high cell number to test all the scaffolds for different assays.

Using different particle ranges the surface area of the microporous was altered
aiming to study how the different surface areas of the sintered A-W ceramic
influenced the resorption and bioactivity of the material. Additionally, Y201 cells were
cultured on the top of these microporous scaffolds since their pore sizes were
prohibitive for cell infiltration (2D cell culture). The cells cultured on these scaffolds
were aimed to investigate how the different surface areas could influence the cell fate

of human mesenchymal stem cells.

It is generally accepted that the 3D cell culture is more representative of the native
tissue (Pampaloni et al. 2007). The interconnected highly porous scaffolds A-W
scaffolds were intentioned to be used in order to evaluate how the high porosity in
combination with interconnectivity could influence A-W bioactivity and bioresorption
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and whether they could promote in vitro osteogenesis to the hTERT cell line (3D cell

culture).
This thesis is structured as follows:

Chapter 1 presents a literature survey covering musculoskeletal biology and tissue
engineering approaches to bone and cartilage.

Chapter 2 shows standardised methodologies used through the thesis.

Chapter 3 displays results from the development and selection of a number of A-W
scaffold fabrication techniques.

Chapter 4 demonstrates results from the in vitro assessment of cast slurry scaffolds,

investigating surface topography, bioresorbability and hMSC behaviour.

Chapter 5 illustrates results from the in vitro assessment of A-W TIPS scaffolds,

investigating mass change and the influence on hMSC behaviour.

Chapter 6 discusses the details of chapters 4-6 with a focus on specific challenges

and how they conform to current scientific understanding.
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Chapter 1

Chapter 1 LI TERATURE SURVEY

1.1 Osteoarthritis

Osteoarthritis (OA) is a slow degenerative and highly prevalent chronic disease that
is estimated to affect approximately 8.5 million people in the U.K. alone (Roberts et
al. 2011). The disease is an outcome of unbalanced equilibrium in normal
homeostasis causing increased catabolism relative to anabolism of joint tissues
(Hunter 2011).0A is distinctively characterised by chronic cartilage degeneration that
leads to subchondral bone alterations causing sclerosis (Guilak 2011; Hunter 2011).
The remodelling mechanisms in the arthritic joint often are overactive, but they
produce abnormal bone and cartilage in the form of osteophytes (Roberts et al.
2011) . OA is categorised as non-inflammatory, however synovial inflammation
(synovitis) can sometimes be present and can influence the progression of cartilage
degradation (Bonnet & Walsh 2005). The aetiopathogenesis of OA appears to be the
outcome of a complex interplay between systemic and local biomechanical risk
factors. Systemic factors related to OA are genetic susceptibility, age, sex, race,
bone density, oestrogen levels and nutrition (Benito et al. 2005) . At final stages -
joint stiffness and gradually loss of joint function leading to mobility disability and loss
of quality of life. Consequently, the need for symptomatic relief increases the demand
for improved therapies (Suri & Walsh 2012).

Nonpharmacology measures include exercise and manual therapy, weight loss,
electrotherapy, appropriate footwear, assistive devices. Pharmacological measures
comprise oral analgesic, such as paracetamol and topical nonsteroidal anti-
inflammatory drugs. Joint replacement (arthroplasty) is the last alternative for patients
that have been offered non-invasive treatments. On the one hand, arthroplasty can
alleviate the pain and restore the functionality of the joint. On the other hand, the
implants have a limited lifespan and are likely to loosen and form wear particles.
Additionally, it has been reported that the failure rates of implants are higher for
young patients compared with older patients. Further surgery is inevitable following
implant failure and makes the procedure more complex and painful for the patient
(Roberts et al. 2011).

To date the therapies for OA target pain relief, motion improvement and partial

regeneration. Consequently, the current treatments aim to alleviate the symptoms of
Page | 4



Chapter 1
OA, but not the disease itself. There is, therefore a need for innovative treatment
strategies that bridge the gap between conventional symptomatic treatment and joint
replacement. It is believed that cell based therapies and tissue engineering can
develop early stage repair strategies that may prevent OA and have long-term impact

on disease prevalence and progression (Luyten & Vanlauwe 2012).

1.2 Tissue Engineering

Tissue engineering (TE) as a rapidly developing area of regenerative medicine and
contains a plethora of interdisciplinary interfaces between engineering, materials
science, biology and clinical medicine. It strives to repair, maintain or enhance,
diseased or damaged tissues and organs without the formation of scar tissue
restoring their function and physiology (Langer & Vacanti 1993; Luyten & Vanlauwe
2012).

Cell therapies provide the potential for early stage treatment of osteochondral
defects. One approach is marrow stimulation techniques, such as microfracture,
which is based on the penetration of the defected area into the bone marrow cavity
causing the outflow of marrow blood that contains mesenchymal stem cells (MSCs).
MSCs are multipotent stem cells that have the ability to differentiate towards bone
and cartilage amongst other tissues (Barry & Murphy 2004; Ren et al. 2012). The
MSCs are stabilised in the defected area by clot formation due to the clotting
(coagulation) factors. The MSCs number and their differentiation rate depend on the
pat i en (Steiswaehget al. 2008).

Aut ol ogous (patientds) cell trangpmachhnt ati on
Osteoblasts i bone progenitor cells, chondrocytes i cartilage progenitor cells and/or

MSCs can be isolated fr om tinhitroapdarttrodacedino s t i s
the patient via injection or seeded in a biocompatible 3D construct or scaffold

(Hutmacher 2000). MSCs can be harvested in adequate number, have good

proliferation capacity and can differentiate into chondrocytes and osteoblasts, as has

been referred above, promoting the regeneration of both cartilage and bone

(Nejadnik et al. 2010). MSCs can be isolated from various tissues such bone marrow,

synovium, umbilical cord, adipose tissue. Sakaguchi et al. (2005) demonstrated that

synovium- derived MSCs (SMSCs) and bone marrow- derived MSCs (BMSCs) have

more advanced chondrogenic and osteogenic potentials than MSCs derived from

periosteum, adipose and muscle. SMSCs have been reported to have superior
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chondrogenic and osteogenic potential from BMSCs (Sakaguchi et al. 2005);
however, SMSCs not only they have not been used in clinical practise, but also the
harvesting method for these cells necessitate arthroscopy that is more invasive than

bone marrow biopsy for BMSCs (Nejadnik et al. 2010).

An alternative tissue engineering strategy is the implantation of a three dimensional
(3D) biomaterial construct i scaffold T alone or in combination with autologous cells
in the defected area (Langer & Vacanti 1993). Mechanical, architectural and
topographical properties of scaffolds stimulate cell fate (Guilak et al. 2009) and
therefore have the potential to be exploited as mechanisms to control the biological
response to implanted material. This report will focus on bone scaffolds for the
application to the tissue engineering field. To recapitulate human tissues we must
first consider the normal tissue physiology.

1.3 Bone

1.3.1 Biological and biomechanical properties
It is of primary significance to understand the biological and biomechanical properties
of the physiological bone in order to suggest possible materials and techniques that

can participate in the regeneration of the disrupted tissue.

The adult human skeleton consists of 213 bones without encountering the sesamoid
bones (Clarke 2008). Bone tissue is composed of 60% hydroxyapatite (HA), 10%
water and 30% collagen; and is organized into cortical (compact) bone and
trabecular (cancellous or spongy bone) (Weiner & Wagner 1998) . Cortical bone is
very dense i only 10% porous- and surrounds cancellous bone. Cancellous bone
has high porosity- 50-90% porous- and consists of a honeycomb-like network of
trabecular rods and plates in the bone marrow compartment enclosing large voids
(macropores) (Clarke 2008; Salgado et al. 2004).

Bone plays an important role in the vertebrate body, since it provides the acquired
rigidity for locomotion and protection of vital internal organs and structures - viscera,
as well as it contributes to numerous physiological functions as haematopoiesis,
acid-base balance, mineral homeostasis -regulation of calcium and phosphorus- and
growth factors and cytokines storage (Clarke 2008; Bayliss et al. 2012; Liao et al.
2011).

Page | 6



Chapter 1
Bone is an active, highly vascularised and innervated connective tissue with the
capacity to remodel and renovate continuously without scar tissue formation either as
response to injury or as normal process throughout adult life(Salgado et al. 2004;
Dimitriou et al. 2011). The bone structure constantly undergoes restoration by
maintaining the dynamic equilibrium between bone resorption and bone remodelling
processes to maintain its architecture and mechanical strength (Clarke 2008). Bone
resorption and remodelling are processes that are determined by two cell types:

osteoclasts and osteoblasts.

Osteoclasts are polarised cells of hematopoietic origin with a ruffled boundary area of
the cell membrane that is enclosed in an organelle-free region and are adhered to
the bone via integrins (specialised surface receptors that mediate the cellular
adhesion on tissues). Osteoclasts are the cells responsible for the bone resorption.
Consequently, bone resorption occurs beneath the ruffled border of the osteoclasts
initiating with mineral dissolution that leads to organic phase degradation and is
dependant by secretion of lysosomal enzymes (proteases) and acid (Robling et al.
2006).

Osteoblasts are bone cells of mesenchymal origin located on the bone tissue that
secrete osteoid, which is unmineralised bone matrix that is later mineralised to form
mature bone (Robling et al. 2006). Therefore, osteoblasts direct the formation and
organisation of the extracellular matrix (ECM) of the bone and its mineralisation.
Mature osteoblasts produce type | collagen, which consists the 90% of the proteins in
bone, proteoglycans, alkaline phosphatase, bone specific vitamin-K dependent
proteins, osteocalcin and matrix Gla protein, phosphorylated glycoproteins including
bone sialoproteins | and Il, osteopontin and osteonectin. Some osteoblasts are
trapped in the lacunae within the bone matrix and are known as osteocytes.
Osteocytes can break down the bone ECM through osteocytic osteolysis to maintain

calcium homeostasis (Jang et al. 2009)

The two procedures are sequential with the resorption of old, micro-fractured bones
followed by the remodelling of new bones, but the regulatory events leading to these
procedures are not fully. A disruption of this balance is known to be closely related
with severe bone diseases, such as OA and osteoporosis (Liao et al. 2011).

Bone formation (ossification) takes place with two diverse mechanisms:
intramembranous and endochondral bone formation. Intramembranous bone
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formation occurs by direct osteoblastic differentiation of the MSCs that forms only in
the absence of a cartilaginous model. Examples of bones that develop through the
intramembranous ossification are the flat bones of the skull, sternum, and scapula.
During endochondral bone formation MSCs differentiate into chondrocytes that
become hypertrophic and die releasing growth factors to induce differentiation of
migrating MSCs into osteoblasts and promote angiogenesis in the dying hyaline
cartilaginous template (Szpalski, Barbaro, et al. 2012; Scotti et al. 2010). Ribs and
the long bones of the limbs are the bones that develop through endochondral

ossification.

Intramembranous ossification is considered to be a simpler procedure to recapitulate
and it is the bone formation method that has been mainly targeted by scientists for
bone TE. However, recent publications have proved that endochondral ossification
can be mimicked by bioceramic scaffolds (Teixeira et al. 2006) and even both bone
formation mechanisms respectively (Scotti et al. 2010). Hence, bone formation is
dependent on the substratum, which provides the appropriate environment for
cellular adherence, proliferation, migration and differentiation (Logeart-Avramoglou et
al. 2005). This is inspired from the biology as the majority of cells that manage to
survive in 3D are attached onto a network of ECM, which TE aspires to imitate via
scaffolds (Rodrigues & Jr. 2011).

Growth factors are proteins secreted by cells in an autocrine (self-acting), paracrine
(locally-acting) and endocrine (systemically-acting) fashion. These proteins act as
molecular signalling agents and govern proliferation, ECM production and

differentiation.

Bone morphogen proteins (BMP) also known as CBFAL are a family of growth
factors responsible for the organisation of growth factors responsible for bone

patterning and formation a transcriptional activator of osteoblast differentiation.

Runx 2 has two major isoforms type 1 (T1) and type 2 (T2). T1 Runx2 is expressed in
early precursors of osteoblasts and chondrocytes and stimulates BMP2.
Consequently, this enhances T2 Runx2 to stimulate osteoblast differentiation and
maturation(Yang et al. 2011).
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In intramembranous ossification MSCs are exposed to BMP which promotes
osteogenesis through the expression of Runx2, collagen Il and IX. Runx2 is

downregulated and OPN is upregulated at the later stages of osteogenesis.

During endochondral ossification condensation and proliferation of cartilage cells
appears to be regulated by the expression of Sox9, which is also responsible for the
production of cartilage ECM; collagen Il and aggrecan. Runx2 organises the

transformation of cartilage into hypertrophic cartilage cells.

In vitro and in vivo models of osteogenesis have demonstrated that blood vessel
formation is essential for bone regeneration (Brandi and Collin, 2006), since cells,
nutrients, oxygen and soluble factors diffuse in the bone tissue through the
vasculature. Different growth factors participate in angiogenesis, such as Vascular
Endothelial Growth Factor (VEGF), Fibroblast Growth Factor-2 (FGF-2), and
members of the Transforming Growth Factor beta (TGF-b ) f @vViadedidy 2005).
Combination of angiogenic with osteogenic factors can enhance bone regeneration
(Geiger et al. 2005). Subsequently, a system with various releases of growth factors
like VEGF and BMP (Bone Morphogenetic Protein) at different rates might mimic the
natural bone repair conditions promoting early vascularisation followed by neo-tissue
formation (Jang et al. 2009).

1.4 Bone structure

Bone is consists of ECM and cells. The former is composed of inorganic phase -
minerals, mainly hydroxyapatite (HAp); organic matrix (osteoid) that is consisted of
collagen type | (90%) and non-collagenous proteins and other macromolecules
(10%) and water (Ferreira et al. 2012) The elementary subunit of the natural bone is
mineralised assembly of collagen type | nanofibrils that are organised in parallel. HAp
nanocrystals are precipitated on the surface of these fibrils with the crystallographic

c-axes aligned with the fibril long axis (Alves et al. 2010; Ferreira et al. 2012).

1.4.1 Collagen
Collagen type | is a predominant protein in the human body and the main organic
component of the bone ECM. Three coiled tropocollagen macromolecules,
approximately 300nm long, consist of a heterometrimeric triple helix that self-
assembled into collagen fibrils that exhibit a characteristic banding pattern and
following they associate into bundles forming collagen fibres. Collagen combines with
non-collagenous proteins, proteoglycans and other bone ECM components.
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Moreover, HAp mineralises collagen fibres strengthening the organic matrix (Ferreira
et al. 2012)

1.4.2 Hydroxyapatite

HAp consists the two third of the dry substances of the natural bone and is the major
inorganic bone component. It is composed of calcium phosphate (CP) (85-90%),
calcium carbonate (8-10%), magnesium phosphate (1.5%) and calcium fluoride
(0.5%) (Kolk et al. 2012) Biomineralisation of HAp in vivo take place in matrix
vesicles (MVs) that are extracellular particles released by osteoblasts, chondrocytes,
odontoblasts and tenocytes located in regions where initial matrix calcification
occurs. The activity of MV phosphatases in combination with calcium 1 binding
molecules that are concentrated within or near the MV membrane leads to the
formation of the first mineral crystals. Following, the biological mineralisation initiates
with the mineral release from the MVs into the extracellular fluid, which includes

sufficient Ca?* and POa4 * to stimulate crystal proliferation (Anderson 2003).

HAp crystals have hexagonal crystallographic symmetry and are precipitated outside
or within the collagen fibres affecting defining the bone resistance and hardness
(Weiner & Traub 1992; Kolk et al. 2012).

1.5 Bone tissue engineered scaffolds

A fundamental constituent for an efficient TE strategy is a 3D scaffold. Scaffolds aim
to recapitulate the ECM of the defected tissue in order to support the new neo-tissue
formation by being the template for cellular adhesion, proliferation, differentiation and
organisation of the new formed tissue as the scaffold biodegrades. Also, the
integration with the host tissue is essential. A bone scaffold can be characterised
successful, if it has promoted and supported the tissue remodelling through all the
stages. An ideal bone TE scaffold has specific requirements that should fulfil and are

presented in Table 1-1.

Requirements for bone TE scaffolds
Biocompatibility The implanted material should be accepted by the organism
and not be rejected due to immune reaction.

Bioactivity Development of a direct strong bonding with the bone tissue
that leads to cellular adhesion and differentiation.
Biodegradation The rate of resorption is balanced with the natural bone

regeneration rate preventing implant collapse or rejection
(Hannink and Arts, 2011).
Table 1-1: Requirements for a bone scaffold
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Chapter 1

Requirements for bone TE scaffolds

Bioresorption

Osteoconductivity

Osteoinduction

Porosity

Surface roughness

Interconnectivity

Pore Size

Mechanical
properties

The material can be broken down in the body by dissolution
or cell mediated without being mechanically removed. Cells
that are responsible for the resorption are multinuclear cells
and osteoclasts (Guarino & Ambrosio 2010; Hutmacher
2000).
Ability of a material to promote bone formation along its
surface. A strong bond is formed between scaffold and host
tissue without the presence of osteogenic factors and the
formation of encapsulating is eliminated (Rezwan et al.
2006; Hutmacher 2000).
The stimulation of cell differentiation for bone modelling
(Albrektsson & Johansson 2001).
High porosity promotes nutrients and waste diffusion,
bioactivity, bioresorption, osteoconductivity and
osseointegration (Hannink & Arts 2011). The porosity of the
human cortical bone is around 5-15 % (Mirzaali et al. 2015)
and the cancellous bone 50- 90% (Wang et al. 2016).
Surface roughness stimulates cell adhesion, proliferation
and differentiation of dependent bone forming cells
(LeGeros et al. 2008). High microporosity increases surface
roughness.
High interconnectivity influences nutrient and waste
diffusion, cellular migration, vascularisation, tissue ingrowth.
Each bone on the human body has a large variety of pore
sizes depending on the area, the age and the individual.
Based on experiments that have been performed with
scaffolds, the pore size that is required from scaffolds in
tissue engineering has been divided into the following
categories:
Microporosity Promotes of protein and cell adhesion,
<50 ¢g(Perez & cellular migration and
Mestres 2015) osseointergration. Small pore size
favours hypoxic conditions that result
in chondrogenesis and endochondral
ossification.
Macroporosity Enhances vascularisation, tissue
> 5 0 g(lPerez & ingrowth and intramembranous
Mestres 2015) ossification

The biomaterial properties in combination with the porosity
of the scaffold determine the mechanical properties of the
scaffold. The scaffold should be able to support the cells
and withstand load-bearing forces.

Material properties Trabecular Cortical
bone bone

Compressive strength 0.1- 16 130- 200

(MPa)

Compressive modulus 0.12-1.1 11.5-17

(GPa)

Youngo6s modulO0.050.5 7- 30

(Gerhardt & Boccaccini 2010)
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Table 1-1: Requirements for a bone scaffold
1.6 Bone grafts and bone graft substitutes for TE applications
Critical size bone defects require surgical intervention and implantation of bone

substitute or artificial material 1 scaffold at the site of the injured or diseased tissue

(Marklein & Burdick 2010). I n traditional orthopaedic
tissue) or allografts (donoros tissue)
material .

1.7 Harvested bone grafts

1.7.1 Autologous bone grafts

Autologous bone grafts (autografts or autogenous transplants) are considered as the
Agol d standardo in remodelling damaged
risk of disease transmission. They have inherited biocompatibility, since they derive
from the same patient, so they cause the minimum immunological reaction. They
have excellent osteoconductive, osteoinductive and osteogenic properties, which can
be compared with every other graft. They contain surviving cells and growth factors
that promote cell differentiation and vascularisation. Moreover, autografts include
matrix proteins and have natural architecture; therefore they are mechanically
efficient and can support bone growth sufficiently (Dinopoulos et al. 2012). Bone
autografts can be classified into three groups: cancellous, cortical and free-

vascularised grafts (Finkemeier 2002).

Autologous cancellous grafts are good fillers for the defected area, but they do not
support the structure immediately as autologous cortical bone grafts, because their
mechanical properties are not very robust due to their advanced porosity. However,
they integrate fast and attain mechanical properties comparable to the cortical grafts
within one year. It has been reported that autologous cancellous grafts are more
osteogenic than cortical. A noteworthy advantage of the cancellous grafts is that they
contain endosteal cells and osteoblasts on their surface, so the latter has the
potential to be transferred to the defected area and participate to the regeneration
accelerating the osteogenesis. They are osteoconductive since the high porosity and
interconnectivity of these grafts stimulate the neo-vascularisation and new MSCs and
MSC-origin cells infiltration. They are osteoinductive due to the growth factors they
naturally contain and release during their resorption promoting osteogenic
differentiation. During the resorptive procedure of the graft, cytokines are also

released that may contribute in the bone healing (Dinopoulos et al. 2012).
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Chapter 1
Autologous cortical grafts have osteoconductive, little or no osteoinductive and
osteogenic properties, due to the viable osteoblasts that are contained (Finkemeier,
2002; Dell et al., 2000). Non-vascularised autologous cortical grafts can support the
bone structure instantly. However, due to the lack of vasculature, there is resorption
of necrotic osteons before the neo-tissue formation. On the one hand, this results in
the revascularisation and remodelling of the tissue; but on the other hand, the bone
porosity increases, so the graft becomes weaker. In practise, non-vascularised
cortical bone grafts have lower mechanical properties than the vascularised within six
weeks after the implantation (Dinopoulos et al. 2012).Additionally, the number of cells
in the autologous cortical graft is lower than the cancellous, so the bone repair is
considerably slower. Vascularised cortical bone can accelerate the procedure of
bone healing and their restoration is analogous to the normal bone. Even though,
autologous cortical grafts have enhanced mechanical properties in relation to
cancellous, internal or external fixation is required to avoid the potential of fracture
(Sen & Miclau 2007).

Regardless all the advantages of the autografts and the high success rate, there are
important drawbacks including limited availability; need for second operation to
harvest the graft resulting in prolonged morbidity of the patient and increased blood
loss; long operating time and poor aesthetic result; risk of infection and fracture;
issues with the resorption (Kolk et al. 2012).

1.7.2 Allografts

An alternative to autografts are allografts (allogenic bone graft) obtained from either
living donors after arthroplasty or cadaveric bone tissue eliminate the limitation of the
autografts. Bone allografts are available in various preparations, as demineralised
bone matrix (DBM), cortico-cancellous or cortical grafts, osteochondral and various
bone parts, morcellised and cancellous chips (Dinopoulos et al. 2012)

They are osteoconductive and reduced osteoinductive, but do not have osteogenic
properties due to the absence of living cells, since they have been irradiated of
freeze-dried (Finkemeier 2002). A further advantage of allografts is that there is no
need for donor-site morbidity and sacrifice host tissue. However, significant
disadvantages of the allografts are the risk of transmission of infectious agents,

toxins, malignancies; rejection and limited supply.
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Allografts are available in market and they differ according to the manufacturing
procedure and type of bone tissue. Examples of the already existent in market are
Maxgraft® (botissdental GmbH, Berlin, Germany) and ICB™ (Rocky Maintain Tissue
Bank, Colorando, USA) are allogenic bone replacement materials from living donors.
Donors have to give their consent and then are screened for potential infectious
diseases. Donor bones are chemically cleaned without affecting the mineralised
tissue and sterilised via irradiation (Kolk et al. 2012).

1.8 Anorganic bone grafts

During the last years, a variety of biomaterials have been produced to be used as
bone scaffolds including metals, biopolymers, bioceramics and composites. Each
developed material has specific properties associated with biocompatibility,
bioactivity, bioresorption, osteoconduction, osteoinduction and mechanical properties
that affect the fate of the cells that are cultured on them and consequently the
probability to form new tissue. Bioceramics are the materials that have been
extensively investigated and used due to their effectiveness and common
characteristics with the HA of the bone (Stevens 2008).

1.8.1 Metals

Metals, such as titanium and stainless steel, are biocompatible with high mechanical
properties. However, they are not biodegradable, the released particles from the
wear debris of the metals can be dangerous, and their high stiffness promotes stress
shielding, so the native tissue is prevented from mechanical stimulation (Barone, et
al., 2011). As it has been demonstrated from the literature, mechanical stimulation
promotes osteogenic differentiation (Mauney et al. 2004) Additionally, metals are
bioinert, which means that they cannot interact with the adjacent tissues resulting in

not bonding with the tissue and finally failure of the implant i scaffold.

Recently novel biodegradable metal scaffolds have been invented that overcome
some of the innate drawbacks of the metals. Magnesium alloys have appropriate
degradation rate (Witte et al. 2007) and increased osteoinductive properties probably
due to the corrosion product magnesium hydroxide which can temporarily increase
osteoblastic activity and decrease the number of osteoclasts (Janning et al. 2010).
Also, they have strong bone-implant interface and the degradation products neither
induce an inflammatory reaction nor affect cellular blood composition (Castellani et
al. 2011).
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1.8.2 Bioactive Ceramics
The most common materials used for bone scaffold fabrication are calcium
phosphate (CaP) ceramics and in particular, HAp and tricalcium phosphates (TCP). A
wide variety of different chemical compositions (Ca: P) and morphology has been
formulated. CaP ceramics are considered to have excellent biocompatibility,
bioactivity and biodegradability and do not cause immune response or cytotoxicity
after implantation. They are osteoconductive, but they do not express osteoinductive

or osteogenic properties (Lichte et al. 2011).

CaPs are polycrystalline ceramics that are fabricated usually by sintering different
compositions of apatite under specific pressure and temperatures. Their chemical
structure is similar to the mineral phase of natural bone, so they promote release of
phosphate and calcium ions inducing scaffold-host tissue (bone) strong bonding.

An important drawback of ceramics for clinical applications is their brittleness and
poor mechanical properties (Lichte et al. 2011).

1.8.2.1 Synthetic HAp

A large range of HAp - Caio(POa4)s(OH)2 scaffolds have been formulated and
advocated for bone TE applications, because the inorganic constituent of the ECM of
the native bone is formed by precipitated HAp crystals (Szpalski, Wetterau, et al.
2012).The component ratio Ca:P is high importance for the bioactivity of the material
with the optimum to be 1.67.The biocompatibility of the material depends on its
chemical and mineralogical composition. In general, HAp is brittle and has slow rate
of resorption; however, it has been demonstrated that sintered HAp has no or
extremely slow biodegradation rate compared to the raw- precipitated (The
biodegradation is also affected from the crystallite size, where the nano-size (bone-
like) has higher solubility (Kolk et al. 2012). Nano- HAp has trivial level of cytotoxicity
in vitro and shows good cellular attachment and proliferation HA scaffolds are
extremely osteoconductive , but not as osteogenic (Patel et al. 2010)However, the
material becomes more osteogenic when osteogenic cells have been seeded on it
(patel, et al., 2010).

Some of the commercial materials that contain HAp are: Actifuse (ApaTech, UK),
Apaceram (Pentax, Japan), ApaPore (ApaTech, UK), Bioroc (Depuy-Bioland,
France), Bonefil (Pentax, Japan), Bonetite (Pentax, Japan), Boneceram (Sumitomo
Osaka Cement, Japan), BoneSource (Stryker Orthopaedics, NJ, USA), Calcitite
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(Zimmer, IN, USA), Cerapatite (Ceraver, France), Neobone (Toshiba Ceramics,
Japan), Ostegraf (Ceramed, CO, USA), Ostim (Heraeus Kulzer, Germany), Synatite
(SBM, France) (S. V Dorozhkin 2010).

1.8.2.2 Tricalcium phosphates (TCP)

TCP - Cas (POa)2 ceramics are analogous to amorphous bone precursors making
them promising for bone TE applications, because ossification depends on the
calcium and phosphate concentration, TCP ceramics (U-TCP and b-TCP), as HAp,
are highly biocompatible, osteoconductive, but TCP are have faster biodegradation
rate than HAp. U- and b-TCP have the same chemical composition, but they have
different physical properties, such as structure, solubility and density, which influence
their biological properties and their applications (Carrodeguas & De Aza 2011). Both
are used in orthopaedics, dentistry and maxillofacial surgery, but U-TCP is main
component of hydraulic bone cements, whereas b-TCP is the constituent of mono or

biphasic bioceramics.

1.8.3 Alpha - Tricalcium phosphate (U-TCP)

U-TCP is non-toxic, biocompatible, osteoconductive, in vitro and in vivo, has

increased solubility than b-TCP and biodegradability than HAp, b-TCP and biphasic
(HAp/b-TCP) bioceramics. It has adsorption time of up to 24 months (pure-phase U-

TCP), so it can be replaced by neo-tissue formation faster than other CaPs, making

it suitable for implant applications. Biomedical grade a-TCP bioceramic granules are

available in market as Biobase (Germany; Implant Support Services CC, Pretoria,

South Africa), a-TCP 13-1000 (InnoTERE GmbH, Dresden, Germany) and
ArrowBoneE (BrainBase Co(Carmodegubsi&®aAzaZblky o, J

1.8.4 Beta - Tricalcium phosphate (b-TCP)

b-TCP is biodegradable and osteoconductive without being cytotoxic. Nevertheless, it
can cause immunological reaction, has poor mechanical properties due to the rapid
breakdown that exceeds the bone formation rate (Kolk et al. 2012)

Commercial b-TCP are Bioresorb (Sybron Implant Solutions, Germany), Biosorb
(SBM S.A., France), Calciresorb (Ceraver, France), Cerasorb (Curasan, Germany),
Ceros (Thommen Medical, Switzerland), ChronOS (Synthes, PA, USA), Conduit
(DePuy Spine, USA), JAX (Smith and Nephew Orthopaedics, USA), Osferion
(Olympus Terumo Biomaterials, Japan), OsSatura TCP (Integra Orthobiologics, CA,
USA) and Vitoss (Orthovita, PA, USA (S. V. Dorozhkin 2010)
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1.8.5 Bioglasses
Bioglasses are amorphous, hard solid materials that are based on acid oxides, such
as aluminium oxide, silicon dioxide and basic oxides, such as magnesium oxide and
zinc oxide. The resorbability of the bioglasses depends on the proportions of sodium
oxide, calcium oxide, and silicon-dioxide. Bioglasses are biocompatible,
osteoconductive, osteoinductive and more mechanically robust in relation to most
calcium phosphates. Moreover, bioglasses form strong bond with the bone forming
Ca-P layer and with soft tissue, which has not been reported for other bioactive
materials (Saito et al. 2005; Lichte et al. 2011)

Silicate bioglasses as 45S5 Bioglass® increase the secretion of vascular endothelial

growth factor promoting in vivo vascularisation (Hench 2009).

1.8.6 Bioactive glass-ceramics
Bioactive glass ceramics are composed of two crystalline phases, an apatite and a
wollastonite phase.

A/W is the most used glass ceramic in the clinic. It was developed by Kokubo et al. in
1982 (Kokubo et al. 1982). It is an FDA approved material and is one of the most
clinically used glass ceramics. It contains apatite and b -wollastonite crystals, 50-
100nm, embedded in a glassy phase. A/W combines biocompatibility, bioactivity,
osteoconductivity and bioresorbability in vivo with high mechanical properties in
comparison to the natural bone and other glass-ceramics (Kokubo 1990; Anon 1991,
Dyson et al. 2007).

1.9 Fabrication methods for bone TE applications

Characteristics such as biocompatibility, bioactivity, resorption, osteoconductivity,
osteoinduction, biodegradability, mechanical properties depend on the material that
is used. However, porosity, interconnectivity, surface roughness are influenced by
the scaffold fabrication technique that is used. A variety of methods for scaffold
fabrication has been developed to obtain architecture similar to the natural bone. A

sample of the existing scaffold fabrication techniques are described in Table 1-2.
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Method Description
Sintering Loose glass-ceramic particles are packed into a mould or
pressed into a compact and then undergo heat treatment-
sintering process. The compa

sintering adyoinédf o@dohnbon&t er i
German 1996).

Organic phase Ceramic (glass) particles are blended homogenously with

burning-out organic phase granules and are packed into a mould or
pressed into a compact as it happens in traditional sintering.
During thermal treatment, the organic phase burns out acting
as pore former and the inorganic particles sinter (Chevalier &
Gremillard 2009).

Sponge A porous polymeric template is impregnated in ceramic

replication (glass) slurry that infiltrates the structure and the ceramic
particles attach to the template surface. Excess of slurry
must be removed to conclude to homogenously coated foam
struts. The organic phase removes during heat treatment
and the ceramic particles si
similar architecture as the natural cancellous bone.

Solvent Water-soluble particles with specific granule size are added

casting/particulate | into a polymer that has been dissolved into an organic

leaching (SCPL) solvent. Ceramic (glass) grains can be introduced into the
mixture. The final mixture is casted into a mould. After the
solvent evaporation, the structure that is a compact with
polymer and particles can be bathed to dissolve the water-
soluble particles leaving behind a porous structure (Vitale-
Brovarone et al. 2010)

H202 foaming Ceramic (glass) granules are mixed homogenously with
H20:2 solutions. This mixture is casted into a mould and
thermal treat at 60°C in an oven to foam. The foaming
procedure is followed by sintering of the ceramic structure
(Navarro et al. 2004).

Starch Ceramic (glass) powder and starch powder (corn-, rice-,

consolidation potato-derived) are mixed with distilled water and
continuously stirred at 70-80°C to obtain homogenous
suspension. Starch swells due to the water uptake leading to
gelatinous material. After consolidation, heat treatment
follows to remove the organic phase and sinter the ceramic .

Coating methods | Polymeric templates are coated homogenously via slurry
dipping by a layer of ceramic (glass) (Baino et al. 2009)

Microsphere Through emulsion/solvent evaporation, ceramic (glass)/

sintering polymer composites are fabricated. These composites are
casted in mould and sintered (Lu et al. 2003).

Thermally induced | A polymer is dissolved into a solvent and stirred to result in a

phase homogenous solution. Ceramic (glass) powder can be

separation (TIPS) | introduced, while the stirring continues. The mixture is casted
in moulds and phase separation is induced by lowering the
temperature of the mixture. The solvent is sublimated
Table 1-2: Examples of ceramic (glass) or polymer/ceramic scaffold fabrication
methods for bone TE applications and their analytical description.
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Method Description
Thermally induced | through freeze-drying leaving a solidified, porous
phase polymer/glass (Guarino & Ambrosio 2010).
separation (TIPS)
Freeze casting A liquid suspension (aqueous or not) that contains ceramic

powder must be dispersed in the liquid medium (the solvent)
(dispersant and plasticizer can be used). The slurry is
casted into a mould and stored at low temperature. Finally,
the solidified phase is sublimated under reduced pressure
and finally sinters (Deville 2008).

Rapid Prototyping | A group of computer aided manufacturing (CAM) techniques

(RP)/ Solid that use computer aided design (CAD) programs or
freeform computer based medical imaging modalities, such as MRI
fabrication and CT to generate data that can rapidly produce 3D
(SFF) structures (Lee & Chow 2012). A variety of RP techniques

that can be used for TE applications (Figure 1-1). Many of
the RP methods mainly use polymers. The constructs
prepared from these methods can be used as negative
templates for ceramic scaffolds or ceramic particles can be
incorporated in the polymeric materials resulting in hybrid
ceramic/polymer scaffolds.

Table 1-2: Examples of ceramic (glass) or polymer/ceramic scaffold fabrication

methods for bone TE applications and their analytical description.
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RP techniques used for TE applications

Nozzle-based systems Laser-based systems Printer-based systems
Fused Filament Fabrication (FFF) Selective Laser Sintering (SLS) 3pp ™
Precision extrusion deposition (PED) Stereolithography (SLA) Inkjet printing
Precision extrusion manufacturing (PEM) p-SLA
Multiphase jet solidification (MJS) Solid Ground Curing (SGC)
3D fibre deposition 2-photon polymerisation (2PP)

Pressure-assisted microsyringe (PAM)
Low-temperature deposition modelling (LDM)
3D Dispensing system (eg.3D Bioplotter ™)

Rapid prototyping robotic dispensing system
(RPBOD)

Robocasting

Figure 1-1: Classification of Rapid Prototyping used for Tissue Engineering applications. Figure adapted from Billiet et al. 2012.
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Chapter 2 GENERAMATERI ALSMBNBODS

This chapter focuses on the experimental materials and methods utilised throughout
this thesis. Many methodologies have been exploited in more than one result
chapters and constitute the basis for a number of experiments that were
implemented. This chapter emphases on the material fabrication, material
characterisation and tissue culture practices for the various in vitro studies. Further
description and explanation of individual experimental methodologies are explicitly

mentioned in the corresponding chapters.

2.1 General Laboratory Procedure

All laboratory procedures were performed in compliance with safety regulations
designated from the University of Newcastle safety policy and publications. All
experimental processes were carried out subsequent to full risk assessment form and
in compliance with Control of Substances Hazardous to Health (COSHH) regulations.
Al l | aboratory work was carried out in
and the safety policy of the various departments the experiments took place. Tissue
culture was accomplished in accordance to regulations for containment of class Il
pathogens. Aseptic technique and supplementary antibiotics were used during tissue
culture procedures to avoid bacterial contamination. Human tissues (bone marrow
aspirate and femoral head fragment) were manipulated according to the Human
Tissue Act (HTA). High quality deionised H20 produced by a Purewater 300 water
purification system (Purite UK). All solutions were made using water as a solvent
unless specified otherwise.

2.2 Chemicals and glassware
All chemicals were purchased from Sigma Aldrich (Gillingham, Dorset, UK),
glassware were obtained from VWR International (Lutterworth, Leicestershire, UK)

unless stated otherwise.

2.2.1 Consumable labware

Tissue culture flasks (25 cm?, 75 cm? and 225 cm?), tissue-culture treated 6-well, 12-
well, 24-well, 48-wellm 96-well plates and sterile plastic serological pipettes (5 ml, 10
ml, 25 ml, and 50 ml) were purchased from Costar UK Ltd., High Wycombe, UK.
100em cell strainers, cryovials, pipette tips (1ml, 200¢L, 20 €l, 10 €l), 0.22 em filters,
13 mm diameter glass slides (Fisher Scientific, Loughborough, UK); 7 ml bijoux, 100
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ml sterile plastic containers, syringes (10 ml, 20 ml, 50 ml) (Scientific Laboratory
Supplies); 50 ml centrifuge tubes (Grenier Bio One, Stonehouse, UK); 1.5 ml, 0.5 ml
Eppendorf tubes (Sarstedt, Leicester, UK).

2.2.2 Apatite- Wollastonite ceramic powder

Apatite-wollastonite (A-W) glass-ceramic was prepared by Glass Technology
Services (GTS), Sheffield, UK as reported by Kokubo (Kokubo et al. 1987; Kokubo
1991). Briefly, A-W glass was produced by mixing the reagents reported in Table 2-1.
The glass ceramic was melted at 1450 °C for 2 hours and then shock quenched into

cold water. The cracked frits were ground ready for subsequent sieving.

Reagents MgO CaO SiO2 P20s CaF2

wt% 4.6 44.7 34.0 16.2 0.5
Table 2-1: Composition of A-W glass
2.2.3 Reagents for Simulated Body Fluid solution
To prepare the SBF solution the reagents described in Table 2-2 were used in the

specific order with referred quantities. lon -exchanged and distilled water was used

for the dilution of the reagents and preparation of SBF solution.

Order Reagent Amount | Container Purity Formula
(%) weight

1 NacCl 8.035g Weighing paper 99.5 58.4430

2 NaHCOs 0.355g Weighing paper 99.5 84.0068

3 KCI 0.225 g | Weighing bottle 99.5 74.5515

4 K2HPO4:3H20 | 0.231 g @ Weighing bottle 99.0 228.2220

5 MgCl2:6H20 | 0.311g @ Weighing bottle 98.0 203.3034

6 1.0mM-HCI 39 ml Graduated 0 0

cylinder

7 CaClz 0.292 g | Weighing bottle 95.0 110.9848
Na2S0a4 0.072 g | Weighing bottle 99.0 142.0428
Tris 6.118 g | Weighing paper 99.0 121.1356

10 1.0m-HCI 0i5ml | Syringe o} o}

Table 2-2: Reagents for SBF solution. Table adapted from Kokubo & Takadama
2006.
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2.2.4 Cell culture medium

DMEM is a basal medium that contains inorganic salts, amino acids, glucose,
vitamins, sodium pyruvate and ferric nitrate. Phenol red can be included in DMEM as
a pH indicator highlighting potential bacterial infection. DMEM contains no proteins or
growth factors; therefore, it is supplemented with foetal bovine serum (FBS) and
GlutaMax. FBS supplies the medium with water-insoluble nutrients, growth factors,
hormones, proteases inhibitors, as well as binds and neutralises toxic moieties.
GlutaMax is L-alanine-L-glutamine, which is a dipeptide, is more stable in solutions
that L-glutamine and does not degrade spontaneously. L-glutamine is an essential
amino acid for the cell energy production as well as the nucleic acid and protein
synthesis. Penicillin/ Streptomycin was added to prohibit unwanted contamination.

The culture medium that was used for tissue culture of human mesenchymal stem
cells contained DMEM with 10% FBS, 5ml Glutamax and 5ml Penicillin/ Streptomycin
(detailed in section 2.6.3).

In this study the culture medium was mentioned as basal medium to distinguish from

the osteogenic medium.

2.2.5 Osteogenic medium

The osteogenic medium was prepared by addition of 50 € gl I-ascorbic acid, 10 mM
glycerophosphate and 100 nM dexamethasone in the basal medium (Kim et al. 2014;
Seo et al. 2014; Langenbach & Handschel 2013).

2.3 Material preparation

2.3.1 SBF solution preparation

This protocol has been adapted from Kokubo & Takadama 2006.Before the
preparation, a plastic bottle with 700 ml of distilled water was warmed in a beaker

with water warmed at 37°C on a hot plate-magnetic stirrer.

Each reagent from NaCl to Na2SO4 mentioned in Table 2-2 were added each one
after the complete dissolution of the previous one. Distilled water was added to reach
a 900 ml volume. The pH of the solution was measured to be 2.0£1.0 Tris was added
slowly whilst measuring the pH. When the pH was under 7.45, the dissolution of Tris
addition was halted. Then, drop-wise the 1 M HCI was added to lower the pH to
7.42+0.01. The remaining Tris was added in the solution, or until solution reach pH
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7.40. Distilled water was added to reach a final volume of 1000 ml. Solution was kept

at room temperature to cool and then was stored at 4°C for 28 days maximum.

2.4 Post-processing

The development of post-processing consists of the characterisation of pre-sintered,
sintered powder and fabricated scaffolds with different manufacture techniques. The
purpose of this development was to attain the optimum scaffold that combined

macroporosity, mechanical strength and bioactivity.

2.5 Materials and scaffolds characterisation

A range of techniques was employed to assess the influence of different parameters
on the A-W powder and on the scaffolds that were fabricated. Scaffolds were
evaluated after modifying the fabrication parameters and sintering temperatures
morphologically; mechanically and chemically.

2.5.1 Shrinkage in heat treatment

The shrinkage volume that occurred during the different heat treatments (Table 3-3)
was calculated by the equation:

e mo e

Equation 2-1: Calculation of the volumetric shrinkage of scaffolds after
sintering.

1

Vgi s the vol ume of Vbisthe vilgne ef¢ghab 1p @ sintevec n d
part. The volume of the parts was calculated by their actual radius and height using
an ABSOLUTE digimatic caliper (Mutitoyo; UK).

2.5.2 Inductively coupled plasma atomic emission spectroscopy (ICP)

At each time-point of the SBF test (82.5.10), after the scaffold was removed, the
solution was filtered using syringe and filter 0.22em. The elemental composition of
the solutions was analysed for ions using Spectro Ciros Vision ICP-ES (Sheffield

University). Results were given in eg/ml.

2.5.3 Porosity

The porosity of scaffolds fabricated with different techniques, particle ranges and

heat treatments was assessed and is described below.
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The porosity for the sintered scaffolds that were derived from drying mixing was

calculated using the theoretical mass technique via the equation:

.N|E|

T

Equation 2-2: Calculation of porosity using the theoretical mass technique.

Where m represents the mass of the sintered scaffold, mthe density of the sintered
powder and V the volume of the scaffold was calculated by the linear dimensions.
The mass was measured using an analytical balance (ABT; Kern) and an
ABSOLUTE digimatic caliper (Mutitoyo; UK) was used for the linear measurements.
The density of the sintered A-W has been reported to be 3.07g/cm? (Pattanayak
20009).

The porosity of scaffolds prepared from slurries was estimated from another

theoretical method, the Archimedes method.

Samples were weighed using a density determination kit in an analytical balance
(ABT; Kern). The dry mass was recorded, then the scaffold was submerged under
water and the submerged mass was measured. After the scaffolds was taken out of
the water, the wet mass was recorded. The porosity was calculated using:

] i o cmAEvVlpat vy
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Equation 2-3: Calculation of porosity using a density determination kit based
on the Archimedes method.

b

2.5.4 Compression test

The mechanical properties of the scaffolds were assessed by the means of
compressive test using Tinius Olsen; Instron machine at a 1.0mm/min crosshead
speed with crosshead maximum force at 5kN for porous scaffolds and 25 kN for
dense scaffolds. Scaffolds that had uneven surfaces were ground and polished

using a programmable grinder-polisher, EcoMer/AutoMet Pro, Buehler, Germany).
The stress was calculated from the following equation:
a 3j=

Equation 2-4: Calculation of stress using an applied force on a surface area.

where F represents the applied force, A the cross-sectional area.
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= Z»

Equation 2-5: Calculation of surface area of a circle.

where r represents the radius of the cylinder or pellet.
The strain % was calculated from:
-NE N e

Equation 2-6: Calculation of strain % during mechanical testing.

where @h is the extension an hO0O is the

Five replicates were used for the mechanical characterisatonc al cul at i ng
modulus from the slope that resulted in the graph stress-strain. The strain that was

used for the calculations was 2%.

2.5.5 Stereomicroscopy
The green bodies, sintered scaffolds and top surface of scaffolds that were stained
with Toluidine blue and Von Kossa staining were observed using optical

stereomicroscopy Nikon SMZ1500.

2.5.6 Scaffold fixation and dehydration prior SEM analysis

Scaffolds that were in culture medium in combination with cells were fixed with 2.5%
(v/v) gluteraldehyde in PBS overnight at 4€C prior to gold coating. These were
washed three times with PBS and dehydrated with serial dilutions of ethanol in water
(25:75, 50:50, 75:25, 100: 0) followed by serial dilutions of HDMS in ethanol (25:75,
50:50, 75:25, 100: 0). All the ethanol: water washes were incubated at room
temperature for 5 min and the HDMS: ethanol washes were incubated at room
temperature for 10 min. Samples were left in pure HDMS overnight at room
temperature under a fume cupboard until completely air-dried. This fixation and

dehydration technique was used for all samples unless is stated otherwise.

2.5.7 Scaffold mass change

The mass of the different scaffolds was measured before they were immersed in SBF
and at each time-point during the bioactivity assay after they were completely dried
(82.5.10) using an ATB Kern balance.
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The degree of the mass change was calculated following the equation:
O
ip T—

Equation 2-7: Calculation of degree of mass change.

where mo was the mass of the scaffold before its immersion in the SBF solution and
ms was the mass of the scaffold after it was removed from the SBF (Pramanik et al.
2015).

2.5.8 Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX)

The particle morphology of powders and the microstructure of the glass ceramic

scaffolds and the cell morphology on scaffolds were studied via scanning electron

microscopy.

For examination on the SEM, the glass ceramic scaffolds were cut using a precision
cutter (IsoMet 5000, Buehler, Germany) with diamond-cut blade thickness 0.5 mm
and/or were ground using the programmable grinder-polisher, EcoMer/AutoMet Pro,
Buehler, Germany).

Samples seeded with cells were treated according to protocol mentioned at §2.5.6.

All dry samples (powder or scaffolds) were loaded on aluminium stubs with carbon-
coated stickers. When porous samples were adhered on the aluminium stubs
colloidal silver paste was used. These were then sputter-coated with gold to a
thickness of 15 nm using a polaron SEM (Quorum Technologies, Sussex, UK) sputter
coater. The gold-coated samples were transferred in three different microscopes
(Cambridge instrument stereoscan 240, UK; Hitachi S2400 Scanning Electron

Microscope, UK; Jeol LV) and images were captured at 10-15 kV.

To identify the existing elements on scaffolds, samples were analysed using EDX. All
samples were carbon-coated using an emscope TB500. Samples were analysed
using an XL30 ESEM-FEG (Environmental Scanning Electron Microscope-Field
Emission Gun) using a 20 kV ebeam. The EDXWAS A Rontec system and the
software was called Rontec QuanTax.
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To analyse the elements that were identified during EDX analysis, the percentage of
the normalised concentration was used. For the Ca/P ratio, the atomic percentage of

each element was used.

2.5.9 X-ray diffraction (XRD)

1 Sample preparation
Two samples were characterised by XRD technique at room temperature. For the
XRD analysis the samples have to be in powder form. The raw material was already
in powder, so there was no need for further preparation. However, the sintered
sample that was sintered in pellet form was milled in Pulverisette 6 (Planetary mono
mill, Fritch, Gerhardt, UK) at 350 rpm for 40 min. The crystals precipitated in the pre-
sintered (raw) sample and the sintered according to the heat treatment B (Table 3-3)

were analysed using XRD.

1 Equipment and experimental process
The instrument used for XRD is a PANalytical X'Pert Pro MPD, powered by a Philips
PW3040/60 X-ray generator and fitted with an X'Celerator detector. A copper (Cu)
anode supplied with 40kV and a current of 40mA generated Cu-K U -r&¢ radiation,

which has a characteristic wavelength (I ) of 1.5418 A.

Data were collected over arange of atleast 5-90°2 d wi t h a st ey dsi ze ¢
counting 150 sec per step. Fixed anti-scatter and divergence slits of 1/4° were used
together with a beam mask of 10mm. Al l sca
mode usingt he X6 Cel er at o rfastiXhray detector that ases RUMSt r a

( Real Time Multiple Strip) technology. The
of over a hundred detectors simultaneously collecting X-rays diffracted from a sample
overarangeof 2d angl es. It is therefore able t

in approximately 1/100 of the time an older style diffractometer would require.

Phase identification was carried out by means of the X'Pert accompanying software
program PANalytical High Score Plus in conjunction with the ICDD Powder
Diffraction File 2 database (1999), the American Mineralogist Crystal Structure
Database (March 2010) and the Crystallography Open Database (September 2011,
www.crystallography.net).
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2.5.10 Bioactivity and biodegradation assay

SBF (82.2.3, 82.3.1) was used to assess the bioactivity and degradation of the
scaffolds.

Samples were immersed in SBF in plastic tubes and were incubated in an orbital
shaker incubator at 37°C at 120 rpm (Macon et al. 2015). In each relative chapter, it
is defined how much SBF was used per sample. Samples were tested after 4 h, 8 h,
1, 3,7, 14 and 21 days. At each time-point, samples were removed from the
incubator, immersed in deionised water and then acetone to stop the reaction.
Samples were left to dry at 50°C for 2 days. The solution was filtered using filter

0.22em and was sent for ICP analysis (82.5.2). SBF was used as control.

2.6 Tissue cell culture

All tissue culture procedures were accomplished according to the Newcastle
university regulations for Class Il pathogens. Tissue culture was performed using
aseptic technique in a class Il microbiological safety cabinet (Contained Air Solutions
Ltd., Manchester, UK) fitted with high efficiency particulate air (HEPA) filters. All
liquids used for cell culture were pre-warmed at 37€C in a Clifton unstirred water bath

unless otherwise stated. Cells were incubated in MCO-18AC CO: incubator (Sanyo,

UK) that was maintaining a humidified, 37°C, 5% carbon dioxide atmosphere.

2.6.1 Material and liquid sterilisation

Glass slides were sterilised under UV lamp (UPV™, UVLMS-38, EL series; Fisher
Scientific, USA) at 254nm wavelength for 30 min in a class Il safety cabinet. Ceramic
scaffolds were sterilised prior to use in tissue culture using a 2100 classic Prestige
autoclave (Progen Scientific, London, UK) with a 16-minute cycle 1.4 bar pressure
and 121eC temperature. Ceramic scaffolds, were then soaked in 70% v/v ethanol and
washed thrice with phosphate buffered saline (PBS; Gibco, Life technologies Ltd.,

Paisley, UK) to remove any ethanol residue.

Liquids were purchased sterile and endotoxin free. In any other case, liquids were
sterilised in a 2100 classic autoclave as mentioned before. Liquids that were
temperature sensitive were sterilised by filtration. Liquids with volume less than 50 ml
were filtered using an appropriate sterile syringe and a 0.22 g m filter adapter
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(Millipore, Fisher Scientific, Loughborough, UK). Liquids with volume greater than 50
ml were filtered using a Stericup-GP sterile vacuum filtration system that combines a
0.22 em pore size fast flow polyethersulfone filter membrane with a 250ml flask

(Millipore, Fisher Scientific, Loughborough, UK).

2.6.2 Human mesenchymal stem cells (hMSCs) - hTERT Y201 cell line
Y201 cells are immortalised human mesenchymal stem cell line overexpressing
human telomerase reverse transcriptase (hTERT) that were donated by Prof. Paul

Genever, University of York (James et al. 2015).

2.6.3 Y201 cell line culture

Y201 cell s were maintained in hMSC culture
Eagled6os Medium (DMEM) (D5523; I nvitrogen, F
(F9665, batch 062M3397; Invitrogen-Gibco, UK), penicillin/ streptomycin 1,00U/MI

(15140; Invitrogen-Gibco, UK) and 20mM GlutaMax™ (35050; Invitrogen-Gibco, UK).

Old medium was aspirated and it was replenished with fresh every 2 days.

2.6.4 Cell passaging

Cells were allowed to proliferate in a flask until they reached ~70-80% confluency
before detachment using trypsin. The medium was aspirated and the flask was
washed using phosphate buffered saline (PBS). Pre-warmed 0.005%
trypsin/ethylene diaminetetraacetic acid (EDTA) (Life-Technologies, UK) introduced
in the flask and was incubated at 37°C in humidified atmosphere for 2 - 3 minutes
ensuring the cell detachment visually under microscope. Trypsin is a serine protease
that cleaves peptide bonds and disrupts cell-cell junctions and cell matrix
attachments allowing the cells to dissociate from the adjacent cells and the flask.
Trypsin was inactivated with hMSC culture medium and the cell suspension was
centrifuged at 1200rpm for 5 min. Supernatant was aspirated and the cell pellet was
resuspended in an appropriate volume of hMSC media to subculture the cells at one
third (1/3) of the total cell number.

2.6.5 Cell counting
During the cell trypsinisation procedure that was described in 0, before the
homogenised cell suspension was centrifuged, an aliquot of 20el was used to

calculate the cell population. Cells were counted using a Fuchs-Rosenthal
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haemocytometer (Marienfeld, Lauda-Kdnigshofen, Germany) with a depth of 0.200
mm (Figure 2-1) under a viewed using a Leica DMIL (Leica microsystems, Wetzlar,
Germany) inverted light microscope with phase contrast filters. 5 or more 1 mm?
areas of the haemocytometer were counted and the average was then divided by two

and multiplied by the dilution volume (ml) to provide total cell number e x 10%.

ht—1.00 mum. | — e  |M—0.25 uu.

Figure 2-1: lllustration of Fuchs-Rosenthal haemocytometer.

2.6.6 Cell cryopreservation

Cells that were not for use were cryopreserved until they were need. Cells that
reached 70-80% confluency, where trypsinised as described in 82.6.4. Briefly, they
were detached from tissue culture plastic using 0.05% trypsin-EDTA and they were
centrifuged at 200g.Following this step, they were resuspended in freezing medium
that is composed of 10 v/v % DMSO in FBS that was kept on ice. Cell suspension
was transferred into cryopreservation vials that were stored in an insulated box at
-80°C for 1 day. Later cryotubes were moved into a liquid-nitrogen storage unit at

-196°C for up to 5 years.

2.6.7 Cell thawing

Cells that were cryopreserved (82.6.6) were removed from liquid nitrogen and were
thawed quickly until the majority of ice had melted by immersing the cryopreservation
vial in a water bath that was set at 37°C. Cell suspension was diluted in pre-warmed
basal medium at 37°C. Cell suspension was centrifuged at x 200g. Medium with
DMSO was aspirated and cell pellet was resuspended using fresh medium. Cells

were seeded in a cell culture flask.
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2.6.8 Cell seeding on substrates
Scaffolds were sterilised as described in 82.6.1 and then, were air-dried overnight in
a hood before they were seeded. Cells were trypsinised (§2.6.4), counted (82.6.5)
and diluted to have the cell concentration required for each experiment. The medium

wherethecelsr esuspended was perqampld. t o 500 €L

Scaffolds were organised in 24 well plates. Cell suspension was added to sample
using a pipette. Scaffolds were left in the incubator for 4 hours to allow cell adhesion.
Scaffolds were then washed with PBS, transferred in a new well plate that containing

500 ¢L fresh medium.

/

‘ !/

-
Put scaffold Cell suspension Extra medium
placed in well added on the was added

plate top

Figure 2-2: lllustration of static seeding technique

2.6.9 Cell differentiation induction

Cells on scaffolds that were assessed were divided into two equal groups to evaluate
whether the substrate could promote osteogenesis without addition of supplements.
After cell seeding (82.6.8), cells were left in medium for 4h in an incubator at 37°C to
allow cell adhesion. Then, this medium was aspirated and samples were washed
with PBS. Following this step, samples were transferred in new plates and fresh
medium was added. The one group had basal medium (82.2.3) and the second
group had osteogenic medium (82.2.5). Cells were cultured in these media for 21

days in total.

2.7 Biochemical cell assessment
The viability and alkaline phosphatase activity were evaluated for scaffolds seeded
on different substrates. Before each assessment, scaffolds loaded with cells, were

washed with PBS and transferred into new well-plates.
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2.7.1 Cell Viability assessment
Cellular viability was monitored using Alamar blue metabolic assay (ThermoFisher
Scientific) ( O6Brian, J. , Wil son, 1., Orton, ondayB@ gnan
1,3,7,14 and 21.

At each time-point, medium was aspirated from each well and samples were washed
once using PBS. 500 €L of medium was added in the samples and then 50 ¢l of
Alamar blue was added in each well. Samples were covered with aluminium foil to
prevent light exposure that would influence the fluorescence of Alamar blue. Cells
were kept for 2 hours in an incubator at 37°C. Then aliquots of 100 ¢l from each
samples were transferred in a white 96-well plate (in triplicates per sample) (Figure
2-3). The solutions fluorescence was measured using a FLUOstar Optima fluorimeter
(BMG Labtech) with excitation and emission wavelengths, 540 nm and at 580 nm
respectively. The cell number was calculated based on the standard curve that was
prepared (Appendix- Figure 1). Cells were washed with PBS and basal or osteogenic

medium i depending the experiment- was added.

ROOOOOOOOO00)
o*o*o*oto*ozotozotg* ) @
9000060 QOO0
20000 01%0* 2000
s/0/0 000000 ¢ ¢
LCOCOCOC () .*.*.*.§‘*.<
R0 ‘..’.x.‘_‘*‘.‘.
2.9.9000 oto‘o@@@f

4 )

Figure 2-3: Representative image of aliquots from cells incubated with Alamar
blue.

2.7.2 Alkaline Phosphatase Activity

Alkaline phosphatase (ALP) enzymatic activity of cells incubated on the different
substrates was assessed using p-nitrophenyl phosphate (pNPP) liquid substrate
system (N7653) on days 0, 1, 3, 7, 14 and 21.

At each time-point, after cells were analysed using Alamar blue (82.7.1), medium with
Alamar blue was aspirated and cells were washed using PBS. Samples were fixed
with pre-warmed at 37 °C 4% paraformaldehyde in PBS for 20 minutes at room

temperature. Paraformaldehyde- PBS solution was removed and after samples were
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washed with PBS, they were incubated with PBS 0.1M TRIS buffer with 8.3 pH for 10
minutes. Samples were washed and 400 €L of pNPP was added per well. Samples in
Chapter 4 were incubated with pNPP for 30 min and samples in Chapter 5 were

incubated for 15 min.

Aliquots from the samples were plated into a transparent 96-well plate and their
absorbance was measured at 405 nm wavelength using a Tecan plate reader. To
determine the pNPP concentration relative to the absorbance readings and
incubation time, a standard curve was used (Appendix- Figure 2). All measurements

were normalised using the cell number acquired using Alamar blue method.

2.8 Cell gene expression
The expression of specific genes were assessed using Real Time Polymerase Chain
Reaction at cells that were seeded on different substrates. Cells were washed with

PBS at room temperature and were transferred in new plates.

2.8.1 TRIzol® RNA lIsolation

1 ml TRIzol® reagent (15596-018, Life-Technologies, UK) was added on the samples
to lyse the cell. Cells were incubated in TRIzol® for 5 min. Then, the lysates were
transferred in a 1.5 ml Eppendorf tube and 200 ¢L of trichloromethane (C2432) was
added. Samples were shaked for 15 seconds and centrifuged in a Fisher-Scientific
microcentrifuge AccuSpin Micro 17 (Fisher Scientific, UK) at 13,000 rpm for 15

minutes.

Three phases were resulted in each samples after centrifugation. The top aqueous
layer contained the RNA, the interface turbid layer the DNA and the last red layer
was the organic phase that was compromised of proteins and lipids.

The aqueous phase was transferred into a new 1.5 ml Eppendorf tube and 500 €L of
pure isopropanol was added. Samples were then incubated at room temperature for
10 min to allow RNA precipitation. 15 minute centrifugation followed at 13,000 rpm.
The supernatant was removed carefully without disturbing the precipitated pellet and
1 ml of 70% ethanol solution was added in the tube. Samples were centrifuged for 15
minutes at 13,000 rpm and the supernatant was aspirated. Tubes were place in hood
for 15- 25 min to air dry the precipitated pellet. The pellet was resuspended in 15 €L
of RNase-free water and samples were incubated in a water bath for 10 minutes at
65°C to promote the dissolution of the pellet in the water. Samples were quenched on
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ice for 5 minutes to condense the RNA-water suspension and samples were briefly

centrifuged (pulsed) for 5 seconds. RNA samples were stored at -80°C.

2.8.2 Complementary DNA synthesis (CDNA)
During cDNA synthesis the mRNA converts into cDNA using reverse transcriptase

and DNA polymerase enzymes.

RNA samples were thawed on ice the concentration of RNA was measured using

NanoDrop spectrophotometer (Thermo Scientific) to assess their quality.

8 ¢l of RNA was added in 4 €l of mix 1 (Table 2-3) into a 0.2 ml RNase, DNase- free
tube. Samples were incubated at 70°C for 5 minutes in a PTC-200 peltier thermal

cycler (MJ Research, Minnesota, USA).

Reagent Volume/sample (eL)
20 ng/eL i Random hexamers 1
10 MM T dNTP mix 3

Table 2-3: Reagents to prepare mixture 1 used in cDNA synthesis.

Then, samples were cooled on ice for 2 minutes and centrifuged briefly. 8 L of mix 2
(Table 2-4Table 2-4) was added to each sample and samples were incubated at
37°C for 50 minutes and at 70°C for 15 minutes. cDNA was stored at -20°C. cDNA

samples were diluted to 50 €L with RNase, DNase free water.

Reagent Volume/sample (eL)
0.1 M7 DTT 0.125
40U/mli RNaseOUTE 0.1
MMLV 0.5
DPEC-treated water 1.375

Table 2-4: Reagents to prepare mixture 2 used in cDNA synthesis.

2.8.3 Real Time i Polymer Chain Reaction (RT-PCR)

The genes that were assessed are demonstrated on Table 2-5.

Human gene Primer sequence Reference
forward/ reverse

Internal control
GAPDH

36 CCTCTGCTCCTCCTGTTCGACA (Yang et al.

58 AACGACCAAATCCGTTGACTC 2011)
Osteogenic markers
T2 RUNX2 36 GGGTTAATCTCCGCAGGTCAC (Yang et al.
5-8 GGTCACTGTGCTGAAGAGGCT 2011)
ALP 36 ACCCAAAGGCTTCTTCTTG
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58 &CCTGGTAGTTGTTGTGAGCAT (Yang et al.,
2011)
OPN 36 OTTTTCTGGATCCTCCATTGC (Yang et al.
58 6CAAAAGCCATATGCTGCTCA 2011)
Table 2-5: Primers used for RT-PCR.
Human gene Primer sequence Reference
forward/ reverse
Osteogenic markers
OCN 360: GACTGTGACGAGTT|(Yangetal,
586: CTGGAGAGGAGCAG?Z2011)
COL 1A1 3606: ATCGTEGAACGTGGT (Sarugaser et al.
586: AGGAGAGCCATCAG?2009)
Chondrogenic markers
Sox9 366: GCAGGCGGAGGCAG (Haleem-Smith
586: GGAGGAGGAGTGT Getal, 2012)
Aggrecan 36 c:) . T CCCCACGGTCT CT| (Haleem-Smith
586: GCCCACTTAGGTCC(Cetal,2012)
COL 1A1 36 6 TGCETGGTGAACGTGGT (Sarugaser et al.
586: AGGAGAGCCATCAG?2009)

Table 2-5: Primers used for RT-PCR.

All reagents and samples were left to thaw on ice and were pulse centrifuged to pool
all the liquid together. The master mix for each gene was prepared using the

reagents and the volume that is mentioned at Table 2-6.

Reagent Volume/sample (el)
Forward primer 0.4
Reverse primer 0.4

RNA, DNA free water 7.2

Table 2-6: Reagents to prepare master mix used in RT-PCR

In a 96 well clear MicroAmp® Optical 96-well reaction plate (Applied Biosystems, Life
Technologies, 102N4Q) 8 ¢l of master mix was pipetted in every well that would be in
use. Then 2 L of cDNA of each sample and 10eL SYBR Green PCR Master Mix
(Life-Technologies, 4309155) reagent per well were added. The plate was pulsed
using a Megafuge 4 0 ( Her aeus E, Frankfurt, Germany)
reagents and then it was placed in an Applied Biosystems Real-Time PCR

instrument (model: 7900HT, serial: 201456), where the appropriate method was

selected on SDS2 (Applied Biosystems) software.

In the RT-PCR machine, samples were incubated at 50°C for 2 minutes and 95°C for
10 minutes (holding stage). Then, samples were incubated at 95°C for 15 seconds

and 60°C for 1 minute. This step took place 40 times (cycling stage). At the end, the
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samples were incubated at 95°C for 15 seconds, 60°C for 15 seconds and 95°C for

15 seconds (dissociation stage).

2.9  Statistical analysis

All quantitative data was presented as standard * error of the mean (SEM). Statistical
analysis of groups was performed using two tailed paired and un-paired t-test with p-
values of less than 0.05 being considered significant. Statistical analysis of groups
was performed with one-way and two T way analysis of variance (ANOVA) followed
by Tukey and Bonferroni test respectively as Post Hoc tests. P-values less than 0.05
was considered statistically significant.

Symbol Meaning
NS p> 0.05
* p> 0.01, pO0.05
*x p> 0.001, pO0.01
Hohk p> 0.0001, pO0.001
Kok p0O0.0001

Figure 2-4: Statistical significance symbols and meaning.
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Chapter 3 FABRI CATANDOICHARACTERI| SATARAT |GIFE
WOLLASTONJERRAMISCAFFOLDS BOOGRREGENERATI ON

3.1 Introduction
Bone and cartilage are the main tissues that are affected in osteoarthritic patients.
The defected tissues could be removed and replaced using an osteochondral plug,

when OA is detected in an early stage.

In this chapter, the fabrication of a hard scaffold that could be the bone part of the
osteochondral plug was investigated. A-W has high mechanical properties (Kokubo
et al. 1985) and was used for the preparation of the ceramic scaffolds that were

prepared in this chapter.

There is a range of ceramic scaffold manufacturing techniques, as described in 8§1.9.
The preliminary objective of this chapter was to characterise A-W powder of various
particle ranges before and after sintering processes, prior to fabrication of scaffolds
for bone tissue engineering (80). The main aims were to identify and characterise
ceramic fabrication techniques for A-W ceramic powder that would result in
microporous scaffolds for 2D in vitro studies as well as scaffolds that were highly
porous and interconnected to allow the study of cellular behaviour in 3D in vitro
studies. The techniques which have been used were all based on the creation of a
powder figreen parto whi c.Whewmen pastucbeatedgsing nt | vy
powder compaction (83.4), cast loose powder (83.5), cast slurries (83.6) and
thermally induced phase separation (TIPS) (83.7). The techniques were chosen to
allow investigation of a range of methods with the potential to create macro and
microporosities within scaffolds. In order to vary the macroporosity a variety of

sacrificial polymer cores have also been incorporated into the green parts.

The main criterion for the scaffolds that were further investigated as cell matrices was
the lack of crack formation.
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3.2 General Materials and Methods

3.2.1 Source of Materials
The main material for all the scaffolds that were prepared during this study was A-W

powder (Figure 3-1) as already described in (82.2.2).

Figure 3-1: Image of unprocessed A-W frit.

Chapter 3

Specific particle ranges and combinations of these ranges were utilised (Table 3-1)

according to the needs of each scaffold fabrication method in order to seek to

achieve reproducible results.

A-W:A-W (w : w)
<20 e€n 20-53 e m 54-90 e m

o 25:75
o 20:80
%% <20 €&em 100:0 50 - 50
o S 75:25
= 20-53 & m 100: 0

< 54-90 & m 100: 0

Table 3-1: Ratio of A-W glass- ceramic particle size ranges used for ceramic

scaffold fabrication.

The rest of the materials that were used for the experiments were described in Table
3-2. The use of individual materials is explained in the relative paragraph.

Material

Characteristics

Distributor

High density

polyethylene (PE1)

Prof. Geoff Gibson,
Mechanical and
Systems Engineering;
Newcastle university,
Newcastle Upon-Tyne

Table 3-2: List of materials that were used in the experiments.
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Material Characteristics Distributor
High density Particle range: Goonvean fibres, UK
polyethylene (PE2) 101-400em
Polyamide powder Particle range: DuraForm, UK
(PA) 25-92 &m
Polymeric filament Diameter: i) 0.5 mm Bagnall and Kirkwood
i) 1 mm Ltd, UK

Poly(lactic) acid (PLA) Relative viscosity 4.0 Bits from Bytes, UK
(Ingeo 4032D, Molecular weight:
NatureWorks LLC) 156.651 Dalton

Density: 1.24 g /cm?3
Anhydrous diethylene @ Purity 99.8% Sigma Aldrich
dioxide (1,4-dioxane)
Isopropanol Sigma Aldrich
Ethanol Sigma Aldrich

Deionised water
Table 3-2: List of materials that were used in the experiments.

3.2.2 Powder Milling and Sieving

A-W powder was milled in one of two ball mills (Pascal Engineering Co Ltd., Sussex,
UK, for 6 hours; or Pulverisette 6, Planetary mono mill, Fritch, Gerhardt, UK, for 40
minutes, shown in Figure 3-2; A) to achieve a variety of particle sizes. A-W powder
was then sieved on a sieve shaker (Figure 3-2; B) for about a month to separate the
particle fractions of <20 e m20-53 @anmi54-9 0 .The particle ranges were
selected based on the literature (Dyson et al. 2007; Xiao et al. 2008a).

Figure 3-2: Images of milling machine (A) and sieve shaker (B) that were used
for the experiments.

3.2.3 Sintering
Green bodies that were prepared using different fabrication techniques were placed

on platinum foil that was rested on the top of a refractory brick and underwent heat
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treatment in a chamber furnace (Figure 3-3) in two steps. The default heat treatment
was the heat treatment A and is illustrated in Table 3-3; A. During the first step of
heat treatment A, the temperature increased up to 779°C for 1 hour and then, in the
second step, to 1150°C for 1 hour, before cooling back to room temperature. The
heating rate that was used was 10°C/min. This heating treatment A was used by
Dyson et al. 2007.

The particle range and the powder packing influence the degree of sintering of a
ceramic. Some of the variables that can be changed to modify the degree of sintering
are the heating rate, the maximum sintering temperature and the duration of the
sintering (Kang 2005).

To find the optimal sintering temperature for each type of scaffolds, different
parameters of the heat treatment A were changed. For the scaffolds with pure A-W,
the parameters that were altered were: the heating rate of the first step; the
maximum temperature and its duration at the second step. The alterations in these
parameters occurred to improve the densification of the A-W patrticles. When
polymers were introduced in the green part a preliminary step was added to melt the
polymer (Collin et al. 2005). Depending on the polymer that was used in the different
scaffolds, the temperature of step 1 in heat treatment E was decided according to
their melting temperature (Tm). The sintering treatments are described in Table 3-3

and the Tm of each polymer used are in Figure 3-4.

Figure 3-3: Indicative images of one the furnace used for the experiments
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Table 3-3: Heat treatment schemes that were investigated and the
correspondent graphs. (OP: optimum nucleation; CG: crystal growth; Tm:
melting point of polymer that was used depending the experiment).

Page | 42



Chapter 3

Heating rate Y Ramp
Y Swell

Heat treatment route graph

1200 1

Step 1.
5°C/ mi n Y&7VY719h

7794

Step 2:
10°C/ mi 1”200°C Y2h

Temperature ("C)

Heat treatment D

ON CG

Time (min)

Step 1.

5°C /minY polymer
TmY 1h

1150:

779-;;
Step 2:
5°C/ mi n ¥Y7Y719h

Temperature ("C)

Heat treatment E

i s s

Step 3:
10°C/ mi nYTTY¥4 0 Tm ONCG

Time (min)

1150 A
Step 1:
5°C/ mi n ¥Y7Y719h

7799

Step 2:

10°C/ mi 1250°C Y
1h

Temperature ("C)

Heat treatment F

once
Time (min)
Table 3-3: Heat treatment schemes that were investigated and the

correspondent graphs. (OP: optimum nucleation; CG: crystal growth; Tm:
melting point of polymer that was used depending the experiment).

Polymer Melting point (°C)
PA 184
PE 150
PLA 190

Figure 3-4: Melting point of polymers that were used as sacrificial materials.
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3.2.4 X-Ray Computed Tomography (XRCT)

X- Ray computed tomography was performed on sintered A-W scaffolds using a
XRadia Versa-410 (Zeiss, UK) with the assistance of Dr Tom Beale (Department of
Physics, Durham University). Samples were fixed and dehydrated according to
protocol described at §2.5.6.

Samples scanning was performed with the system running at 150 kV.
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3.3 Characterisation of A-W powder particles
The raw A-W powders were characterised morphologically prior to scaffold
fabrication to ensure that the correct particle ranges had been obtained after sieving.
This investigation was fulfilled using SEM imaging. Figure 3-5 illustrates that the A-W
particles have irregular shape and the particle size of the each group is in
accordance with the sieves that were used without obvious contamination of

differently sized particles.

Figure 3-5: SEM micrographs of raw sieved A-W powders with particle ranges:
<20em (A),20-53 €BN54-90 €£Qn

Figure 3-6 illustrated the XRD results of the raw and sintered A-W. XRD was used to
observe the difference in the crystal phases before and after sintering. In Figure 3-6,
it is indicated that in the raw A-W glass ceramic powder slight intensity peaks
appeared; whereas after the sample was treateda t 7 arl §160e Gheat
treatment A; Table 3-3), a large amount of high intensity peaks appeared proving that
A-W after sintering is a ceramic. In addition the phase analysis results for the
samples are presented in Figure 3-6. The principal crystal phase for the raw A-W
(Figure 3-6; A) was hydroxyapatite (calcium phosphate hydroxide; Cas (POa)3 (OH);
Q: C; 01-073-1731), accompanied by smaller peaks of b- wollastonite (calcium
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silicate; Ca Si Os; Q: C; 00-027-008) and calcium magnesium hydrogen phosphate
(Ca19.68 Mgi12 H1.8 (POa4)13.80; Q.C; 01-079-2186).

S 3
3 1 —_— A-Wraw
A-W sintered
A Hydroxyapatite; Calcium Phosphate hydroxide
" * Wollastonite; Calcium magnesium Silicate
® Diopside; Calcium Magnesium Silicate
« Calcium Magnesium Hydrogen Phosphate
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Figure 3-6: XRD spectra of A-W powders sintered according to heat treatment A
(red coloured line); un-sintered i raw material (blue coloured line).
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3.4 Sintering of compacted powder with and without polymer cores
A-W powder was compacted and sintered to provide pellet scaffolds. A liquid binder
was used to improve the handling of the pressed powders. For this experiment,
isopropanol was selected to be used as a binder prior to pellet fabrication, because it
does not evaporate fast comparing to other alcohols. Water could have been used
instead; however, it has been reported that scaffolds made with isopropanol have
better mechanical properties that the ones made with water (Rambo et al. 2006).

The aim was to create scaffolds that were prepared using pure compacted ceramic
powder creating small pores that would prohibit cell migration inside the scaffold and
would promote cell proliferation only on the top surface to allow study of the influence

of particle size on cell activity.

The scaffolds that were fabricated using compacted ceramic powder with polymer
aimed to create a porous and interconnected scaffold that would allow cell migration
and proliferation inside the 3D construct to assess the cell behaviour in a 3D

environment.

Small particle range polymer was also introduced in the compacted ceramic powder

to allow better powder distribution.

3.4.1 Methods and Materials

3.4.1.1 Preparation of pure compacted powder

Pure A-W powders were mixed in a pestle using isopropanol. The isopropanol was
evaporated, the powders were put in metal mould compacted under high pressure
using a hydraulic press and then were de-moulded (Brovarone et al. 2006). Due to
the restrictions of the press that was used; 20 MPa was the highest pressure that
was applied. Two lower pressures were assessed; 1 MPa and 10 MPa to investigate

the effect of different pressures on the pellet structure.

3.4.1.2 Introduction of PA small polymeric particles

PA powder was added to the pure A-W pellet scaffolds (Figure 3-7) in ratio A-W: PA
80: 20 w/w. Pure A-W pellet scaffolds had cracks forming internally (Figure 3-15,
Figure 3-16, Figure 3-18) and PA polymer particles were inserted to provide better
particle distribution and cushion the impact of the forces on the pellet during de-

moulding it from the metallic mould.
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Mould A-W + PA Pressing Pellet
ou powder powder A-W +PA

Figure 3-7: A-W compacted powder with PA particles

3.4.1.3 Introduction of large polymeric particles

PE particles were combined with pure A-W powder in ratios listed in Table 3-4 before

they were pressed (Figure 3-8) to introduce macropores increasing the porosity of

the scaffolds after sintering. During the primary experiments with PE, PE1 was

sieved and granule range 150-400e m was used. PE2 was purch

homogenous patrticle population.

A-W particle range (em) A-W: PE (w/w)
70: 30
20-53 60: 40
70: 30
54-90 60: 40

Table 3-4: Ratio of A-W glass ceramic powder with PE particles used.

= = —

A-W + PE Pressing Pellet

Mould powder powder A-W +PE

Figure 3-8: A-W compacted powder with PE particles

3.4.1.4 Introduction of polymeric filaments

A polymeric filament either with diameter 0.5 mm or 0.7 mm was added in the centre
of A-W powder before it was pressed (Figure 3-9) to form a uniform channel in the
centre of the pellet. This scaffold was a pilot study to evaluate whether channels
could be formed in the pellet without the crack formation that appeared in the
scaffolds with the polymeric particles (Figure 3-23), so cells could migrate and

promote osteogenesis in vitro with the potential of promoting angiogenesis in vivo.
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A-W + PE Pressing Pellet

Mould powder powder A-W +PE

Figure 3-9: A-W compacted powder with polymeric filament.

3.4.1.5 Sintering
All samples were sintered on a platinum foil inside a high temperature laboratory
chamber furnace with maximum operating temperature 1800¢C (Carbolite, UK)

according to the sintering regimes described in Table 3-3.

3.4.2 Results

3.4.2.1 Effect of different particle ranges on pure A-W sintered compacted powder
scaffolds

As illustrated in Figure 3-10, in pellets, the particles were completely sintered and no

individual particles were identified in the SEM micrographs A and B. The particle size

that was used appeared to have an influence on the pore size in the compacted

powder scaffold. Scaffolds prepared using the particle range 20-5 3  fiad smaller

pores with respect to the pellet fabricated with the bigger patrticle size range.

Figure 3-10: Microstructure of sintered compacted powder scaffold fabricated
with pure A-W. Representative SEM photos of pellet scaffolds that were
pressed using 20 MPa with particle range 20-5 3 {Ahand 54-9 0 £B))
respectively. All scaffolds were sintered according to scheme of the heat
treatment A.

Af ter anal ysi ng t htdestdsampkes pvepared gsingsdifferehte nt 6 s
particle range (Figure 3-11) had no significant difference neither in shrinkage (p=
0.0839) nor in porosity (p= 0.1780).
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Figure 3-11: Shrinkage (A) and porosity (B) of sintered pure A-W pellet

scaffolds that were prepared using 20-5 3

and sintered according to heat treatment A.

@amd 54-9 0 @article ranges

3.4.2.2 Effect of different heating treatments and particle ranges on pure A-W

sintered compacted powder scaffolds

Different heat treatments were explored for fabrication of compacted powder

scaffolds using the two main particle ranges; 20- 5 3

amb54-90 & m

The shrinkage of compacted powder scaffolds is illustrated in Figure 3-12 and was

analysed using two-way ANOVA. The different particle ranges had no significant

effect on the shrinkage of the sintered scaffolds (p= 0.7002).The different heat

treatment during sintering (p <0.0001) and the interaction of the particle range with

the heat treatment (p <0.0001) had significant effects on the shrinkage of these

scaffolds. Analysi s

usi

ng

Bonferonni 6s

shrinkage produced by heat treatments B (p= 0.0002) and C (p<0.0001) on the two

particle size ranges were significant.
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Figure 3-12: Shrinkage of pure A-W compacted powder scaffolds fabricated
using particle range 20-53um and 54-90 um sintered according to the heat
treatments A, B, C, and D.

Figure 3-13 shows the porosity of the compacted powder scaffolds. Two-way
ANOVA indicated that the particle range, which was used to fabricate the scaffolds,
affected significantly the porosity of the compacted powder scaffolds (p= 0.0397). In
addition, the heat treatment had an extremely significant influence on the porosity of
these scaffolds (p<0.0001).
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Figure 3-13: Porosity of pure A-W compacted powder scaffolds fabricated
using particle range 20-53um and 54-90 um sintered according to the heat
treatments A, B, C, and D.
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In Figure 3-14, a representative sintered pellet scaffold was shown. This scaffold was
fabricated with A-W 20- 53 em and sintered according to heat treatment B.
Macroscopically, pellet scaffolds had regular and smooth cylindrical shape since they

were pressed in a level polished stainless steel mould under hydraulic pressure.

Figure 3-14: Morphology of sintered pellet scaffold fabricated with pure A-W.
Representative bright field image of pellet scaffold. Scale bars, 3mm. The
image A was acquired using lens 0.5 at magnification 3x.

Figure 3-15 presents sectioned scaffolds prepared with two different particle ranges-
20-53em (A) and 54-9 0  ¢Binthat were sintered according to heat treatment B. In
both scaffolds, large cracks were formed. Figure 3-15; C displays a schematic

illustration of the crack that was usually created in the pellets with pure A-W powder.

Figure 3-15: Crack formation in pellet scaffolds. SEM photos of pellet scaffolds
with particle range 20-5 3 €Ahand 54-9 0 £B) Scale bars, 2 mm.
Schematic representation of observed crack formation (C).
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3.4.2.3 Effect of different hydraulic pressures on pure A-W sintered compacted

powder scaffolds

Different hydraulic pressures i 1 MPa, 10 MPa and 20 MPa- were investigated. In
Figure 3-16 pellet scaffolds compacted under different hydraulic pressures are
shown. All scaffolds had large internal cracks similar to those illustrated in Figure
3-15; C. The liquid phase increased as the levels of hydraulic pressure used for
compaction were elevated the liquid phase increased. Cracks appeared in the pellet
structure after different pressures were used for compacting the A-W powder. Figure

3-16; a-c, suggests that the A-W particles melted more in the scaffolds produced with

increased mould pressures.

~1 MPa

10MPa

20MPa

W G \, L > ' P 1 ::1'“0 .

Figure 3-16: Crack formation on pellets with pure A-W (20-5 3 kfabricated

under different pressures and their microstructure. Representative bright field

images of pellets (A-C) and their correspondent SEM photos (a-c). All scaffolds

were fabricated with A-W 20-5 3 @amd sintered according to scheme of the

heat treatment B. Scale bars, 1 mm (A-C) and scale bars,10e m. The i mages
were taken with lens 0.5 at magnification 1x (a) and 3x (b).
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The different pressures on the green bodies of the pellet scaffolds influenced
significantly (p<0.0001, one way ANOVA) the porosities of the sintered scaffolds
(Figure 3-17). One-way ANOVA test was foll owed by Tuk
scaffolds sintered after the green body pressed under 1 MPa had very significantly
increased porosity in comparison to the pellets pressed under 10 MPa (p= 0.0011)
and 20 MPa (p <0.0001), but the porosity of the pellets pressed with the two latter
pressures had no significant difference between them (p= 0.2767).

16 -

*k*k*

14 -

12 -

10 A

Porosity (vol.) %
(o]

1 MPa 10 MPa 20 MPa
A-W((20-53 em) compacted powder s

Figure 3-17: Porosity of sintered pure A-W pellet scaffolds that were pressed
using different hydraulic pressures (1 MPa, 10 MPa and 20 MPa). A-W pellets
were prepared using 20-5 3  ganmticle range and sintered according to heat
treatment A.

3.4.2.4 Effect of different particle ranges on pure A-W sintered compacted powder

scaffolds

A variety of granule ranges and mixtures of small and large granule ranges were
used to investigate whether the cracks could be eliminated (Figure 3-18). As
illustrated, the liquid phase altered depending on the granule range. The higher the
particle range (54- 9 0 )xcamtent, the lower the degree of sintering (Figure 3-18; a-
e). In the low magnification SEM micrographs (Figure 3-18; A-E), all samples were
cracked. The cracks in the scaffolds prepared using A-W with particle ranges <20
em:54-9 0 €2m75 w/w) did not appear in the image Figure 3-18; C, because it
was separated before SEM and photos were taken from the remaining parts.
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3.4.2.5 Effect of small polymeric particles in powder distribution on pure A-W
sintered compacted powder scaffolds
Polymeric particles - PA were introduced in the scaffolds to improve the homogeneity
of powder distribution. Large cracks were evident at the inner and outer surface of

the pellet after sintering (Figure 3-19).

Figure 3-19: Cracks in the scaffolds after the introduction of small polymeric
particles (PA) in pure A-W scaffolds. Bright-field photos of pellet scaffolds with
A-W: PA (80: 20), A-W (20-5 3  $Scale bars, 3mm. The image was taken with
lens x0.5 at magnification x1.

In addition to the macro-fractures of the pellet, micro-fractures were noticeable in the
pellets that were fabricated with both particle ranges 20-53 ami54-90 & m
(Figure 3-20). As shown in Figure 3-20, the micro-cracks in the pellets with large
particle range (54-90e m) were more and larger than the micro-fractures in the pellets

with the smaller particle range (20-5 3 ¥ m

>
=

Pellets
A-W : PA (80: 20 wiw)

£ Vel B BN S AP R D i ’ } ; :
Figure 3-20: Cracks in the scaffolds after the induction of small polymeric
particles (PA) in A-W scaffolds. SEM photos of pellet scaffolds with A-W: PA
(80: 20), A-W (20-5 3  pamd A-W (54-9 0 £ nMicro-fractures have been
indicated with red arrows.

In Figure 3-21 the porosity of the pellets prepared with the introduction of the PA
particles is compared with the pure A-W pellet scaffolds. Both groups were

fabricating using two different particle ranges (20-5 3 ami54-9 0 )k Two way
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ANOVA was used to compare the influence of the PA addition to the porosity and the

effect of the particle range was assessed. The addition of the PA particles had a
highly significant effect on the porosity (p< 0.0001), whereas the particle range had
no significant influence on the porosity for each group (p= 0.4145).

60 -

*kkk

T I
50 -

40 -
30 -

20 -

Porosity (vol.) %

10 - = =

A-W A-W:PA (80:20)

20-5 3 me m54-9 0 me
Figure 3-21: Porosity of sintered pure A-W pellet scaffolds and in combination
with PA particles prepared with A-W: PA (w/w) ratio 80: 20. Samples were

sintered according to heat treatment B. A-W pellets were made using 20-53 & m
and 54-9 0 gespectively.

3.4.2.6 Effect of large polymeric particles on the macrostructure and pore formation
of pure A-W sintered compacted powder scaffolds

The concentration of PE particles that was mixed with A-W powder in the green body

affected the macrostructure of the sintered scaffolds (Figure 3-22). Scaffolds that

were sintered according to the heat treatment A collapsed, possibly because the

polymeric part burnt out rapidly. A-W pellets with different ratios of A-W: PE are

showed. Scaffolds with ratio 50:50 w/w (A-W: PE) with either particle range 20- 53

e mor 54-90em collapsed (I and i respectively), while scaffolds with ratios 60: 40 w/w

(I and ii) and 70: 30 w/w (Il and iii) retained their shape.
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Figure 3-22: Macrostructure of porous A-W: PE scaffolds. Representative photo
of pellet scaffolds with ratios 50:50 w/w (A-W: PE) (I and i), 60: 40 w/w (Il and ii)
and 70: 30 w/w (Il and iii). Scaffolds I-lll were fabricated with A-W granule range
20-5 3 amd i-iii with A-W granule range 54-9 0 ¢ All samples were sintered
according to heat treatment B. Scale bars, 10 mm. The images were taken at
magnification x1.

In Figure 3-23 SEM images of compacted powder scaffolds are shown. These
scaffolds were fabricated using two different A-W: PE w/w. Samples imaged in A and
B were sintered using the heat treatment B. In both pellet scaffolds pores have been
created from the burning off of the polymer. The sample that contained lower
polymeric concentration before sintering had less pores. Both scaffolds had micro-

cracks throughout the structure.

The samples presented in Figure 3-23; C and D, were sintered according to heat
treatment E. The distribution of the pores in these scaffolds was less homogenous
than the scaffolds that were sintered according to the heat treatment B. The pore
distribution in the pellets sintered according to the heat treatment E appeared to have
a gradient, which is separated with a red dashed line. The one side of the scaffolds
seemed to have similar pore distribution with the pellets sintered according to the
heat treatment B, but these pores had smaller size. The other side had formed small
channels, less pores and the pore distribution was heterogeneous. The two different

ratios A-W: PE, 60: 40 and 70: 30, shows similar microstructures.
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A-W (54- 90em) : PE (150-4 0 0 € m)
70: 3

Heat treatment B

Heat treatment ETn=15 0«

IR TR S \,\ R, %, 3 W . ¥ < L
Figure 3-23: Changes in the pellet microstructure fabricated with A-W and PE2
in relation to different heat treatments. Representative SEM photos pellets that
were sintered according to the heat treatment B with A-W: PE2 ratio 60: 40 (A)
and 70: 30 (B). In C and D images, pellets that were sintered according to the
heat treatment E (Tm=150°C) with A-W: PE2 ratio 60: 40 and 70: 30 respectively.
Purple arrows highlighted channels. Red dashed line emphasised the division
of two pore morphologies in the same scaffold. Scale bars, Imm.

In Figure 3-24, the volumetric shrinkage of A-W: PE pellets that were prepared with
A-W particle is illustrated. In each graph, the pellets were divided into two different
groups depending on the ratio A-W: PE w/w and for each ratio the effect of the
different heat treatments used was demonstrated. Statistical analysis of the
shrinkage of porous A-W using twoi way ANOVA indicated that the shrinkage of
pelletes with A-W 20-5 3  svere significantly influenced by the PE content
(p<0.0001) and the interaction between the polymeric content and the heat treatment
(p< 0.0001). The shrinkage of the pellet scaffolds with A-W particle range 54-9 0 & m
were significantly influenced from both the polymeric content (p<0.0001) and the heat
treatment (p<0.0001), but the interaction of the two factors had no significant
influence in the porosity of this group (p= 0.8868).
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Figure 3-24: Shrinkage of pellets made of A-W: PE 70: 30 w/w or 60: 40 w/w
respectively according to heat treatments B and E with Tm= 150°C.

In Figure 3-25 the porous pellets with A-W: PE were also divided into two graphical

representations depending on the particle ranges that was used (A for A-W 20- 53

¢ mand B for A-W 54-9 0 ) m each graph the samples have been grouped

depending the A-W: PE ratio and the effect heat treatments B and E. According to

two-way ANOVA statistical analysis the porosity of the pellets with particle range 20-

5 3 svas significantly influenced by the PE concentration (p= 0.0002) and

significantly affected by the interaction between the polymeric contant and the heat

treatment that were used (p= 0.0186). The heat treatment as a sole factor had no

significant effect on the porosity of the scaffolds with A-W particle range 20-5 3 & m

(p= 0.6109).

Using the same statistical analysis, in Figure 3-25; B, it was revealed that the

porosity of the scaffolds prepared using A-W particle range 54- 9 0  gvas affected
significantly by the heat treatment (p= 0.0462) and the AW:PE ratio (p<0.0001) and

the interaction between the heat treatment and the PE content (p= 0.0004).

From statistical analysis of the shrinkage and porosity of the porous pellet scaffolds,

there was a correlation coefficient between the two parameters.
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Figure 3-25: Porosity of pellets made of A-W: PE 70: 30 w/w or 60: 40 w/w
respectively according to heat treatments B and E with Tm= 150°C.

3.4.2.7 Effect of polymeric filament on the macrostructure and channel formation of
pure A-W sintered compacted powder scaffolds

Following the introduction of the polymeric particles, polymeric filaments were

introduced in the pellet scaffolds to promote channel formation as described in Figure

3-9.

In Figure 3-26, a sample of compacted powder scaffolds with polymeric filament in
the middle is presented. Large cracks were formed in the pellet after sintering that
resulted in the loss of its mechanical integrity and some of its pieces broke without
any other influence (Figure 3-26; A). In Figure 3-26; B, some micro-cracks were
observable in the channels, but also a large crack similar to the one found in the pure
A-W scaffolds (Figure 3-15) was identified. Due to this crack that was formed at its
transverse plane (and was common in the pure A-W and A-W with polymer filament

pellet scaffolds) the scaffolds sometimes separated into two parts (Figure 3-26; C).
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Pellet

Figure 3-26: Compacted powder scaffold with polymeric fibre. Representative
bright field micrographs of pellets sintered with polymeric fibre in the centre.
Scaffolds were sintered according to the heat treatment B and the polymeric
filament had diameter 0.7 mm. Blue arrows indicate large cracks and purple

arrows micro-cracks.

Pellet scaffolds with polymeric filament that had diameters 0.7 mm and 0.5 mm were
sintered using heat treatments C and E to evaluate whether the diameter of the fibre

or the heat treatment affected the crack formation. No differences were observed in

the fabricated scaffolds.
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3.5 Sintering of Cast Loose powder With and Without Polymer Cores
A-W powder was poured into moulds to produce loose powder scaffolds. The
anticipated features from manufacturing loose powder scaffolds were microporosity

and topography that would be influenced by the particle range used.

Loose powder scaffolds were assessed to overcome the drawbacks which appeared
during fabrication of the compacted powder scaffolds. These loose scaffolds were

intended to be used as platforms to further develop highly porous and interconnected
scaffolds for further characterisation studies with mammalian cells, including hMSCs.

Similarly to the pellet scaffolds, small polymeric particles were added with the A-W
particles to aid powder distribution. Larger polymeric particles were mixed with the
ceramic to introduce pores after burning off the polymer during sintering. Polymeric
filament was added in the A-W to allow channel formation. This idea was further
advanced into fabricating a PLA- FFF negative template in order to obtain a highly
porous and interconnected scaffold with large pores.

3.5.1 Methods and Materials

3.5.1.1 Fabrication of pure A-W loose powder scaffolds

Pure A-W powder was poured in moulds (Figure 3-27; A) i either in the drilled holes
of a brick (diameter 14-16 mm, height 36.7-37.1 mm) (Figure 3-27; B) or platinum
tubes (25 mm height x 10 mm internal diameter) (Figure 3-27; C) closed on the one

end using Parafiim® M.

A ' )

I ]
—

e e

A-W green body

Mould A-W powder

RN

C

Brick with drilled holes Platinum tube
Figure 3-27: Schematic representation of pure A-W loose powder scaffolds (A)
and moulds used for their fabrication (B-C).

Page | 63



Chapter 3
3.5.1.2 Introduction of PA small polymeric particles
PA particles were introduced in A-W powder and mixed in A-W: PA ratio of 80: 20
w/w. Following the mixture was poured into moulds to sinter (Figure 3-28). The PA

was added to promote better ceramic particle distribution.
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powder particles green body

Figure 3-28: A-W loose powder with PA particles

3.5.1.3 Introduction of large polymeric particles

PE particles were mixed with A-W powder before they were poured in moulds (Figure
3-29) to form macropores improving the porosity of the scaffolds after sintering. The
A-W: PE ratios that were used for the fabrication of these scaffolds were mentioned

in Table 3-4.

ey T
e I ——]
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N ——— N ——
Mould A-W PE A-W +PE
powder particles green body

Figure 3-29: A-W loose powder with PE particles.

3.5.1.4 Introduction of polymeric filaments

One polymeric filament with diameter 0.5 mm or 0.7 mm or two FFF printed filaments
(Figure 3-30) were imported in the centre of A-W powder after the powder was
poured in the moulds (Figure 3-31) to create a uniform channel in the centre of the
sintered scaffold. The FFF were connected on the one side to control their position in
the powder keeping them a constant distance from one another. The addition of a
polymeric filament aimed to investigate, if this approach ensured large channel

formation in the scaffold after sintering.
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Figure 3-30: lllustration of FFF printed polymeric filament.

< Sl D
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Mould A-W Polymeric A-W +polymeric
powder filament filament green body

Figure 3-31: A-W loose powder with polymeric filament.
3.5.1.5 Negative template fabrication using Fused Filament Fabrication (FFF)
Negative moulds were manufactured with translucent PLA using a RapMan 3D

printer (Bits from Bytes, UK) (Figure 3-32).

Figure 3-32 : RapMan printers: a) RapMan 3.2 3D, b) RapMan 3D Touch

The information for the parts to be printed using RapMan was contained in a G code
file on an SD card. The G code was generated using Axon 2 (Axon 2.0 beta 2, Bits
from Bytes, UK). The CAD program that was used for the designing of the negative

moulds was Inventor 2012 (Autodesk).
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Two different negative templates were designed using Autodesk Inventor. The first
negative mould was a grid within circular walls with dimensions 25mm x 24 mm
(diameter x height) (Figure 3-33). Each layer consisted of bars 1.5mm x 1.5mm x 20
mm and the gap between then is 3.0 mm. The next layer had the same design and
dimensions, but it was rotated 90° to form a grid with pores that had diameter parallel
to the bars 3.0mm and diagonal diameter 4.24 mm. Also, the structure of the mould
was cylindrical and had a solid ring outside keeping the material that would be

inserted inside.

Figure 3-33: Transverse cut of the CAD design of FFF PLA negative template
mould.

The second negative template was a grid that was used as the core of the ceramic

scaffold (Figure 3-34) . The design of the first | ayer
dimensions 1 mm height and each external side is 7 mm. The following layer was the

same with the first, but rotated 90° (Figure 3-34). Depending on the height of the

platinum tube that was inserted the height of the total scaffold was modified by

adding extra layers.

RapMan was programmed to build the first structure with layer thickness 0.125mm
and the second with 0.5 mm for both negative templates. The fill density was 100%

and speed multiplier was 2x for both types of negative templates.
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E
C

7mm

Figure 3-34: Different views of the CAD design of the FFF PLA negative
template core.

3.5.1.6 A-W loose powder in FFF PLA negative template mould

A FFF PLA negative template mould (Figure 3-33) with walls was fabricated to
contain the A-W powder without the need of using another mould (Figure 3-35). In
addition, a grid was designed within the walls allowing the formation of

interconnected channels in the scaffold after sintering the mould with the A-W

powder.
FFF PLA negative A-W powder A-W Iooe powder in
template mould FFF PLA mould

Figure 3-35: A-W loose powder in FFF PLA negative template mould

3.5.1.7 FFF PLA negative template core

A FFF PLA negative template core (Figure 3-34) with the same grid design as the
FFF PLA negative template without the walls was placed into a platinum tube (Figure
3-36). The removal of the walls aimed to reduce the polymeric content in the green
part and protect the integrity of the sintered scaffold.
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Figure 3-36: A-W loose powder poured in FFF PLA negative template core that
was already placed in a mould.

3.5.1.8 Sintering
All green bodies were sintered inside a high temperature laboratory chamber furnace
with maximum operating temperature 1800€eC (Carbolite, UK) after they placed on a

platinum foil.

3.5.2 Results

3.5.2.1 Influence of different particle ranges on sintered cast loose powder scaffolds
As illustrated in Figure 3-37, the particles of the loose powder scaffolds did not fuse
completely and there was neck formation between adjacent particles. In particular,
the particles in loose powder scaffolds prepared using particle range 54-9 0  bfad
small neck formation and no fully melted particles appeared. In loose powder
scaffolds made using particles 20-5 3  apart from neck formation, some fused
particles were observed, In addition, the pores in the scaffold with the smaller particle
range were smoother and smaller than the corresponding scaffold with particle range
54-90 & m

Figure 3-37: Microstructure of sintered loose powder scaffold fabricated with
pure A-W. Representative SEM photos of loose powder scaffolds with particle
range 20-5 3 gAnand 54-9 0 ¢B)) respectively. All scaffolds were sintered
according to scheme of the heat treatment A. Scale bar: 100 em.

Page | 68



Chapter 3
In Figure 3-38 the shrinkage and the porosity of loose powder scaffolds that were
prepared with pure A-W using two different particle ranges were illustrated. After
analysing their dtest iBwasinstedrihgt the paticdeerangedad nd
significant effect neither on the shrinkage (p= 0.1006) nor on the porosity (p= 0.
0704) of the loose powder scaffolds.
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Figure 3-38: Shrinkage and porosity of sintered pure A-W loose and pellet
scaffolds that were prepared using 20-5 3 &@md 54-9 0 ganticle ranges
and sintered according to heat treatment A.

3.5.2.2 Influence of different heat treatments in combination with different particle
ranges on sintered cast loose powder scaffolds
Different heat treatments were explored for fabrication of loose powder scaffolds

using the two main particle ranges; 20-53 anmi54-90 & m

In Figure 3-39, the effect of the different heat treatments on sintering of the loose
particle scaffolds with particle range 20-5 3  gvas presented as an example. During
the heat treatment A, there was neck formation and a small number of particles had
fused with the neighbouring particles. The main characteristic of the scaffolds
sintered according to heat treatment B was the neck formation between particle and
more particles fused with adjoining ones. Sintered samples with heat treatment C
and D morphologically resulted in fusion of most of the particles, densification of the
scaffolds and reduction of pore size in the scaffold. It was observed that scaffolds

that were fabricated according to the heat treatment D were more vitreous.
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Figure 3-39: Changes in the heat treatment affect the degree of sintering of A-

W. Representative SEM photos of loose powder scaffolds with A-W (20-5 3 E m
sintered according to heat treatment A, heat treatment B, heat treatment C, and
heat treatment D. Magnification x 1000, scale bars 50 € m.

Figure 3-40 shows that the different particle ranges (p= 0.7528) and heat treatments
(p=0.7717) had no significant influence in the shrinkage of loose powder scaffolds
after analysing the data using two-way ANOVA. The interaction between the particle
range and the heat treatments influenced significantly (p= 0.0195) the shrinkage of

these scaffolds.

70 1

60 - I
50 - L I I
40 -
30 - m20-5 3 me
20 4 54-9 0 me
10 A
0 T T T T ,
A B C D

Heat treatment

Shrinkage (vol.) %

Figure 3-40: Shrinkage of pure A-W loose scaffolds fabricated using particle
range 20-53 um and 54-90 um sintered according to the heat treatments A, B, C,
and D.
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Figure 3-41 shows that there was a significant difference in the porosity of the loose

powder scaffolds resulting from the heat treatments (p= 0.0014) and the particle
ranges (p= 0.0030) and the interaction of these two factors (p= 0.0017). The effect in
porosity was predominantly only on the scaffolds with particle range 20-5 3 ana
was impacted more with the alterations at the second step of the sintering

programme (heat treatments C and D). Samples sintered according to heat treatment
B seem to have the highest porosity.
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Figure 3-41: Porosity of pure A-W loose scaffolds fabricated using particle

range 20-53 um and 54-90 um sintered according to the heat treatments A, B, C
and D.

3.5.2.3 Influence of different moulds on sintered cast loose powder scaffolds
Concerning the macrostructure, the loose scaffolds that were moulded in the brick

(Figure 3-42; A) had irregular shape comparing to the scaffolds that were sintered in
the platinum tube (Figure 3-42; B).

Figure 3-42: Morphology of sintered loose powder fabricated with pure A-W.
Representative bright field images of dry loose powder scaffolds sintered in
brick mould (a), platinum mould (b), respectively. Scaffolds were fabricated
with A-W 20-5 3 amd sintered according to scheme of the heat treatment B.
Scale bars, 3mm. The images were acquired using lens 0.5 at magnification 1x.
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Powder was dried at 120°C overnight before use to ensure that there was no residue
of humidity. No difference in powder distribution was observed between the sample

that was heat treated and the raw.

3.5.2.4 Effect of small polymeric particle ranges in powder distribution and sintered
cast loose powder scaffolds

Polymeric particles - PA were introduced in the loose powder scaffolds to improve the

homogeneity of the powder distribution. Scaffolds collapsed during de-moulding from

the brick mould after sintering.

3.5.2.5 Effect of large polymeric particle ranges in pore formation and
macrostructure of sintered cast loose powder scaffolds

Loose fragments of A-W were observed in the pores of the loose powder scaffold

with A-W: PE2 (60: 40) in A and B (Figure 3-43). This was considered to be due to

the fact that the scaffold collapsed during sintering.

Figure 3-43: Microstructure of loose powder fabricated with PE2.
Representative SEM photos of loose powder (A and B) scaffolds with A-W: PE
(60: 40), and A-W particle range 54-9 0 ¢.1urple arrows highlight collapsed
particles.

Heat treatments B and E were used for the fabrication of A-W: PE pellet scaffolds to
stimulate the interconnectivity of the scaffolds via channel formation. The loose

powder scaffolds collapsed.

3.5.2.6 Effect of polymeric lines in channel formation and macrostructure of sintered
cast loose powder scaffolds

Following the introduction of the polymeric particles, polymeric filaments were

introduced in loose powder scaffolds. The introduction of the one (A) and

simultaneously two polymeric fibres (B- C) successfully formed channels in loose

Page | 72



Chapter 3
powder scaffolds (Figure 3-44). No obvious cracks appeared in the channels after

sintering.

A

Figure 3-44: Loose powder scaffolds with polymeric fibre. Representative SEM
photo of scaffolds sintered according to heat treatment B. Polymeric filament
had diameter 0.7mm (A) and approximately 1Imm (B-C).

3.5.2.7 Effect of negative polymeric FFF template in channel formation and
macrostructure of sintered cast loose powder scaffolds
FFF printed PLA moulds were fabricated using a RapMan 3D printer and designed to
be used as negative templates for the A-W scaffolds. These moulds were designed
to have strut thickness of 1.5mm and gaps 3.0mm. In Figure 3-45, the first two layers
(A) and a cross section (B) of the PLA negative mould are shown. In the graph Figure
3-45; C it was highlighted the difference in the printed construct in comparison to the
CAD design. The printed struts were thicker than the primary design resulting in

correlated smaller pores.
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Figure 3-45: PLA negative mould fabricated on RapMan. Representative bright
field images of the first two layers (A) and a cross section of the whole printed
mould (B). Illlustration of the deviation between the CAD designed mould and
the FFF printed (C).

Figure 3-46 shows A-W scaffolds that were sintered in the FFF-PLA negative moulds
at different heat treatments. Scaffolds that were sintered according to the heat
treatment B (A) formed pores according to the negative mould. Scaffolds that were
sintered according to the heat treatment E (B) were distorted with smaller pores. After

either heat treatment, the majority of the scaffold collapsed.

Heat treatment B Heat treatment E (Tm=190°C)

Figure 3-46: Scaffolds fabricated by pouring A-W (54-90e¢e m) i nt o the neg
moulds and heat treated according to the heat treatments B and E respectively.
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In Figure 3-47 the FFF- PLA core is shown (A-B). In addition, different views of the
sintered loose powder scaffold with the burnt off PLA FDM core are illustrated (C-M).
The images clarified that after sintering the PLA FDM core was burnt off leaving the
negative imprint as the loose sintered scaffold has large channels of approximately

Imm.

Images I-K revealed cracks vertical to the orientation that the scaffolds was standing
whilst sintering. Also, in image | small pores appear towards the bottom of the
scaffold. Images L and M demonstrated the degree of sintering on the outer surface
of the scaffold (L) and inside (M). When the same scaffolds was replicated with
smaller height, the structure collapsed or it broke during the procedure of de-

moulding.

Figure 3-47: Loose powder scaffolds with PLA FDM core. Representative
images of the PLA FFF core - bright field (A), SEM (B). Micrographs of the
sintered scaffold- bright field (C-H), SEM (I-M). Samples were fabricated using
A-W 20-5 3 amd sintered according to heat treatment B.
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Figure 3-47: Loose powder scaffolds with PLA FDM core. Representative
images of the PLA FFF core - bright field (A), SEM (B). Micrographs of the
sintered scaffold- bright field (C-H), SEM (I-M). Samples were fabricated using
A-W 20-5 3 &amd sintered according to heat treatment B.
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3.6 Sintering of Cast Slurries
In pursuit of scaffold for culturing cells on the surface in order to investigate how the
topography produced by different particle ranges and the microporosity could affect
hMSC processes in vitro, scaffolds were produced by sintering cast slurries.

A-W powder was mixed with deionised water to result in slurry before it was poured
in platinum moulds. Water was used as a binder instead of isopropanol that was
used in 83.4, because when isopropanol was trialled, it evaporated at a fast rate
causing inconsistencies in the powder flow whilst it was poured in the moulds. This
type of scaffold was developed to improve the powder distribution and result in a
scaffold with smaller pore sizes in comparison to the loose powder scaffolds, with

more homogenous morphology and with structural integrity.

This group of scaffolds had the same aims with the pellet and loose powder

scaffolds.

3.6.1 Methods and Materials

A-W slurries of deionised water were poured in platinum tubes closed on the one end
using Parafilm® M to improve the distribution of the ceramic powder. After samples
were poured in the moulds were either manually agitated to distribute evenly in the

mould or sonicated at 250 rpm for 1 min.

3.6.2 Results

Loose powder in combination with deionised water was trialled with two different
particle ranges as described for the loose powder scaffolds (20- 53 ¢ m a5#-B0

¢ m and different heat treatments were investigated (Figure 3-48). The scaffolds that
were fabricated using the larger particle range collapsed during sintering using heat
treatments B, C and D (Figure 3-48). Only the scaffolds that were sintered according
to heat treatment F remained intact and the outer surface of the particles had started
sintering forming very small necks, but the scaffolds had poor structural integrity
when they were removed from the mould. The samples using the smaller particle
range (20-5 3 )ewere successfully sintered and as the temperature and as the

duration of the sintering increased, the particles seemed to melt more.

Scaffolds were prepared using A-W with particle range 20-5 3 ana with particle
range mixtures of 54-9 0 e 0 e m wi90:10 wwa 80120 w/w and 70: 30

w/w. All the different slurries were sonicated to distribute the powder evenly and
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sintered according to heat treatments B, C, D and F. The graph that is presented in
Figure 3-49 portrays the porosities of these groups. After analysing data using twoi
way ANOVA, it was noted that only the heat treatment had no significant effect on the
porosity of the scaffolds (p= 0.0659). The particle size and the interaction between
the particle range and the heat treatment had extremely significant influence on the
porosity (both p< 0.0001).

Scaffolds with particle range 20- 53 em sintered with heat treatment D and F were
difficult to de-mould and they were glassier than the scaffolds sintered according to

heat treatment C. Scaffolds sintered according to heat treatment B were friable.

In heat treatment C, there was no significant difference in porosity between scaffolds
prepared using20-53 M9 0 e m<20 & m &0 20 kv/wana 70: 3D sv/w.
For the following experiments, scaffolds with particle ranges 20-5 3  and 54- 90
em <20 & m 8wi2Q wiw were seieded.
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Figure 3-48: SEM micrographs of A-W loose powder with deionised water made

using 20-53 &@aml 54-9 0 sintered according heat treatments B, C, D and
F.
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Heat treatment D

Heat treatment F

Figure 3-48: SEM micrographs of A-W loose powder with deionised water made
using 20-53 &@aml 54-9 0 sintered according heat treatments A, B, C and
D.
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Figure 3-49: Porosity of pure A-W scaffolds from sintered cast slurries
fabricated using particle range 20-53um and different mixtures of 54-90 um: <20
em sintered according to the heat treatments B, C, D and F.

Either manual agitation or sonication produced evenly distributed slurries. In Figure
3-50, the subsequent scaffolds were illustrated with dry loose powder scaffolds using
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the corresponding particle ranges as control. Scaffolds that were made using dry
powder were not very flat. Scaffolds prepared using A-W slurry were flatter and the
powder distributed more evenly. Sonicated scaffolds appeared to have bubbles on
their surface especially on scaffolds with particle range 20-5 3  .eSpaffolds with
mixed particle ranges 54- 9 0 <80 em (80: 20 w/w) that were sonicated had less
small particles on the surface and they were not as well distributed as the non-

sonicated ones.

54-9 0 e4@0¢em
80: 20

TEY WD

Dry A-W

FRU WO 25HH

A/W + deionised H>O

PRU MD:zzinH g : TEU WD:23MH

A-W + deionised H>O i
Sonicated

Figure 3-50: Demonstrative SEM images of different packing techniques for A-
W powder as dry powder and slurry using deionised water with or without
sonication.
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The porosity of sintered cast slurries without sonication according to heat treatment C

was assessed (Figure 3-51). There was no significant difference between the two
particle groups (p= 0.1548) after data was analysed using student6 &test.
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Figure 3-51: Porosity of sintered loose powder scaffolds fabricated using A-W

with 20-53 @amd 54-9 0 =<@0 em (80: 20) particle ranges in combination
with deionised water.
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3.7 Sintering of Green Parts prepared Using TIPS
Scaffolds fabricated with thermally induced phase separation (TIPS) followed by
freeze drying have been reported to be highly porous with channels that indicate

interconnectivity (Yang et al., 2006).

To fabricate hard, mechanically robust scaffolds for bone tissue engineering
applications, A-W was incorporated into PLA- TIPS process and then sintered to burn

out the polymeric phase and leave behind a hard, rough ceramic scaffold.

The development and optimisation of this method aimed to produce highly porous
and interconnected ceramic scaffolds with structural integrity. These scaffolds could
be used as matrices for cultivating hMSCs in a 3D environment to examine cellular

behaviour.

In an effort to produce highly porous and interconnected scaffolds that would

replicate the lamellar bone architecturally, a variety of parameters were investigated.

3.7.1 Methods and Materials

To prepare the negative polymeric TIPS template PLA, dioxane and water were
selected as materials. Dioxane was selected, because is a miscible solvent to water
and also separates from PLA at low temperatures. The ternary system PLA: dioxane:
water has been studied extensively in the past years (Ma & Zhang 2001; La
Carrubba et al. 2008; Hua et al. 2002).

3.7.1.1 Determination of cloud point curve

PLA with concentration 5% w/v was added in 1, 4-dioxane: distilled water mixtures
and sealed in glass bottles. Volume ratios of dioxane and water were set at 90: 10,
87: 13, and 85: 15 v: v. PLA was first dissolved at 85eC for 1h by placing the sealed
bottles in an oven and then, the dissolved polymer solutions were placed in an
ultrasonic water bath to ensure sample homogeneity. The samples were then put in a
water bath (Julabo ED) and heated to 20€C above the expected cloud point until the
solutions were completely transparent. The cloud-points of the ternary system were
determined by visual turbidimetry and they were defined as the step at which the
polymeric solution changes from clear to turbid. Each bottle contained a magnetic
stirrer to guarantee the best estimation of the cloud point. The samples were first

cooled in steps of 5 €C, equilibrating the system for 10 min at each new temperature.
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For a more accurate cloud-point determination, the samples were re-heated and the

solutions were cooled in steps of 1eC every 10min (Schugens et al. 1996).

3.7.1.2 TIPS in combination with freeze drying scaffolds

The green body of the A-W i PLA scaffolds using TIPS in combination with freeze
drying was prepared following the methodology described below (Figure 3-52). PLA
(3, 5, 7 % w/v) was dissolved in a mixture of anhydrous dioxane-1, 4: distilled water

(100: 0, 90: 10, 87: 13, 85: 15 % v/v) at 60°C in an oven. When the PLA was

completely dissolved, A-W powder (2571 175 % wi/v) with particle range 20-5 3 orm

<20 em was added in the ternary sydunem. To
was stirred (for 1-4 h) in a water bath on a magnetic stirrer hot plate (C-MAG HS?7,

Ika: UK) to retain homogenous temperature through the solution. The slurry was

poured into cylindrical glass moulds.

Figure 3-52: Green body fabrication method using TIPS method followed by
freeze drying.

The glass moulds were previously stabilised on aluminium foil that was placed in a
petri dish. Aluminium foil was also used to cover the lid of the petri dish. The moulds
were tested at room temperature and pre-warmed in an oven (GenLab; UK) at 60eC
for 1 h. The petri dish with the aluminium foil was kept in a freezer (at -20, -80 €C) for

the corresponding duration with the moulds in the oven.

When the slurry was poured in the glass moulds, the moulds in the petri dish were on

ice. The moulded scaffolds were stored overnight at low temperature (-20, -80, or -
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