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Thesis Abstract

Despite significant improvements in surgical implant manufacturing there
remains a clinically unmet need for implantable bone regenerating scaffolds.
Current clinical solutions such as the use of pelvic autologous bone graft give
rise to additional symptoms and are unpredictable. An engineered
customisable osteoinductive coating has been developed within this research
group, however the translatable aspects have not yet been explored. As an
orthopaedic surgeon with a clinical interest in complex trauma and limb
reconstruction, an invested interest in the practical aspects in the application

of this technology is maintained.

In this work, an engineered osteoinductive coating consisting of poly
(ethyl acrylate) with fibronectin and bone morphogenetic protein 2 (BMP-2) is
evaluated as a potential coating for surgical implantation. Firstly, it was found
that the use of ethylene oxide to sterilise the system (on a variety of base
materials) could be employed without significant detriment to the fibronectin
network, however BMP-2 was not resilient enough to the process to warrant
addition prior to sterilisation. The use of decellularised bone chips
commercially available as a transport medium for the osteoinductive coating
was explored using an in vivo critical defect model which demonstrated
evidence of mature bone formation with BMP-2. In vivo experiments were
carried out in the University of Glasgow Veterinary Research Facility and
performed under personal (n°l44130F69) and project license (n°70/8638)
issued by the Home Office under the Animals (Scientific Procedures) ACT 1986.
A fully synthetic transport medium by way of a polymer (poly caprolactone)
scaffold was investigated with mechanical compression testing and in vitro cell
biocompatibility. Scaffold materials were found to accommodate cell adhesion
and differentiation. Despite changes in scaffold pore size, density and addition
of hydroxy apatite as a composite filler, mechanical properties did not reach
those of current commercial products, specifically poly (methyl methacrylate)

bone cement.



The findings of this work demonstrate potential translatable aspects of this
osteoinductive scaffold. However further rigorous in vivo assessment of
retained osteoinductive function following sterilisation is required, followed by
analysis of safety and efficacy. Further work on the improvement on

mechanical properties of a bioresorbable polymer scaffold are warranted.
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1. Introduction

As an orthopaedic surgeon, with a focal interest in the management of
complex trauma and its sequelae (e.g. critical bone loss) has led me to
commence post-graduate research within the division of biomedical
engineering. This project focuses around steps toward translation of this
research group’s specialist area of efficient binding and presentation of growth
factors onto 3D scaffolds with a view to several potential clinical applications.
Specific key areas of exploration are the effect of chemical (ethylene oxide)
sterilisation, the utility of bone chips as a carrier medium and the potential
utility of 3D printed polymers as a carrier medium. The system in particular
discussed in this thesis investigates various base materials, coated in poly(ethyl
acrylate), presenting fibronectin and growth factors, as a functionalised
implant to deal with bone loss. This Chapter forms the basis of current
literature on the concepts of material science, interaction with cell biology and

the potential clinical applications focussing on osteogenic regeneration.
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1.1. Material science and biological interaction

1.1.1 System materials

1.1.1.1 Poly(ethyl acrylate)

CH
HC™ o7

Figure 1 - Chemical formula of poly(ethyl acrylate)

-FCH—CH,}
C n

o

Poly (ethyl acrylate) (PEA) is a hydrophobic polymer (Figure 1) which has

favourable elastomeric characteristics at physiological temperature and

has good biological compatibility with a number of cells including

chondrocytes, osteoblasts, endothelial and neural cells (1). Its properties

are outlined in Tablel.

Property Value
Chemical formula (CsHgO2)n
Glass transition temperature (°C) -21
Amorphous density at 25°C (g/cm?3) 1.12
Molecular weight of repeat unit (g/mol.) 100.12
Molar Volume Vy, imol ) 89.4 mL
Solubility Parameter 6 (MPa'/?) 18.5-19.2

Molar Cohesive Energy Econ (mol™?)

30600 - 33000 J

Molar Heat Capacity C, (mol K)* 179 -182)
Entanglement Molecular Weight M. (g mol?) | 7800 - 8600
Index of Refraction n 1.46-1.47
Van-der-Waals Volume V,w (mL mol?) 56.20

Table 1 - Properties of PEA (2,3)
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PEA is formed by polymerisation of its base units as ethyl acrylate (EA) with
either benzoin (4) or acrylic acid. This is done at room temperature often under
ultraviolet light which forms copolymer sheets, which can be boiled in ethanol
to remove low molecular mass substances before being dried in a vacuum.
Work within this research group has also been done using a plasma chamber
to polymerise PEA (pPEA) (5). This benefits from a thin layer of PEA (25-50nm)
that can be applied to any material, which aids bioresorption and has since
shown non-inferiority to traditionally spun PEA (6). Both spun and plasma PEA
possess the ability to allow fibronectin (a plasma protein) to form physiological

networks onto which growth factors (such as BMP-2 and VEGF) can bind.

1.1.1.2 Poly(methyl acrylate)
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Figure 2 - Chemical formula of poly(methyl acrylate)

Poly (methyl acrylate) (PMA) is a hydrophobic polymer (Figure 2) which
chemically similar to but much softer than a polymer commonly used in clinical
practice, poly(methyl methacrylate) (PMMA) (7,8). It is polymerised from
methyl acrylate dissolved in chloroform or toluene however PMA
preferentially dissolves in chloroform and can be separated from ethylene-
methyl acrylate which is a frequent co-polymer. PMA is a biologically
compatible polymer, however recent work has demonstrated its inferiority to
PEA when combined with fibronectin as a functionalising protein maintaining
a globular conformation and slower cell migration (7,8). Its properties are

outline in Table 2.
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Property Value
Chemical formula (CaHe02)n
Glass transition temperature (°C) 10
Amorphous density at 25°C (g/cm?3) 1.22
Molecular weight of repeat unit (g/mol.) 86.09
Solubility Parameter § 19.2 - 21.6 MPa'/?
Molar Volume V,, mol?) 106.15
Molar Heat Capacity C, (mol K)* 114.0
Entanglement Molecular Weight M. (g mol” | 10035

Y

Van-der-Waals Volume V,w (mL mol?) 47.9

Table 2 - Properties of PMA (3,9)

1.1.1.3 Polycaprolactone
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Figure3 - Chemical formula of polycaprolactone

Polycaprolactone (PCL) is a polyester composed of hexanoate repeat units
(Figure3) and is synthesised either by polycondensation of hydroxycarboxylic
acid or by ring opening polymerisation of e-caprolactone to poly(e-
caprolactone) (9). At room temperature it is highly soluble in a number of
solvents (chloroform, benzene, carbon tetrachloride), slightly soluble in others
(acetone, ethyl acrylate) and insoluble in alcohols, petroleum, ether and water
(10). Whilst PCL is miscible with other polymers, such as polyvinylchloride and
polystyrene-acrylonitrile, it is mechanically compatible with others such as

natural rubber, polypropylene and polyethylene.
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Property Range
Number average molecular weight 530-630 000
(Mn/g mol 1) 3

Density (r/g cm™3) 1.071-1.200
Glass transition temperature (°C) 60

Melting temperature (°C) 56-65
Decomposition temperature (/1C) 350
Inherent viscosity (Z/cm3 g 1) 100-130
Intrinsic viscosity (Z/cm3 g 1) 0.9

Tensile strength (s/MPa) 4-785
Young modulus (E/GPa) 0.21-0.44
Elongation at break (e/%) 20-1000

Table 3 - Properties of PCL (3,11)

Of particularinterest in the biomaterial field, is the biodegradability of PCL, the
rate of which depends on molecular weight, crystallinity and conditions of
degradation (12). As a result the process takes several months to years, which
would be compatible with a bone regeneration scaffold, as opposed to
polylactides and polyglycolides which degrade within 2-4 months (13). Its

properties are outlines in Table 3.

Of note, there is a difference between biodegradation of a compound, which
is simply degradation in a biological environment, and bioresorption which
refers to the active breakdown and complete elimination of the foreign
material (14). PCL is readily degraded by living single cell organisms such as
bacteria (firmicutes and proteobacteria) and fungi (penicillium and aspergillus)
(15). Degradation in humans is more difficult due to a lack of enzymatic activity

but still occurs by repeated hydrolysis of the polymer backbone with diffusion
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of the monomers and oligomers into the surrounding tissue (14). As this begins
at the surface and works down the material, this gives a predictable erosion

characteristic which is essential for the ultimate translation of the system.

Throughout the literature, there is no research into the copolymerisation of
poly(ethyl acrylate) (PEA) with PCL, however work has been done with
polycaprolactone-b-polymethylmethacrylate which is a single molecule
different to what ultimately the system used here (16,17). Despite this, the
likely interaction between the base material PCL and PEA will likely be additive
rather than true copolymerisation between the layers. This work focusses on

true addition of PEA onto of pre-polymerised PCL.

1.1.1.4 Fibronectin

Fibronectin (FN) is an extracellular glycoprotein with a high molecular weight
(approx. 440kDa) which has roles in cell adhesion, growth, migration and
differentiation (18-21) by binding integrins, cell receptors. Fibronectin is crucial
to development of mesoderm, neural structures and vasculature
demonstrated by FN knockout mice failing to develop in utero (22). There are
in excess of 20 forms of FN with 2 main forms in vertebrates, soluble
fibronectin (produced by hepatocytes and found in blood plasma) and
insoluble cellular fibronectin (secreted by fibroblasts initially as a soluble dimer
and assembled into an insoluble matrix) (23).

FNis encoded by a single gene producing various protein dimeric structures
consisting of 2 similar polypeptide chains linked with disulphide bonds at their
C terminus (24,25) (Figure 4). These monomers are composed of 3 types of
repeating units (type |, Il and Ill) which themselves are built from predictable
chains of amino acids; type | (approx. 40 amino acids), type Il (approx. 60 amino
acids), type Il (approx. 90 amino acids) (26). These types are repeated as
outlined in Figure 4, however 90% of the FN sequence compromises 12 type |
repeats, 2 type Il repeats and 15-17 type lll repeats. Further extra domains and
variable regions give rise to differences between the known FN variations, with

these extra domains delineating between soluble plasma (pFN) and insoluble
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cellular (cFN) isoforms. For the purposes of research in this piece of work, the

utility of pFN as a surface protein on these biomaterial systems are exploited.

Each of the dimers possess regions called “domains” which interact with other
extracellular proteins such as heparin, fibrin and other fibronectin molecules
(given place to the process known as ‘matrix assembly’). Domains identified for
cell adhesion via integrins have also been identified, most notably the 9th and
10th types Ill repeat (noted as llls & lll10), llly (the “synergy site”) binds to
integrin asP1 and lllio to ayPs. The variable portion (of which is present in most
cFNs, but only in 1 subunit of pFN) contains the binding site for a4p1 (also
known as Vascular Cell Adhesion Molecule) (27). Additional identified binding
sites include binding sites for heparin on the C and N terminals, (28), collagen
on le-9 & 11,2 (29) and fibrin on lss (30). Several self-binding sites have been
identified, in particular l1-s, lll2,12,13 have been well described as self-interaction
sites (where |15 is described as the “self-assembly site”), with additional
‘cryptic’ sites becoming available with conformational cell mediated changes
(e.g. l12 & ll11,7,10,14,15). These binding sites are essential for matrix assembly of
fibronectin, which is a complex cell mediated process called fibrillogenesis in
which rolled up “globular” FN unravels due to flexibility in the type Il repeats
(which are flexible due to absence of disulphide bonds) and strong bonds

between matrix assembly units (31,32).
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Figure 4 — a) Diagrammatic representation of fibronectin outlining repeat
types, assembly & binding sites and conformations. Adapted from A material-
based platform to modulate fibronectin activity and focal adhesion assembly
F. A. Vanterpool, M. Cantini, F. P. Seib and M. Salmerdn-Sdnchez,
BioResearch. Open Access, 2014, 3. Atomic force microscopy pictures of FN in
a b) globular and c) assembled formation from Material-driven fibronectin
assembly for high-efficiency presentation of growth factors V. Llopis-
Hernandez et al, Science Advances 2016.

The use of fibronectin as a binding protein for growth factors (GFs) has been
known for over a decade in which fraction groups can used as either GF or
integrin binding sites. For example platelet derived growth factor (PDGF) or
hepatocyte growth factor (HGF) can bind to lllip and vascular endothelial
growth factor (VEGF), fibroblast growth factor (FGF), along with PDGF and HF
bind to Ill13.14 (33). In particular interest to this work is the ability of bone
morphogenic protein 2 (BMP-2) to bind to FNIlls.10, which is enhanced when

the nearby FNIll12-13 is exposed (34).
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Whilst pFN is generally found in the plasma at bountiful concentrations of
approximately 300 pl/ml, it is in a tightly bound globular inactive form and thus
suboptimal for presentation. It is possible to use recombinant FN (rFN) to
overcome this globular form and expose binding sites, this is expensive and
complex (35,36). Recent work from the Salmeron-Sanchez bioengineering
research group has shown that pFN can be assembled as a network
spontaneously on polymer coatings and reveal the FNIllo.10 and FNIll12-14
binding domains (37,38) so called “material driven fibrillogenesis”. This work
showed that the addition of FN to poly(ethyl acrylate) (PEA) exposed the
binding sites compared to a control poly (methyl acrylate) (PMA), presented
BMP-2 in vitro but also resulted in osteoblastic function and bone regeneration
in vivo. Subsequent work has shown that thin layers of PEA can be assembled
by plasma polymerisation without the need for solvents with no reduction in
efficacy of fibrillogensis or cell function (6).

This conversion of ravelled into unravelled FN, which then forms a mesh
network exposes the binding domain to the ECM and thus can be utilised in

tissue engineering.

1.1.1.5 Hydrogels

Hydrogels are polymeric materials with strong hydrophilic properties capable
of holding large amounts of water in their 3D networks. They respond to a
number of physical and chemical stimuli and changing their water content and
becoming ‘swollen’ or ‘unswollen’ as a result. There are many ways of
engineering hydrogels, for example simple one step processes such as
polymerisation or cross-linking or more complex multistep methods.
Depending on the method and base units used, different properties can be
exploited, such as; mechanical strength, biodegradation, chemical response.
The physical stimuli which causes swelling or deswelling include temperature,
electric fields, magnetic fields, light, pressure and sound. In addition, chemical
factors such as pH, solvents and molecular species can prompt accumulation

or depletion of the hydrogel.
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Hydrogels can be classified in a number of manners; polymeric composition,
configuration, type of cross-linking, physical appearance, electrical charge,
natural/ synthetic (39). Defining by polymer composition results in
homopolymeric hydrogels with one subunit repeated, whereas copolymeric
and multipolymeric hydrogels have multiple different monomers or multiple
independent polymers respectively. Classification by configuration defines
crystalline from semi-crystalline and non-crystalline. Chemically and physically
crosslinked hydrogels exhibit permanent and transient junctions, where the
latter results from chain entanglement or physical interactions (e.g. hydrogen
bonds or hydrophobic). The physical appearance of a hydrogel is dependent
upon the preparation technique but can form as a matrix, microsphere or film.
Electrical charge of a hydrogels can be ionic, non-ionic, zwitterionic (both
anionic and cationic) or amphoteric electrolyte (both acid and base groups).
Finally, whilst synthetic hydrogels can be formed a large number of polymers,
natural hydrogels tend to be formed from collagen, gelatine and

polysaccharides (e.g. alginate).

As modern synthetic hydrogels have developed their capacity to absorb water
has surpassed those of naturally found hydrogels such as polysaccharides and
collagen gels. Synthetic hydrogels are chemically stronger than natural
hydrogels, they have more formidable mechanical properties providing
durability and potential for slower degradation rates. For example, presently
in clinical practice, natural hydrogels are used in fluid resuscitation for patients
who require a fluid transfusion for low blood pressure. However, they are
rapidly metabolised within the intravascular compartment (blood vessels) and
the water is dissipated beyond this compartment within 30 minutes and thus

its efficacy is limited by its rapid degradation properties.

Hydrogels can be synthesised from their base units by:
- Chemical reaction to link the base units together
- Creation of free radicals from the main-chain using radiation, which
then creating cross-links to recombine

- Physical interactions as crystals, entanglements or electrostatically.
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The three general groups of materials required to create the gel matrix are a
monomer (natural/synthetic/both), an initiator and a cross-linker. The process
of polymerisation is exothermic and thus frequently additional diluents such as
water are added, then washed off along with any impurities (residual
monomer/initiator/cross-linker or by products of the reaction). There are
many types of hydrogels, but they are mostly cross-linked polymers of: acrylate

and acrylic acid or grafted starch-acrylic acid polymers.

1.1.1.6 Hydroxyapatite

Hydroxyapatite (HA) is a natural mineral of calcium and phosphate, with the
formula Cas(P0Oa4)3(OH) which crystallises into a hexagonal form becoming
Ca10(P0O4)s(OH). It is a ceramic and therefore is stiff with an elastic modulus of
80-120 GPa but brittle at 0.6-1 MPa.m™/2 in comparison to cortical bone which
is less stiff at 7-30 GPa but has greater fracture toughness at 2-12 MPa.m™/2
(40). HA is key to the mechanical properties of bone (41), but also acts as a
reservoir of calcium for mineral homeostasis and acid-base homeostasis. In
orthopaedic practice, we frequently use implants which are coated in HA to
encourage osseointegration which is in part explained by the osteoinductive

properties of HA (42).

1.1.2  Biological factors

1.1.2.1 Bone extracellular matrix

The extracellular matrix (ECM) refers to the 3D environment out with
cells and includes the basement membrane and the interstitial space. It is
comprised of a large number of macromolecules such as collagen, elastin and
glycoproteins which provide mechanical support for cells and act as a medium
through which communication can occur (24). The basement membrane is a
thin fibrous structure delineating the boundaries of the ECM and comprises
the basal laminae and reticular connective tissue. The interstitial space is filled

with fibrous proteins and polysaccharides which cushion cells from mechanical
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forces which are placed upon them and transmitted throughout the ECM (43).
FN, as previously mentioned, is an extracellular matrix protein which binds to
collagen and facilitates allowing cells to migrate through the extracellular
matrix.

Bone has a remarkably high proportion of ECM with less than 5% of
bone being comprised of cells. The ECM is crucial for mechanical support of the
skeleton, providing protection and establishes insertions for muscles in order
for bodies to move and function. Furthermore, the ECM acts as a reservoir for
mineral storage and houses haemopoietic stem cells for maintenance of blood
constituents. The proportions of ECM vary in humans throughout age, weight,
gender, activity and disease. In normal bone, the ECM is approximately 30%
organic (proteoglycans, glycosaminoglycans, glycoproteins, osteonectin,
osteocalcin and collagen) (44). Collagen in bone is required to be stiff and
improve tensile strength thus 90% of the collagen is type |. Proteoglycans help
maintain the 25% water content. The remaining 70% of non-organic ECM is
hydroxyapatite which further improved stiffness and strength, however, is
liable to fracture due to is reduced toughness compared to collagen.
Commercially, demineralised bone matrix (DMB) is available as an implant to
augment autologous bone grafts theoretically delivering ECM including growth
factors, however the contents are variable and only low quality clinical data

exists (45).

1.1.2.2 Mesenchymal stem cells

1.1.2.2.1 Stem cells
Stem cells have the capacity to differentiate into a variety of cells types or
indeed divide and remain as a stem cell. They are central to the development
of new organisms but also exist in a quiescent state in order to provide new
cell lineages for tissue repair and maintenance. There are many types of stem
cells, embryonic stem cells (ESC) originally harvested from mice in the 1980s
(46,47), adult stem cells (ASC). ESCs can be found in the several days old
embryo (called a blastocyst) before they begin differentiation into their more

specific germ layers for organ formation (48). Additionally amniotic and
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placental cord cells are a rich resource of stem cells (49,50). These cells have a
remarkable capacity for self-renewal and differentiation into a wide variety of
cell lineages in response to suitable environments. ASCs were initially isolated
from foetal gonadal tissue (51) but now can be isolated from a multitude of
tissues, such as adipose, bone marrow and brain. Whilst similar to ESCs, the
ability to self-renew and differentiate is more limited and are better suited to
tissue specific use (52) which had be genetically programmed to act like ESCs
(“induced pluripotent stem cells”, or “iPSCs”). Mesenchymal stem cells (MSCs)
are a population of ASCs which were isolated from bone marrow originally by
Friedentein (53) and demonstrated to proliferate in ectopic tissues, such as the
kidneys. MSCs can differentiate into any cell of a mesodermal lineage
(osteoblasts, chondrocytes, adipocytes - Figure 5) but also endodermal
(myocytes and epithelial cells) and ectodermal (neurons) germ types (54). In
order to meet the International Society for Cellular Therapy definition must
express the markers CD73, CD90 and CS105. Additionally they must not
express HLA-DR, CD9a, CD11b, CD14, CD19, CD34, CD45 and CD79a (55).
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Figure 5 - MSC differentiation potential outlining the potential for a bone
derived mesenchymal stem cell (MSC) to divide into numerous cell types.
Mesodermal lineages are most appropriate to bone defects, specifically bone
cells. Notably however, crucial to ongoing bone function is the presence of
osteoclasts, which are derived from haemopoietic stem cells rather than MSCs.
From Mesenchymal stem cells in health and disease. Ucelli & Pistoia, 2008,
Mesenchymal Stem cells in health and disease, Nature Reviews Immunology
volume 8; pages 726-736 (2008) (54)
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MSCs are therefore key to tissue engineering and consideration of their activity
is paramount to the function of an engineered implant, as well as for the study
of the future implant in vitro. In vitro analysis necessitates the use of a variety
of markers to indicate the ability for MSCs to adhere, differentiate, proliferate
and function. Whilst microscopy and cell counting can be used to evaluate cell
numbers, and live-dead staining can give information on the number of cells
undergoing apoptosis, little more information can be inferred from these
techniques. Markers of cell activity are more specific and relevant measures of

engineered tissues.

1.1.2.2.2 Markers of osteogenic stem cell activity

This project is primarily concerned with bone regeneration, and the use of
mineralisation as an end marker of cell activity is useful and clinically relevant.
In patients with fractures or bone defects, we monitor the formation of
mineralised bone via x-ray as an indicator of ongoing cell activity and correlate
this with mechanical stability and return to function. However, mineralisation,
which is cell mediated organised deposition of bone mineral (primarily calcium
phosphate) into the extracellular matrix, does not begin to occur until beyond
the 28 day mark (56). The following markers which have been associated with
an end point of bone formation have been identified at various time points.

Early markers of bone formation (<14 days)

i) Runt-related transcription factor is (RUNX2) is a protein
encoded by a single gene in osteoblasts, it suppresses pre-osteoblast
proliferation and is intimately involved in osteoblast differentiation
(57). RUNX2 is crucial to the progression of cell differentiation in a
osteoblast lineage and thus knockout mice without RUNX2 show
complete absence of bone formation (58).

ii) SP7 transcription factor, also known as Osterix (OSX) is an
osteoblast specific protein encoded by the gene SP-7 and plays a key

role in sheparding MSC differentiation toward osteoblast lineages
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rather than chondrocytes. The suppression of OSX via knockout seems
to block the osteoblast lineage resulting in MSC differentiation into
chondrocytes and production of cartilage (59,60). This is particularly
relevant as we know from clinical studies that bones which do not go
on to heal with mineralised bone exhibit large amounts of chondral
tissue in the gap. Of particular interest is that the implantation of cells
which overexpress OSX has been shown to heal critical sized defects
(59).

iii) Alkaline Phosphatase (ALP) is a homodimeric enzyme
responsible for the dephosphorisation of phosphate-based
compounds, such as calcium phosphate. It has a multitude of roles
throughout the body and clinically is often used as a marker of bone
turnover. It is unclear therefore why the presence of ALP in the first 2
weeks of MSC differentiation has been associated with formation of
mineralised tissue at a later time point (59-62). The main so called
“booster hypothesis” is that the presence of ALP increases local
concentration of inorganic phosphate which ultimately combines with

calcium to mineralise the organic component of bone ECM (62).

Late markers of bone formation (14-28 days)

i) Osteopontin (OPN) is a small integrin binding ligand, n-linked
glycoprotein (SIBLING) which is coded by the SPP1 gene. It is expressed
by relatively immature osteoblasts and its association with bone
mineralisation is dependent upon OSX and RUNX2 (61). The function of
OPN is not fully understood but is seen in ectopic calcification states
(e.g. pulmonary fibrosis) and is thought to regulate mineral crystal
growth as a mineralisation inhibitor (56). OPN ultimately binds to a
variety of cells via integrins oaf31, a1 and aoPa on t-cells, mast cells
and osteoclasts to activate cell differentiation and stimulate bone
turnover.

ii) Osteocalcin (OCN) is a hormone excreted solely by mature
osteoblasts and encoded by Bone Gamma-Carboxyglutamate Protein

(BGLAP) receptor (63). It has a key role is the wider homeostasis of
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calcium and additionally insulin and testosterone synthesis. OCN can
be used to monitor mineralisation levels in bone mineralisation
disorders such as osteoporosis. Using OCN as a marker of osteoblast
activity demonstrates that they are functioning in a more holistic
endocrine manner.

iii) Osteonectin (ON) is a bone glycoprotein with a high affinity
for collagen, calcium and phosphate. It is integral to extracellular matrix
formation prior to mineralisation to anchor calcium crystals to the
organic components the ECM. In contrast to OCN, ON is produced by a
wide variety of cells including fibroblasts, chondrocytes and epithelial
cells (64). Knockout mouse not expressing ON have demonstrated

reduced bone mineral density, indicating its role in mineralisation (65).

1.1.2.3 Integrins and focal adhesions

Integrins are transmembrane macromolecular proteins consisting of an o, and
[3 subunits which are non-covalently bound. Being trans-membranous, they act
as adhesion receptors for ligands and function as signalling molecules for both
mechanical and chemical pathways between the intracellular extracellular
environments, having roles in ‘outside-in’ and ‘inside-out’ signalling pathways
(66,67). The a unit consists of a ‘B-propeller’ domain, a thigh, knee, 2 calf units
and an intracellular tail. The propeller domain has 7 repeat units, some of
which conformationally changes when bound to Ca?* and affect ligand binding.
The B subunit is made from 4 repeats of epidermal growth factor, and a
cytoplasmic tail, but also has an ion sensitive ligand binding site (which is
inhibited by calcium but activated by Mn?* and Mg?*) so called metal ion-
dependent adhesion sites (MIDAS) (68). Each unit therefore has a complex
ligand sensitive extracellular structure, a single pass transmembranous portion
and an independent cytoplasmic portion. The cytoplasmic portions of the o
and 3 subunits undergo dimerization in response to ligand binding at the head
units, causing intracellular signalling pathways (69,70). There are several
classes of protein adaptors which have intracellular interactions with the

integrin tails; structural adaptors (e.g. talin or tensin which bind to the cell
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cytoskeleton), scaffolding adaptors (e.g. kindlin and paxillin which bridge with
focal adhesions) and catalytic adaptors (focal adhesion kinase, which
propagate signal transduction).

Ligand signalling from integrins can result in the formation of focal
adhesions which are large multiprotein structures which form mechanical links
between the ECM and the cell by incorporating the integrin with multiple
intracellular ‘anchoring’ proteins such as actin (71). In 2D in vitro work, focal
adhesions are found on the base of the cell, and thus are considered as the
foot of the cell (72). Focal adhesions are highly dynamic and evolve over time,
undergoing a process of initiation, clustering, growth, maturation and finally
disassembly in response to mechanical stress (66-68). Integrin and focal
adhesion activity are key to the biomedical engineering principles within this
project, as the integrin binding site of FN is geographically close to that of the
expressed growth factors. This co-localisation means that when MSCs detect
growth factors, immediate integrin mediated binding to a protein network can

occur which facilitates cell differentiation and activity.

1.1.2.4 Growth factors

Growth factors (GFs) are biological molecules which regulate fundamental cell
functions. The term growth factor is probably now a misnomer as the same
hormones/proteins have been found to not just stimulate cell proliferation and
tissue growth, but individual cell growth, differentiation, tissue healing and
even cell death. A more correct term for a signalling molecule is cytokine (from
Greek for ‘cell movement’) where growth factors could be considered a sub-
group involved in cell/tissue growth. There are a multitude of growth factors
associated with bone growth; insulin-like growth factor (IGF) 1&2, bone
morphogenetic proteins (BMPs), platelet-derived growth
factor (PDGF), transforming growth factor beta (TGF-B), fibroblast growth
factors (FGFs), parathyroid hormone-related peptide (PTHrP), vascular
endothelial growth factor (VEGF). Beyond these GFs, bone morphology
responds to more general cytokines, such as growth hormone (GH) and

androgens (testosterone, oestrogen, dihydrotestosterone, oestradiol),
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parathyroid hormone, thyroid hormone, calcitonin, cortisol and calcitriol

(vitamin D).

1.1.2.4.1 Bone morphogenetic proteins (BMP)

Bone Morphogenetic Proteins (BMP) (or osteogenic proteins) were noted by
Urist in the 1960s (73) and fall under the superfamily of TGF-B (with the
exception of BMP-1 which is a metalloprotease) (2) and as with many GFs,
have roles out with post-natal bone growth, such as cartilage, neural and
cardiac development. BMPs act through seine/threonine kinase receptors,
which have type | and Il subtypes of which there are 3 subtype variations of
each (74-79). This gives rise to approximately 20 varieties of BMP with
varying roles in chondrogenesis and osteogenesis (80) with the exception of
BMPs 8,9, 10 and 11 (which are responsible for reproductive, adipose, blood
vessel and cardiac development respectively), There are only 2 types of
recombinant BMPs (rhBMP) approved for use in humans, rhBMP-2 and
rhBMP-7 and are most relevant to the work presented here. BMP acts via
bone morphogenic protein receptors (a typical type 1 transmembrane
protein, belonging to the serine/threonine-specific protein kinase class)
transducing signal via SMADS (transcriptional factors for TGF-f), signaling
receptive mesenchymal stem cells into bone (or cartilage) forming cells. The
response of cells appear to be dependent upon local concentrations of BMP,
with low levels giving rise to angiogenesis, and higher concentrations
resulting in chondro- and osteogenesis (81). Notably, BMP-3 and BMP-13
have been found to be inhibitors of bone formation (82). BMP-2 (83)and
BMP-5, BMP-6 and BMP-7 (84) are associated with potent in vitro and in vivo
osteogenic activity, and only this subset are associated with de novo bone
formation (85). The specific preclinical study of BMP-2, BMP-4 and BMP-7
demonstrated bone regeneration in critical defect models (86-88).

The clinical application of BMP-7 for non-unions (and subsequently spinal
fusion) was approved by the Food and Drug Administration (FDA) in 2001 as
“OP-1”" (Stryker, lllinois). Following this, BMP-2 has been used in for spinal

fusion and then for acute tibial fracture fixation. Initial approval was via the
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Humanitarian Device Exemption, in which products can be brought to market
without clinical evidence of efficacy (89). These proteins are however eluted
from a collagen matrix (80) at high doses and this product has had an FDA
caution applied (90-92) following a series of unanticipated events. Despite
this, clinical trials have concluded that the use of BMPs in non-union surgery
perform as effective as the current gold standard of autologous bone grafting
(93-96), however have increased cost. The regular use of BMPs would likely
be dependent upon reduction in production costs, demonstration of reduced
clinical symptoms, or improved cost efficacy (e.g. reduction in healthcare
episodes).

Many research groups continue to demonstrate the utility of BMPs in
tissue engineering (97-99), although no single method of tissue delivery has
been identified. The administration of BMP in solution is inferior to its
combination with an appropriate carrier (100). Therefore the use of such a
carrier has been the subject of repeated investigation (101). A range of
ceramics and non-ceramics (or composites) as both scaffolds and particulate
materials have been investigated.

The predominant ceramic in the literature is hydroxyapatite, which
can be used as a carrier on its own (102), however the slow degradation rate
is a disadvantage (103). The addition of B-TCP as a biphasic calcium
phosphate ceramic increases bioresorption rates and improved bioactivity
(104). This combination of BMP with the osteoinductive effects of HA/TCP is
proposed as the main advantage of calcium phosphate ceramics as carriers
for BMP (105). More recently, clay (laponite) has been demonstrated as a
particulate material capable of encapsulating bioactive molecules (106) and
safely harness BMP-2 to induce bone formation (107).

A wide variety of non-ceramics have been explored including synthetic
materials, natural materials and titanium. Poly lactic acid was the first
synthetic polymer to be investigated, however its degradation products are
too acidic for tissue survival (101,108,109). Synthetic hydrogels, such as PEG
derived gels, have been shown to be suitable signalling protein transport
medium, along with the ability to present integrin binding sites. (110) These

PEG hydrogels can infer favourable in vitro behaviour when presenting BMP-2
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(108), however the problem remains that the PEG degradation products
cause inflammatory responses which reduce stability of the in situ BMP
(109,111). Natural polymers, such as fibrin, collagen or alginate can assist cell
function by mimicking in vivo cell signalling (112). Fibrin, which is currently
utilised clinically as a glue, has been shown to be effective not only in bone
formation, but in GF retention (113). Collagen, which is the most abundant
connective tissue in humans, is biocompatible, however as with the issues
noted by the FDA, retention of the GF is a persistent issue and side effects
occur as a consequence. Alginate gels have been demonstrated to utilise
BMP-2 receptors to fill critical defects in vivo (114,115) and can be further
enhanced by the addition of chitosan (116).

Titanium is a metal commonly used in orthopaedic surgery, given its
stiffness properties, which are closer to bone than other implanted metals
such as stainless-steel or cobalt-chrome (117). Early work of ‘treating’
titanium with BMP (118) has advanced to the use of thin coatings of HA
(119,120) or fibrin (121)., however the models described by these models are

that of osseointegration rather than critical defects.

1.1.2.4.2 Vascular endothelial growth factor (VEGF)
Vascular Endothelial Growth Factor (VEGF) was originally detected in 1983 in
intrabdominal tumours, associated with fluid accumulation and was initially
coined vascular permeability factor (122). As a growth factor, it is thought to
be integral to vasculogenesis (blood vessel system formation in utero) and
angiogenesis (growth of new blood vessels to an established system). Not
surprisingly it was discovered in tumours, as once a tumour gets to a certain
size, in order to survive, they must develop their own blood supply otherwise
they undergo necrosis (typical to glioblastoma multiforme). VEGF is now
categorised under the PDGF family and has 5 subtypes; VEGF-A, VEGF-B, VEGF-
C, VEGF-D, PIGF. VEGF-A is the main GF involved in angiogenesis by increasing
endothelial mitosis, migration and lumen/fenestration formation. VEGFB-D
and PIGF are primarily functional in foetal vasculogenesis.

These GFs cause transphosphorylation of specific tyrosine kinase

receptors (VEGFRs), which are present in high levels in vascular endothelial
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cells. VEGF increases in expression in tissue, which is in a low oxygen
environment, circulating to local endothelia and stimulating angiogenesis.
Bone defects, in particularly larger ones such as critical defects, depend heavily
on recruiting blood supply via angiogenesis from surrounding muscle as part of

the inflammatory and regenerative process (123).

1.1.3 Analysis techniques

1.1.3.1 Biomaterial characterisation
The physiochemical properties of biomaterials determine how proteins and
cells behave when in their proximity (124). Cells respond to chemical,
mechanical and topographical properties (125). A measured approach to the
characteristics of a biomaterial is essential in understanding its utility,
measuring its consistency and predicting the impact it has on the microcellular

environment.

1.1.3.1.1 Topography
The surface morphology of a material is intimately connected to its mechanical
and chemical properties. Topography is a variation from the mean baseline of
a material and a variety of methods can be used to visualise the topographical
appearance of a material. Commonly available methods are optical, electron
and atomic force microscopy. Optical microscopy is cheap, accessible and quick
but resolution is limited to the 400-700nm wavelength of light. Electron
microscopy has a much higher resolution due to the wavelength of an electron
being much smaller and can focus of magnifications of up to x2 million. Atomic
force microscopy (AFM) is a commonly used method of analysis in biomedical
engineering in which an oscillating tip taps along the surface of a material and
the changes in tip height/wavelength is detected by a laser and visually
represented digitally. This method has a high resolution on a nanoscale and
can also infer information on mechanical properties of the surface by

nanoindentation.
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1.1.3.1.2 Chemistry

Surface chemistry is the study of chemical bonds and reactions on a material
surface. Chemical interaction between materials, proteins and cells are central
to the function of biomaterials. Surface chemistry is intimately linked to the
elements of a material and environment and can act differently than the bulk
material. Commonly used methods of analysing the elemental makeup of a
surface include x-ray photoelectron spectroscopy (XPS), water contact angle
(WCA) and energy-dispersive X-ray spectroscopy (EDS), with over 40 further
described tests including surface plasmon resonance (SPR) and Fourier-
transform infrared spectroscopy (FTIR) (126). XPS is a quantitative analytical
tool which emits a series of x-rays in a vacuum at a surface and measures the
kinetic energy and number of electrons escaping from the top 10nm (98). This
can be used to measure the composition, chemical and electronic states of the
material (99). The angle at which the x-rays are projected at the surface (take
off angle) dictates the depth of penetration and analysis.

EDS acts in a similar manner to XPS however projects electrons at a
surface (often in conjunction with electron microscopy) and measuring the
number and energy of x-rays emitted from the surface (100). These energies
and x-ray counts can be compared to studied databases and give quantitative
elemental compositions within a visually targeted area on a material surface.

W(CA is a less specific but more accessible method of surface chemistry
quantification which is specifically used for addressing wettability of a material
(99). A number of methods variations exist, however specified volume of water
is dropped onto the surface, and the angle formed at the base is measured to
describe the wettability of the material inferring net behaviour of a surface,

not just chemical hydrophobicity, but roughness and geometry (101).

1.1.3.2 Mechanical properties

Response of cells to mechanical stimulus has long been established as a key

influencer in cell proliferation and activity (102,103). This is particularly evident

in the musculoskeletal system where the mechanical environment will

stimulate cell lineage direction and thus the type of tissue which will form
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(122,124,127). Bone is strong, flexible and semi rigid, and a mismatch between
mechanical properties of any implant and bone can give rise to a stress
resulting in a yield or fracture and loss of integrity of the mechanobiological

environment.

1.1.3.2.1 Stiffness
Stiffness is a deflection in response to force, most commonly evaluated by
compression testing, in which a stiff material is more resistant to deflection for
agivenload. Itis a factor of stress (force per unit area, N/m?) and strain (change
in length per original length (106)). Stiffness is often represented as Young’s
Modulus (stress/strain) for a given direction within the linear elastic portion of

a stress-strain curve (Figure 6).

1.1.3.2.2 Strength
Strength is a resistance to deformation of a material. Two areas of strength can
be considered; yield point and ultimate strength (Figure 6). The yield point of
a material is the point at which a material exits its elastic region and will no
longer return to its original shape. The force required to reach the yield point
is a practical measurement of strength, as an implant should not breach this
point. Alternatively, the ‘ultimate strength’ can be used as a point beyond
which less force is required to cause the same strain, however implants are

designed to avoid getting to this point under physiological load. Given the

43



consideration of scaffolds in this work as implants, the yield point will be used

as the definition of strength.

Ultimate Strength

Yield Point

Stress

Elastic Strain
Region | +———————— Plastic Region

Figure 6 - Stress strain curve. All materials have an elastic and plastic region as
a progressive force is applied in which deformation follows a uniform trend
and then returns to their original form following cessation of load. The ratio of
stress and strain in this region is the definition of elastic modulus (or Young’s
Modulus, E), which is a measure of stiffness. The steeper the line in this
segment, the less deformation for a given force is observed and thus stiffer the
material is. Beyond the elastic limit (at the ‘yield point’) materials undergo an
irrecoverable dimensional change which is highly variable depending on their
mode of failure.

1.2 Legislation

In the UK, the implantation of medical devices is subject to a number of
legislative processes from the EU and British standards. From a terminology
perspective both processes divide ‘active’ medical device from non-active
medical devices by the need for an external source of power (e.g. a battery).
These active medical devices are subject to European Union (EU) directive
90/385/EEC (128). As this is not the case for this system, focus remains on

legislation and standards for the implantation of non-active medical devices.
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1.2.1 EU Legislation
The EU directive under which the non-active biological implants studies in this
work, is 93/42/EEC (129) published in June 1993 and updated in 2003 defines
a medical device as “any instrument, apparatus, appliance, material or other
article, whether used alone or in combination, including the software necessary
for its proper application intended by the manufacturer to be used for human

beings for the purpose of:

- diagnosis, prevention, monitoring, treatment or alleviation of disease

- diagnosis, monitoring, treatment, alleviation of or compensation for an
injury or handicap

- investigation, replacement or modification of the anatomy or of a
physiological process

- control of conception

and which does not achieve its principal intended action in or on the human
body by pharmacological, immunological or metabolic means, but which may

be assisted in its function by such means” (129)

Much of the 44 page legislation deals with bringing such a device to the market
after the manufacturing process, with a view to legislating the award of a
conformity marking ‘CE’ which is required to sell a device which was
manufactured within the European Economic Area (EEA) whether that sale
occurs within or out with the EEA. Areas relevant to this research are the
general requirements, classification and sterilisation. This legislation states in
detail that the device must be designed and manufactured in such a way that
its purpose does not compromise the clinical condition or safety of patients. In
addition, the manufacturer must ensure the device is inherently stable, has
protection (if necessary) relating to risks which cannot be eliminated and finally
inform users of any residual risks which should be considered to not outweigh
the benefits. Throughout transport, storage or its declared lifespan (“use by”
period dictated by the manufacturer) devices must also not be adversely

affected to the degree it causes an issue with patient safety. Further to this,
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the legislation stipulates that the product must be manufactured to guarantee
its characteristics regarding not just toxicity, but compatibility with biological

tissues.

In this legislation, medical devices are classified according to their site of use
and intended duration of use; transient (<60 mins), short term (>60 mins, <30
days) or long term (>30 days). For the systems discussed in this thesis, the aim
will intend to be beyond 30 days. An ‘invasive device’ is defined as “A device
which, in whole or in part, penetrates inside the body, either through a body
orifice or through the surface of the body”. It further clarifies a ‘surgically
invasive device’ as “An invasive device which penetrates inside the body
through the surface of the body, with the aid or in the context of a surgical
operation” and ‘an implantable device’ as one which is “totally introduced into
the human body”. The systems our research group use for bone regeneration
are considered ‘active therapeutic devices’ as “any active medical device,
whether used alone or in combination with other medical devices, to support,
modify, replace or restore biological functions or structures with a view to
treatment or alleviation of an illness, injury or handicap”. Invasive devices are
ones which “have a biological effect or to be wholly or mainly absorbed”, i.e.

an engineered osteoinductive system, is considered a Class |ll medical devices.

Regarding sterilisation, Section 8 of Annex 1 (‘General Requirements’)
stipulates that the device must be manufactured to eliminate or reduce risk of
infection to both patient, user and third parties. This includes; sterilising in an
appropriate manner (without specifying techniques), packaging in a sterile

manner, use of single use packaging which will remain sterile until use.

Out with the application of legislation to this research, the remainder of the
document details the manufacturer’s responsibilities in quality assurance,
testing, verification and postproduction monitoring of the device, including

mandatory training.
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1.2.2 British standards

There are numerous British standards set out by the British Standards
Institution (BSI) for implants in the UK. BS7251 refers to joint prostheses,
BS7252 to metallic implants, BS7253 to non-metallic implants and BS3531
covers orthopaedic implants involving osteosynthesis, which may seem most
relevant to this research. However, the 15 current sections (and 34
withdrawn/superseded) refer to permanent metal implants (plates, screws,
pins, staples and nails), rather than polymers or biodegradables and has no

additional relevant material within them.

1.2.3  Regulation

Within the UK, the Medicine and Healthcare products Regulatory Agency
(MHRA) are the assigned governmental body who administer and enforce the
law on medical devices. They operate within the ‘Medical Devices Regulations
2002 (S 2002 No 618, as amended)’ and the ‘General Product Safety
Regulations 2005 (51 2005 No 1803)’. They conduct surveillance of marketed
products and assess allegations of non-compliance and investigate medical

devices associated with adverse events.

The MHRA can act with various enforcement powers to restrict the
supply of medical devices under the above acts, or indeed under the ‘Consumer
Protection Act (1997)" and “Consumer Rights Act (2015)’ carrying maximum

penalties of unlimited fines and 6 months imprisonment.
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1.3 Clinical Applications

The ultimate aim for this project and its funders is to develop means of
translating of bone regeneration systems into human patients. There are
several main domains in which bone regeneration systems could be applied in

humans and animals, the main domains of which are outlined in this section.

There are a number of circumstances in which a patient may lose a significant
amount of bone, with the tolerance of a patient to withstand the loss of bone
depending on a multitude of factors. When discussing bone loss, the natural
history of most causes (i.e. traumatic fractures) is macrophage and osteoclast
driven resorption of bone debris prior to regeneration of new bone (130,131).
This is to say that all fractures have varying degree of bone substance loss,
however as long as spontaneous healing of the bone occurs then this bone loss
is negligible. For the purposes of this review, bone loss is considered to be ‘the
loss of a significant amount of bone in the absence of spontaneous healing’.
The ability for a patient to tolerate bone loss depends on the bone which has
suffered insult, for example weight bearing bones such as the tibia and femur
have a significant functional impact, whereas non load bearing bones such as
the fibula can have little to no symptoms with large defects. Secondly, the
activity level which an individual undertakes has a substantial effect on
whether the bone loss goes unnoticed or not. As such, a collarbone (clavicle)
fracture which doesn’t heal and results in bone resorption may quickly become
pain free and unnoticeable in an elderly patient with low functional daily
demands (132), whereas a badminton enthusiast may be significantly disabled

by even a small defect.
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1.3.1 Non-union

In the above examples, simple fractures are given as a cause of the bone loss,
however in reality it is rare for a bone to not complete bony union resulting in
a ‘non-union’. This occurs in approximately 5-10% of fractures (133) and up to
30% of high risk fractures (134-138). There are a multitude of definitions of
non-union, often described radiologically, but in practical terms they all agree
that it is the lack of bone bridging the fracture site and resulting in mechanical

incongruence throughout the bone (Figure 7).

Figure 7 — Non-union. This series of X-rays demonstrate a) an acute humeral
fracture, b) managed with open reduction and internal fixation (ORIF) with
plate and screws. C) several months following fixation, a lucent gap develops
at the fracture site indicative of osteolysis and non-union (pictures courtesy of
NHS imaging archives).

Union therefore is a time dependant process, and different bones in different
biological/mechanical circumstances in different patients will heal at different
rates (117,118). Defining non-union in clinical practice can be difficult as it
involves an element of experience in whether a bone, given time, would

eventually heal or whether it is quiescent in its healing process. A clinician
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often needs to make a judgement once an adequate period of time has passed
for that particular injury as to whether healing is slow (‘delayed union’) or not
going to occur (‘non-union). Non-union is then pragmatically defined as a
fracture which has not healed and will not do so without intervention.

A non-union may occur for numerous reasons, which are broadly

divided into mechanical and biological factors shown in Table 4.

Mechanical Biological

Excess mobility Poor perfusion

Excess rigidity Infection

Excess gap Pathological process - e.g.
malignancy

Smoking/malnutrition

Endocrinology:

diabetes, hypothyroidism,
hypoparathyroidism,
hypogonadism

Table 4 - Causes of non-union categorised by mechanical and biological

aetiologies (119).

To aid clinical planning, the causes are often also categorised by the bone’s
resultant appearance (usually radiographically with X-rays or computed
tomography (CT) scans), whether there has been a good response to healing
or not (Table 5). Often there are large volumes of callus laid down, but not in
an organised enough manner to bridge the fracture gap known as
‘hypertrophic non-union’. Alternatively, if there would appear to be little or no
new bone formation with rounding off of the bone ends and a persistent gap,
this is described as ‘atrophic non-union’ (139). The caveat to this diagnosis, is
that there is often fibrous tissue bridging the gap (not seen on x ray) which
gives a variable degree of mechanical stability, which would be described as a
‘fibrous non-union’ the mechanical adequacy of which would dictate the

patient’s symptoms. A good example of this would be a base of 5t metatarsal
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fracture, where the fracture frequently results in a fibrous non-union which is

functionally sufficient and thus patients quickly get back to normal function.

Hypertrophic Atrophic
Excess mobility Poor vascular supply
Excess gap Infection

Excess rigidity

Pathological process (e.g. lymphoma)

Smoking/malnutrition

Endocrinological; diabetes,
hypothyroidism, hypoparathyroidism,
hypogonadism

Medications; steroids, non-steroidal
anti-inflammatory drugs (NSAIDS),

bisphosphonates, chemotherapy

Table 5 - Categorisation of non-union by radiographic appearance.

Whilst the focus of the functional deficit could correctly be perceived as an
ineffective mechanical stability in a non-united bone, the relevance to critical
bone defect becomes apparent following surgery. As outlined above, during
the failed healing process, a large amount of bone and bone fragments are
resorbed by osteoclastic activity. The principle of surgery is to debride any
fibrous tissue and non-healing bone ends away until ‘fresh’ and bleeding bone
ends can be opposed and held together in a mechanically sound manner to
facilitate new bone healing. The combination of osteoclast resorption and
surgical resection inevitably results in loss of length of bone. Similar to the
tolerances discussed above, different degrees of shortening in united bones
are tolerated differently depending on the bone, function and personal
circumstances of the patient. However as a rule of thumb, upper limb long

bones tolerate shortening well (140)and weight bearing lower limb long bones
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can compensate for 10mm of shortening by tilting the pelvis (123). Whilst shoe
raises can be used to help compensate for this in some patients, many patients
with reasonable function levels or young age could be better managed by
restoration of bone length, alignment and rotation.

In Scotland, approximately 1000 non-unions occur per year, with an

even gender distribution, with a preponderance for upper limb over lower limb
(141) . Much of orthopaedic fracture surgery is aimed at minimising chance of
non-union in the early days following injury, as late surgery to correct non-
union is less predictable and results in sub optimal symptomatic relief. A recent
study indicated that when tibial fractures don’t heal, an average of 36% will
require more than one operation to establish union with up to 5 procedures
required to achieve a union rate of 7% (142).
Establishing techniques to ensure rapid bone union could minimise patient
pain, improve function and thus quality of life. Furthermore, minimising
hospital visits and facilitating patients’ return to hobbies and work has
potentially unmeasurable effect on morale.

The wide range of case types give health care costs within the NHS
reported to be between £7000 and £79000 per case (143-145). Given the
estimated caseload of 19/100000 population, or 53 cases in Scotland per year,
this has significant fiscal impact on healthcare provision (124). In particular, the
West of Scotland population suffers from high incidences of obesity and type
2 diabetes, which both in increase the chance of non-union and complicate
subsequent surgery (146-148).

As indicated above, the principles of management of non-union depend
on which category it falls under. It is worth noting there are some prerequisites
which must be addressed in order to successfully manage any bone healing
namely the absence of infection & preservation of blood supply. Beyond this,
the ‘Diamond Concept’ of bone healing covers the 4 core areas which need to
be present; osteogenic cells, growth factors, osteoconductive scaffolds, a
favourable mechanical environment (149-151). The management of
hypertrophic non-union which is rarely a problem with the biological presence
of blood supply/cells/GFs and as such is managed by a change of mechanical

environment, usually by decreasing strain often with surgery. Atrophic non-
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unions can be more difficult to define a causative factor, however in the
presumption infection has not ensued (via surgery or open fractures) then
either poor biomechanics (too rigid), poor vascular supply or paucity of
cells/growth factors are left (139). All of these factors are hard to fix surgically,

and perhaps in these cases bioengineered scaffolds may have a role.

1.3.2 Fusion

Perhaps a simpler and more predictable model for application of a
bioengineered bone regeneration would be in arthrodesis (joint fusion). These
common procedures are performed for alleviation of pain and improved
stability of a joint which is non-functional usually due to arthritis
(inflammatory, traumatic, degenerative, post infective) or less frequently for
neuromuscular disorders (152). Arthritis causes pain by a number of
mechanisms, but essentially the damaged articulations rub off each other
giving direct pain/stiffness and a secondary inflammatory reaction due to
debris formation. The principle of arthrodesis is that the mobility of the joint is
causing functional or nociceptive detriment to a patient, thus removing the
joint and joining it’s articulating ends with bone eliminates movement (Figure
8). Whilst the minimises pain, the trade-off is a loss of function (movement) at
the joint, however this patient group frequently neglect to use the joint on
account of pain, and surgery acts to accelerate the natural history of

arthrodesis of the arthrosed joint.
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Figure 8 — Arthrodesis. Lateral view X-rays of a) an arthritic ankle joint (dotted
lines) and with loss of joint space (arrow). b) Following plate fusion the joint
line is eradicated and replaced with mineralised bone (153).

An alternative to fusion would be arthroplasty (joint replacement) which
removes the worn joint lining and replaces it with synthetic materials.
Arthroplasty maintains range of motion and improves pain, however there are
few joints in which this is consistently effective for the right indications e.g.
hips, knees, and shoulders (154,155).

Rates of fusion failure varies between in the literature depending on
the joint, patient, technique and surgeon, but is between 0 and 20%
(138,156,157). For instance, a patient who suffers from rheumatoid arthritis
has florid intraarticular inflammatory synovium, so typically has a high chance
of fusion. In contrast, a patient who is diabetic or has a lifelong history of
smoking with poor vascular supply has a much poorer chance of fusion,
particularly if it is a distal joint (e.g. an interphalangeal joint).

Whilst failure to fuse is generally infrequent, it causes significant
morbidity due to persistent pain and reduced function, such as a failed ankle
fusion impacting on other joints which have been compensating. Additionally,
any repeat attempts to fuse the joint are less fruitful due to reduced blood
supply, loss of bone stock and frequently disuse osteopenia. These repeat
surgeries often require autologous bone graft which causes pain, irritation and
risk of infection at the donor site. If osteoinductive materials can be introduced
into the surgical fusion site to promote fusion, particularly in high risk cases,
then patients would benefit from more predictable surgery with lower donor

site morbidity and fewer healthcare episodes. Recent evaluation of multiple
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clinical studies has demonstrated that the use of polymers rather than
traditional metals can give favourable outcomes in degenerate spinal disease

(158).

1.3.3 Critical Bone Loss

As discussed above, the loss of bone can be as a result of a number of
pathologies, with even the simplest of fractures resulting in macrocytosis and
bone resorption. The relevance of bone loss is related to both the
aforementioned acceptable functional loss of bone but also critical bone
defects. A critical bone defect (Figure 9) is one which will not heal without
intervention, somewhat similar to an established non-union, however has not
gone through the biological attempts and failure to heal (although ultimately

a critical bone defect will result in a non-union).

Figure 9 — X-rays of a large critical bone defect. This patient developed a deep
bone infection Following surgical removal of infection, a substantial critical
defect of the tibia (stabilised with external fixation). Note surgical clips within
the defect following plastic surgical intervention to cover a soft tissue
defect(pictures courtesy of NHS imaging archives).
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The amount of bone lost from a bone in order to create a critical defect
depends on the bone, the local environment (e.g. co-morbidities) and species
of animal, for example, a 2.5mm defect in a mouse radius has been shown to
be a critical defect (159) yet it is not until >10mm does a human tibial diaphysis
run a risk of not healing (160), is the long bone with the highest risk of non-
union. Due to the large number of variables, critical defects are not easily
defined nor predicted (161). Critical bone defects occur following trauma (such
as severe open fractures with bone loss or devitalised), following tumour
surgery (where large amounts of bone are resected due to invasive disease or
the required margin of normal tissue excised with tumours) or occasionally
through infective osteomyelitis. The present strategies in these circumstances
are to use engineered bioinert implants (such as titanium or stainless steel) or
attempt regeneration of bone, the choice in which depends on individual
patient requirements. There are a multitude of implants available to
accommodate bone loss which can incorporate joint replacements
(arthroplasty) and if the end of the bone is sacrificed or for a segmental defect
intercalary implants may be used. For bone regeneration, the strategy is to
stabilise a gap with a mechanical environment which facilitates micromotion
and callus, whilst maintaining as much growth factor, scaffold and osteogenic
cell activity as possible. This can be obtained with plates and screws to ‘bridge’
the gap (often with osteoinductive scaffold, such as bone chips or autograft),
by shortening the limb to close the gap and slowly lengthening the bone
(“distraction osteogenesis”), or maintaining the length and moving a 5-10cm
block of vascularised bone slowly through the gap to fill it (‘transport

osteogenesis’) (162).

There are however limitations of the surgical methods of dealing with critical
bone loss. For longevity, we rely upon osseointegration at the bone implant
interface, which gives problems with bone stock for coupling and ultimate
loosening is it fails. Even modern titanium implants have a mechanical limit
when they are used in a load bearing capacity so are subject to metal fatigue
and fracture after a given number of cyclical loads (163,164). The above
described bone regeneration techniques often require external fixation frames

which are adjusted on a daily basis by the patient over many months. Not only
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is this a painful and slow process, leaves scarring, runs high rates of infection
but also can eventually fail to unite (165-167). These long and complex
processes require close outpatient monitoring and make it difficult for patients
to maintain employment, thus have significant fiscal implications for patients

and healthcare systems.

In the acute critical defect scenario, where the bone has not yet undergone
the biological cessation of attempts to heal seen in non-union, the
implantation of engineered scaffolds which mimic the diamond concept
domains would be beneficial. These scaffolds could have the potential to
encourage new bone formation with predictable rates of union and ultimately

shorten patients’ healthcare episodes.

The use of an acute critical defect model in mice described in this work, aims
to explore the efficacy of functionalised scaffolds (6,168,169). This model
exploits the fact that a mouse can remain fully functional with the absence of
its radius. The resection of 2.5mm of a mouse radius will not spontaneously
heal, thus establishing the role of the model in acute bone defects (168). The
quantitative outcome measure in this model is mineralisation within the defect
however as the formation of functional bone is more than the presence of
minerals, a measure of the utility of the forelimb would be a useful additional
measure. Functional measures are not possible in this model, not only because
the observation in mouse behaviour is impractical, but also the forelimb
maintains normal function due to the presence of an ulna. The use of mice may
not entirely reflect human defects, given their lack of Haversian canals (170),
and difference in relative bone size (171). Mouse models however remain
attractive given their relative low cost, ease of handling and ability to
genetically manipulate them. Knock-out mice could be used to simulate the
utility of functionalised scaffolds in ‘high-risk’ fracture and defect scenarios,

such as diabetes or immunosuppression.
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1.3.4 Osseointegration

The insertion of implants has been in practice since 1938 when Vitalium
inserted spacers into knees to relieve wear within compartments of the knee
(172). Then in 1940, Campbell and Boyd created a resurfacing implant for the
distal femur as a treatment for knee arthritis however integration of the
prosthesis was problematic (173). In subsequent decades, orthopaedic
implants have divided into 2 distinct groups: implants which couple with the
body via bone-cement and cement-implant interface (‘cemented’), or implants
which integrate with bone directly (‘uncemented’). Uncemented implants have
undergone evolution in terms of surgical technique (where maintenance of
bone stock and rigid fixation are key) but also in implant design, with load
bearing wedge designs for rigid fixation and combinations of porous,

trabecular and hydroxyapatite coatings.

Figure 10 - Failure of osseointegration. a) Patient with a tumour of the left
femur (chondrosarcoma) which was surgically excised and b) replaced with a
femoral implant. c) The interface between the implant and bone is limited by
a short trunnion (*) which is liable to fatigue failure unless the bony on growth
is achieved at the opposition site (**). d) Failure of bone on growth and
biological coupling resulted in fatigue fracture of the implant trunnion and e)
entire replacement of the femur (pictures courtesy of NHS imaging archives).

Integration of uncemented implants continues to fail in over 10% of cases (174)
resulting in subsidence of implants, loosening, dislocation and destruction of
bone stock which makes revision surgery challenging. Prompt bone on-growth

or in-growth of bone (depending on prosthesis design) is therefore required to
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integrate implants (Figure 10) and an osteoinductive bioengineered material
coating could be applied in this circumstance. Recently fibronectin coatings
have been applied to stainless steel and demonstrated a favourable

environment for osteointegration (175).
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1.4 Thesis Aims and Objectives

1.4.1 Aims

The aim of this doctoral thesis is to investigate aspects of the

PEA/FN/BMP-2 osteoinductive nanocoating which are key to future

translational research. It has already been established that plasma

polymerisation of PEA is key to this technology’s utility in 3D applications.

1.4.2 Objectives

1.

Explore the effect of ethylene oxide as a sterilisation on the
osteoinductive capabilities of the technology at 3 key stages.
Sterilisation could occur of base polymers alone followed by
intraoperative addition of FN and BMP-2. Alternatively, the system
could have FN or FN+BMP-2 adsorbed then sterilised. Therefore,
the first objective is to establish if there is an effect of protein
sensitive (ethylene oxide) sterilisation at each of these key steps.
(Chapter 2)

The utility of functionalising (with PEA, fibronectin and BMP-2) a
currently used bone substitute (decellularised bone chips) will be
tested as the first controlled in vivo 3D experiment of this
technology (Chapter 3).

Moving on to a fully synthetic system, the merits of a customisable
3D printed scaffold will be evaluated using biocompatible PCL from
a mechanical and biological perspective (Chapter 4).

PCL is a relatively soft polymer therefore the addition of HA will be
investigated to potentially improve mechanical properties of PCL

and induce osteogenesis (Chapter 4).
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Chapter - 2 Sterilisation of Fibronectin + BMP-2
Osteoinductive Systems

2.1 - Introduction

In order for any implantable medical device to progress to translational
evaluation, their resilience to recognised sterilisation techniques must be
evaluated. Given the temperature and sensitivity and potential effects of
polymer crosslinking associated with autoclaving and gamma irradiation,
ethylene oxide (EOQ) was put forward as the most biologically sensitive
sterilisation technique. Ethylene oxide (EO) sterilisation is the most commonly
used technique for medical devices in the UK (unpublished data, Andersen
Caledonia LTD). It has particular advantages in deep penetration of porous
scaffolds and those sensitive to heat or crosslinking. The industrial scale

process is outlined in Figure 11.

Preconditioning Ethylene Oxide Chamber Aeration

Sample

EEE

Bacterial Indicator

Sample

Bacterial Indicator

- 40% Humidity -50°C
-40°C - 3 Hours
- 10-20 Hours - 50-100 kPA

Figure 11 - Schematic of EO Sterilisation Process. A warming and humid
preconditioning phase to expose bacteria from spore form is
performed before transfer to a specialised EO chamber along with a
control bacterial indicator. Products are exposed to the volatile EO gas
for several hours in a slight vacuum before transferred to an aeration
chamber to evacuate remnants of the noxious gas. At this point,
bacterial indicators (bacillus atrophaeus) are confirmed as dead before
products are distributed.

This Chapter investigates the effect of EO sterilisation on a) different materials’
ability to induce a FN network (‘material driven fibrillogenesis’), b) established
FN networks and c) present BMP-2. Quality of FN network is assessed by

atomic force microscopy showing fibrillogenesis present in all samples where
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expected with persisting fibronectin (FN) network despite the penetrance of
the volatile gas. Cell binding and growth factor domains were available upon
the FN networks as demonstrated by ELISA for FN added before and after

sterilisation.

Subtle changes in behaviour of materials following EO were noted leading to
the exploration of surface chemistry changes using x-ray photoemission
spectroscopy and water contact angles. These demonstrated constitutional

changes in PMA which are favourable to formation of FN networks.

Finally, the sterilised systems show that MSK progenitor cells differentiation on

base polymers and FN which have been exposed to EO.

Specific acknowledgement in this Chapter to Dr Virginia Llopis-Hernandez for

her role in advising and guiding experimental techniques.
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2.2 Materials and methods

2.2.1 Materials

A list of materials and manufacturers can be found in appendix 6.1

2.2.2 Methods and sample preparation

2.2.2.1 Spun samples

Poly(methyl acrylate) (PMA), poly(ethyl acrylate) (PEA) and poly(capro lactone)
(PCL) polymers were synthesised via radical photopolymerisation of methyl
acrylate, and ethyl acrylate. This was performed using ultraviolet light and 1%
benzoin as a photo initiator. PEA and PMA were dissolved into solution using
toluene with 4% PEA and 6% PMA. PCL was dissolved in chloroform as a 10%
solution. 12 mm glass coverslips were cleaned by 30 minutes sonication in
absolute ethanol followed by a triple rinse in absolute ethanol and drying at 60
°C. Solutions were pipetted onto the glass coverslips in 100 pl aliquots then
spin coated for 30 seconds at 3000 rpm with an acceleration of 3000
rpm/second? using (SPIN200i, Polos). Excess solvent was removed in a 2-hour

vacuum oven process at 60 °C for PMA and PEA, and 50 °C for PCL.

2.2.2.2 Fabrication of scaffolds

PCL scaffolds were prepared using RegenHU Discovery 3D with a heated
extruder screw 72 °C and 0.45 MPa pressure into a class 2 hood with an
ambient temperature of 26 °C. Filaments were extruded using a 0.5 mm nozzle
into strands of thickness of 0.3 mm. Extrusion line were 0.5 mm apart in the y-
axis and 0.5 mm in the z axis giving a pore dimension of 0.2 mm x 0.2 mm. The
layers were stacked at 90 ° to one another for 4 layers giving a total scaffold
dimensions 5x5x1.2 mm (Figure 12). Scaffolds were stored in a clean dry

environment at room temperature.
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5mm

Figure 12 - Scaffold Geometry. Printed scaffolds were designed to fit within
each well of a 24 well plate giving outer dimensions of 5x5x1.2 mm.

2.2.2.3 Plasma coated samples

12mm glass coverslips were cleaned by 30 minutes sonication in absolute
ethanol followed by a triple rinse in absolute ethanol and drying at 60 °C. These
were inserted into a clean plasma chamber (Figure 13) and a vacuum slowly
formed before introduction of radiofrequency (RF) to initiate an ‘air plasma’
treatment (no monomer introduced) at 50 W for 5 minutes to clean the
samples and prime the surfaces for interaction with the impending
polymerisation. The air was shut off after 5 minutes and vacuum allowed to
increase once again before the formal plasma polymerisation. The vacuum was
adjusted for a final time, the EA monomer introduced into the chamber and
plasma state was formed using a static radiofrequency. The monomer valve
was adjusted periodically to maintain a consistent vacuum of 1.2x10* mbar(+/-
0.2x10?1) (Table 6). This was maintained for 15 minutes at 50 W then RF ceased
and vacuum slowly reduced via a filtered air source as per previous work in this

field (6).
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