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Figure 1.3 The harvest, expansion and orthopaedic uses of MSCs (taken
from (Pountos et al., 2006). Bone marrow derived MSCs are culture expanded
producing sufficient numbers to aid union of fresh and previously un-united

fractures as well as aid repair of cartilage defects.

Patients (with a degenerative condition of the knee of moderate severity
(gonarthrosis lI-1ll)) are being recruited for a feasibility and safety study in which
BMSCs are isolated and culture expanded for the treatment of arthritis. Twenty-
one days later, a single intra-articular injection of approximately 40 million
autologously derived SSCs is undertaken. The theory is that the injected SSCs
will have a sufficiently regenerative effect on articular cartilage, that it will be
evident on magnetic resonance imaging (MRI) (Coll R, 2010). Animal and human
trials are also investigating the efficacy of preloading implants with SSCs for use

in spinal fusion and fixation of non-unions.
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1.4 Osteoblast differentiation

During early development bone is formed by osteoblast differentiation (figure
1.4) from MSCs, directly in the form of membranous bone formation and
indirectly through MSC condensation into a cartilage template, endochondral

bone formation (Lian et al., 2006).
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Figure 1.4 MSC differentiation into osteoblasts
MSC differentiation into osteoblasts involves the commitment of MSCs into the
osteogenic lineage with the production of progenitors, pre-osteoblasts,

chondrocytes and subsequently osteoblasts.

1.4.1 Control of osteogenic differentiation

As they proliferate and differentiate from MSCs, marrow precursors,
chondrocytes, osetoblasts and osteoclasts express various proteins including
growth factors (GFs), transcription factors (TFs) and extracellular matrix (ECM)
proteins (figure 1.5). Based upon its location along the differentiation pathway

each GF, TF or ECM protein has a distinct pattern of expression.

1.4.2 Osteoblast differentiation and gene expression

Involved in osteogenesis, cell growth and differentiation BMPs, are
multifunctional members of the transforming growth factor beta (TGFp)
superfamily of ligands. Acting through runt related transcription factor 2 (RUNX2
- also known as core binding factor alpha 1 (cbfa1)) they are involved in the
regulation of the sequential stages of osteoblastic phenotype development,
promoting cell phenotype commitment and osteogenesis (Lian et al., 2006). The
path from multipotent stem cell to osteoblast is controlled by two key TFs,
RUNX2 and osterix (OSX) (Ducy and Karsenty, 2000).



31

Ihh,
Wnts BMPs PTHrP

Pre- chondrogenchMPs’ e ¢ Columnar ¥ L cHgg:;rgcpt:::
BMPs, i v  Earlychondrocyte ~ chondrocyte 4
FGFs — )

v (e —» P ES= T (e
p A A4 .
Mesenchymal cell Sox9 Sox5L g'unx2/3
Sox6 X9

. lhh B-catenln/l'CF/LEF

Runx2
T
9 Osx
Twisvi# p-catenin/TCF/LEF

\ Pre-osteoblast Osteoblast Osteocyte
A
A

Multinucleated

M-CSF RANKL Mononuclear osteoclasts
Marrow precursor Pre-osteoclast osteoclast
© > G+ (o) > »
PU 1 Fos/Fra1
NFATc1
NFkB
MITF's

Figure 1.5 The osteogenic differentiation pathway (from (Kobayashi and
Kronenberg, 2005)) The major differentiation steps from MSC to hypertrophic
chondrocyte, osteocyte and multinucleated osteoclast are associated with
growth and transcription factors. In contrast to osteoblasts and osteocytes,
osteoclasts (responsible for bone resorption) are derived from the
monocyte/macrophage haematopoietic lineage. Abbreviations are shown on

pages 13-17.

BMPs act early in embryogenesis to up-regulate many homeodomain (HD)
proteins. HD proteins directly regulate many of the key matrix proteins including
collagen, OPN, alkaline phosphate (ALP), OCN, and the TFs RUNX2 and OSX (Lian
et al., 2006). Binding of BMP to the type Il receptor causes recruitment of the
BMP 1 receptor, initiating the BMP pathway and its role in transcriptional
regulation. BMPs are used clinically as osteoinductive agents. Atrophic non-
unions in which defective biology is thought to have been responsible and spinal
fusion surgery are two of the surgical indications. Associations between their

usage and adverse effects have now been documented (Woo, 2012a, b).
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RUNX2 is expressed at early stages of the MSC line, prior to bone formation, and
has been described as the ‘principal osteogenic master gene for bone formation’
(Lian et al., 2006). RUNX2 is essential for osteoblastic differentiation and
skeletal morphogenesis, and is involved in the differentiation from pluripotent
MSCs to osteochondroprogenitors, and from osteochondroprogenitors to
osteoblasts. RUNX2 may be involved in cells exiting the cell cycle, and in the
change from proliferation to differentiation (Lian et al., 2006). RUNX2 is also
the major TF for chondrocyte development (Kobayashi and Kronenberg, 2005).
RUNX2 whilst appearing to be down regulated in the progression of cells down
the chondrogenic lineage is increasingly expressed at the change from columnar
to hypertrophic chondrocytes, and in the progression towards endochondral

ossification (Lian et al., 2006).

OPN, a protein with a high affinity for calcium (Sodek et al., 2000), is
synthesized by a number of cell types (primarily within the mesenchymal cell
line) including pre-osteoblasts, osteoblasts, osteoclasts, fibroblasts, dendritic
cells, chondrocytes, myoblasts, and endothelial cells. RUNX2 and OSX are among
a number of TFs required for the expression of OPN. Binding of RUNX2 and OSX
to promoters of osteoblastic specific genes COL1 alpha 1 and OPN results in their

up-regulation.

OCN is a bone specific marker for mature osteoblasts and contributes to the
regulation of bone mineralization. Osteonectin (a glycoprotein secreted by
osteoblasts) is involved in cell-matrix interactions, collagen binding and bone
mineralization. It is involved in the mineralization stage promoting the

formation of mineral nodules.

1.4.3 Phases of in vitro osteoblastic development (adapted from (Lian and
Stein, 1995; Stein and Lian, 1993))
Three phases of osteoblastic development have been identified: the growth

phase; ECM development, maturation and organization; and ECM mineralization.
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When placed in culture bone-related genes are down regulated and the cells
enter a proliferation phase. The initial period of cell proliferation and ECM
deposition takes the first 10-12 days. This phase proceeds into a phase of ECM
development, maturation, and organisation (days 12-18). ECM mineralization

forms the final phase, from day 18 onwards.

This first 10-12 days shows the enhanced mitotic activity associated with cell
proliferation. The genes expressed primarily are those associated with ECM
formation such as COL1, fibronectin and TGFB. Towards the end of this phase
these genes are down-regulated, although COL1 remains at a basal level
throughout. OPN expression is active in this proliferative phase. The genes
responsible for ECM production and deposition must be expressed for

differentiation to progress.

Days 12-18 are associated with a reduction in the expression of the proliferative
proteins, and a greater than ten fold increase in the expression of ALPH,
although this is not picked up histochemically until the third phase. A decrease
in cell proliferation is associated with the increasing osteoblast differentiation

that inhibits BMP2, 3, and 4 expression. OCN expression is post-proliferative.

Initially ALPH levels continue to rise, although they reduce again when the ECM
becomes heavily mineralized. The expression of other bone related genes (BSP,
OPN, and OCN) increases in parallel with increasing mineralization. OCN
expression correlates with mineralization, restarting at the onset of
mineralization and peaking at days 16-20. OCN expressing cells are only found

within mineralizing nodules.

The time taken for these three phases to occur can be manipulated to an extent.
Culture on a COL1 film accelerates progression towards the osteoblastic

phenotype, has an inductive effect on osteoblast differentiation and enhances
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ALPH and OCN expression. High levels of collagen synthesis and ECM

accumulation are associated with a cessation of cell proliferation at a lower than

normal cell density.

Dexamethasone in media accelerates differentiation and increases expression of
post-proliferative genes and relatively early mineralised nodule formation.
Dexamethasone may deplete the pool of proliferating undifferentiated cells by

pushing cells to a terminal degree of differentiation beyond the natural rate.

Culture of MG-63 (human osteosarcoma cell line) on cell matrix and purified
COL1, results in morphological changes inducing the formation of long
extracellular processes. In addition osteonectin levels increase up to 2.5 fold
immediately after cell seeding, and ALPH increases up to 2.5 fold. These
transient changes were maximal on days 6-8 after cell seeding, and reduced as
cell confluence was achieved (Andrianarivo et al., 1992). The transient nature of
the increases would be reflected in transient increases in mRNA levels. When
considering qPCR results multiple time points or comparison with the levels of

proteins expressed is therefore important.

1.5 Biomaterials

1.5.1 Development of biomaterials

Tissue engineering requires the development of materials that will precisely
control cellular morphology and the functions of adhesion, proliferation,

differentiation and gene expression (Curtis and Wilkinson, 2001; Du et al., 1999).

The first generation of biomaterials was inert in nature, developed to perform a
supportive role with minimal toxic effects. As such they produced neither
beneficial nor detrimental effects in the surrounding tissues. The second-
generation of biomaterials was designed to be either resorbable or bioactive.
The third-generation of biomaterials was designed to stimulate specific,

reproducible, cellular responses at the molecular level (Hench and Polak, 2002).
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My aim in this thesis is to develop a third generation biomaterial combining

bioactivity with bioabsorbability in order to aid bone regeneration.

First generation biomaterials can be rendered second generation through a
change in the material topography (configuration or shape), chemistry (by
alteration of the material used or adhesion of substances to the surface), or by
chemically augmenting topographically modified surfaces. In a smooth form
metals (such as titanium), ceramics and plastics used in the manufacture of
orthopaedic implants can be described as first generation biomaterials, tending
to be bioinert in nature. Clinical experience has shown that a fibrous capsule
forms around an implant in the presence of a smooth surface, whereas bone
forms more readily on rough surfaces. The uncemented implantation of smooth
surfaced first generation biomaterials was associated with implant loosening in

the absence of active stimulation of osteogenesis.

In 1911 contact guidance was noted by R.G. Harrison (Harrison, 1911) and in
1964 the reaction of cells to the topography of their environment was
popularized (Curtis and Varde, 1964). Clinical findings support laboratory
findings in which in vitro osteoblast-like cells attach more readily and
differentiate faster, with enhanced HA formation, on rough surfaces (Blumenthal
N, 1989). A region of roughness, porosity or chemical (for example HA) coating
adds bioactivity to inert implants and hence renders them second generation.
This thesis will focus on defined topography as a move to third generation
biomaterials (as defined surfaces will provide reproducible response), but it is

acknowledged that much prior work has focused on simple roughening.

1.5.2 Osseointegration and osteoinduction
The processes of osseointegration and osteoinduction represent the positive
tissue responses to material chemistry and topography sought in the fields of

orthopaedics and tissue engineering.
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A large proportion of the work relating to the interaction between mesenchymal

and osteogenic cells and substrates has been undertaken in the field of implant
(joint replacement) manufacture. Differing opinions dominate this subspecialty.
Debates regarding cemented versus uncemented fixation, and optimal bearing
surface continue among hip and knee arthroplasty surgeons, as well as debate
about the surface modifications chosen by users of the uncemented implant
group. The primary aim of uncemented prostheses is the elimination of the
osteolysis associated with the wear and loosening of cemented arthroplasty

components.

Osseointegration refers to a direct structural and functional connection between
an implant and living bone, and is associated with an absence of intervening soft
tissue. Representing a combination of bone apposition to the implant with
functional fixation (Petrie T, 2008) osseointegration is a prerequisite for the
success of uncemented orthopaedic implants. This requires a surface to which
osteoblasts and supporting connective tissue can attach, or pores into which
these cells and tissues can migrate. Osseointegration can be verified
microscopically or radiologically by the presence of spot welds of hew endosteal
bone contacting a porous surface or by the absence of reactive lines around an
implant (Engh and Bobyn, 1988).

Osseointegration can be achieved through the modification of surface
topography, chemistry or both. Topography is traditionally altered for implants
by sintering (coalescing heated solid particles onto the surface of implants),
sandblasting, etching (using acid (Amrich and Burghouwt, 2010; Cho and Park,
2003; Engh and Bobyn, 1988), laser, or plasma), or machining. Chemistry is
commonly altered through the addition of HA, tricalcium phosphate (TCP) or a

composite HA/TCP to a material or its surface.

Bioactive materials, such as HA coated implants, are generally considered to be
osteoconductive, producing a physico-chemical bond between the bone and the

coating that ankyloses it to bone. Osteoblastic cells need to be able to adhere
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and proliferate, osteoblastic precursors, such as SSCs, need to differentiate

osteogenically, and terminally differentiated mature osteoblasts need to adhere,
secrete and initiate mineralization of bone matrix. Sceptics of the use of
chemistry in order to add bioactivity express concerns primarily relating to the
stability of the chemical-implant interface, and the potential ease of its

disruption.

1.5.3 Topography

Every surface has an inherent topography that is dependent on its mode of
manufacture and the material used. The topography of even the flattest of
materials is referred to according to its average roughness (Ra). It is worth
pointing out that Ra is a term to consider carefully as two surfaces can have
similar Ras but look very different and this is a big problem in comparing
response of random topographies. Topography may be randomly produced or
more carefully controlled. Topographies may be applied to a surface for
example sintered, embossed onto it, or cut into it (sandblasting, etching, or

machining).

Corundumization or blasting with Corundum (Aluminium oxide, the second
hardest mineral) produces a roughened surface, in the case of the VerSys hip
system 24-grit (1035 um) (Zimmer, 2010). A corundumized surface finish can be
created throughout an implant surface or in combination with a porous option
developed using a fibre mesh circumferentially wrapped around the proximal
femoral stem (Anatomic Fibre Metal Plus Stem and VerSys Fibre Metal Taper Hip
Prosthesis, Zimmer (figure 1.6)). An alternative porous option uses sintered

beads (VerSys Beaded Fullcoat Plus, Zimmer).
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Implanted Fiber Metal Taper
Hip Prosthesis

Figure 1.6 Corundumized and fibre metal surface modification of hip
prostheses (obtained from Zimmer (Zimmer, 2010)). The femoral stem is shown
within a sectioned proximal femur. The smooth distal stem has been
corundimized in the mid portion of the implant and is accompanied by a

circumferential fibre metal porous surface at the intertrochanteric region.

Well-designed topographical features can be retained over time although
concave topographies are more resistant to abrasive wear than convex
alternatives. Despite long-term clinical studies that show good to excellent
implant longevity, beads from sintered bead surfaced implants cause third body
wear should they debond. The design basis of certain implants has been
developed to mimic the trabecular structure of bone and includes a porous
trabecular surface incorporated on the surface of a solid titanium (Ti) implant
(Delta TT, Lima Corporate (Corporate, 2013)). High trabecular strength within
the porous component aims to reduce the likelihood of topography loss, and

particulate debris formation.

The cemented vs uncemented debate with respect to total hip arthroplasty
continues. The perceived advantages of uncemented topographically or
chemically enhanced implants in part relate to the effects of polyethylene wear.
Wear debris (e.g. from polymeric components) inhibits the osteoblast functions
associated with bone formation, and induces secretion of factors capable of

influencing nearby osteoclasts and macrophages. Osteoblasts may themselves
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play a role in the events leading to granuloma formation, osteolysis, and implant

failure (Dean et al., 1999). It is proposed that the osseointegration of the
implant to bone prevents the osteolytic effects of polyethylene by sealing the

proximal implant bone interface.

1.5.4 Chemistry

The surface chemistry of a biomaterial can be altered through a change in the
material composition or through the addition of a soluble or insoluble surface
chemistry to the material surface. These two options have both been used in
orthopaedics. A disadvantage of soluble mediators is that following detachment
they may be transported away from the site of implantation, which carries an

inherent risk of undesirable effects systemically.

Different chemical factors have been added to implant surfaces. Osteogenic
biomolecules, such as BMP2 (Kashiwagi et al., 2009) and fibroblast growth factor
(FGF) (Park et al., 2006) covalently bonded to Ti may be gradually degraded or
lost as a consequence of the tissue environment. HA coating of smooth
acetabular implants has failed with retrieval analysis showing cell-mediated HA
resorption. Conversely, HA is commonly applied to the surfaces of femoral stems

with enhanced osseointegration.

It should be remembered that the environment into which an implant has been
implanted can change from the normal tissue environment and for which it was
designed into a tissue environment developing in response to the presence of the
implant. For example in the case of an uncemented acetabular cup,
polyethylene wear at screw hole insertion points in the outer shell of the cup
(the notch effect) leads to an associated reduction in oxygen content of the
body fluid creating a localized acidosis resulting in corrosion of the biomaterial
(Antoniac et al., 2003).
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An interesting example of use of HA chemistry is HAPEX, a composite of HA with

polyethylene that mimics the HA collagen composite bone. Osteoblasts have
been shown to grow over the surface of HAPEX attaching to the surface HA
particles. In vivo testing revealed that a strong and stable interface had
developed between the implant and surrounding bone. HAPEX has been used to
treat orbit deficiencies; it had the advantage over blocks of HA in that it could
be shaped during the procedure with standard tools. HAPEX middle ear implants
have been shaped in the operating theatre and restored sound conduction in the
recipients (Bonfield and Tanner, 2002). Work is ongoing into the use of HAPEX as
the outer surface of a multicomponent inter-vertebral disc replacement, the
mechanically sound HAPEX surface would provide the osseointegration to the
vertebra above and below whilst the fiber reinforced hydrogel would provide
functional benefit (Gloria et al., 2011).

1.5.5 Surface modification of orthopaedic implants: chemistry and or
topography

Topography can have a more significant effect than chemical composition of a
matrix (Dalby et al., 2000). Controlled topography can be used in isolation or in

combination with a chemical composition designed to increase osseointegration.

In 1977 De-Puy introduced the anatomical medullary locking (AML) hip
replacement (Engh, 2013). A porous coating of cobalt chrome alloy (CoCr) beads
sintered to the proximal 1/3 of the implant facilitated dense cortical-cancellous
bone ingrowth (Whiteside et al., 1993). In the 1980s they introduced a
chemically modified alternative, the Corail, a fully HA coated non-porous stem
manufactured in forged titanium alloy. The literature suggests that this stem
design should be implanted with cancellous autograft impacted proximally
(DePuy, 2013a).

De Puy combined the chemical and topographical approaches in the design of
the Pinnacle acetabular cup system. An aluminium shell is combined with a
porocoat of sintered Ti, a duofix porous coating with 30 um depth of HA or a

high friction porous option. The Gription high friction option combines macro
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and micro topography in order to increase cell adhesion and cell proliferation.

The pore size and porosity of the Ti increases incrementally from the implant to
the bone interfaces (DePuy, 2013b).

At least five different surfaces including plasma spray coating, sintered beads,
trabecular metal, fibre metal, HA/TCP coated fibre metal surfaces are used
alone or in combination in the design of Zimmer hip prostheses (figure 1.7)
(Zimmer, 2003b). Zimmer has developed a ceramic coating that can be applied
to fibre mesh. The HA/TCP composite applied using plasma spray technology
coats the mesh to a thickness of approximately 70 pm and has a biphasic

resorption profile.

Figure 1.7 Topographical and chemical surfaces of uncemented hip implants

adapted from http://www.zimmer.com. Images A-E are 50x F-J 200x
magnification. Images A and E show a plasma spray coat, B and F sintered beads,
C and G trabecular metal, D and H fibre metal, E and | HA/TCP coated fibre
metal (Zimmer, 2003b).

The Mayo hip prosthesis reduces the quantity of bone excised from the proximal
femur and incorporates three topographies, a polished Ti alloy taper,
circumferential corundumisation of the stem and the inclusion of fibre metal
pads (figure 1.8a) (Zimmer, 2006). Combination with chemical enhancement
using a regionally applied Calcicoat* of a HA/TCP composite (figure 1.8B) is

available (Zimmer, 1999).
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a b
Figure 1.8 The Mayo Conservative hip prosthesis adapted from
http://www.zimmer.com. The stem taper has been highly polished, the stem
has been corundumised proximally, and a fibre metal pad has been included to
maximize osseointegration (Zimmer, 2006). A HA/TCP coating may also be used,

images ‘a’ without enhanced chemistry and image ‘b’ with calcicoat

Bone implant integration is less than 25 % despite good bone to implant contact
(figure 1.9). Appositional bone index (ABI) and ingrowth are becoming an
increasingly common addition to survivorship in the publication of the results of
uncemented prostheses. In 1991 Bloebaum et al described a 22 % ingrowth
despite a 67 % ABI (the percentage of bone in direct contact with the porous
surface) and in association with cancellous structured Ti (CSTi) and a 9 % ABI and
0 % ingrowth with CoCr beads surfaces on a tibial baseplate (Bloebaum et al.,
1991). The same author published an 84 % ABI and 12 % ingrowth on an
acetabular shell and a 73 % ABI and 6 % ingrowth on a tibial baseplate in 1997
(Bloebaum et al., 1997).



Bone Ingrowth / Biologic Fixation Comparison

CSTi CoCr Beads Ti Fiber Mesh Flasma Spray Trabecular Metal*

Manufacturer Centerpulse Howmedics Zimmer Biomet Zimmer
Osteonics
J&]
Depuy
Pore Size 400 - 800 pm variable - variable 300 um
Pore Volume 50 - 60% 35% 63% varaible 7O0%
Coating Materia Ti CoCr Ti Ti Ta
Retrieval Results
% - Ingrowth Tibial Baseplates 6 - 22% 6 - 9% 9.5%!16 NA NA
ABI Tibial Baseplates 73%° 36%15 27 %16 NA NA
% - Ingrowth Acetabular Shells 12%:* 0- 10%Y 12%!8 NA NA
ABI| Acetabular Shelis B4%! NA 0-55%18 NA NA
Clinical Advantages and Features
Optimal Pare Size o -
Optimal Pare Voaume =1 - -
Bone Ingrowth Coating L] - - -
Micro-Surface Texture o - -
Bimetal (Ti coating on CoCr) = -
Interconnected Pores o - - -
Coating does not Disassociate - -

Figure 1.9 A comparison of bone ingrowth and biological fixation of
implants obtained from (Zimmer, 2003a). The bone ingrowth levels on these

surfaces are disappointing (0-22 %) despite bone apposition up to 84 %.

1.6  Tissue responses to surface modification

1.6.1 Cellular responses to surface modification

Surface chemistry and topography regulate a diversity of cellular behaviour;
including cell adhesion, spreading, proliferation, and differentiation (Hamilton
and Brunette, 2007). Chemical, topographical and Young’s modulus (material
stiffness) changes (Dalby et al., 2007; Engler et al., 2006; Kilian et al., 2010;
McBeath et al., 2004; Oh et al., 2009) have been shown to influence cell
adhesion size, shape and number (Biggs et al., 2008), and change cytoskeletal
arrangements (Dalby, 2009). Stem cells respond to chemical cues (Curran et al.,
2006), stiffness in 2d and 3d culture (Wang et al., 2010) and topographical
features (Dalby et al., 2007). Cells’ interactions with islands of topography, and
islands of chemistry may be produced by similar mechanisms (Dalby et al.,
2002b).
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Biomimetic materials are developed using inspiration from nature. Chemistry,
stiffness and topography influence MSCs and this can be biomimetic. The
material may be made of the same components such as laminin in extracellular
matrix or HA in bone. By growing cells on materials of the desired stiffness cells
can also be influenced towards the development of a desired tissue. Hydrogels
with a low Young’s modulus, similar to the muscular surfaces upon which they
commonly lie, are used to culture neurons whereas materials with a high
Young’s modulus such as Ti in trabecular metal are used to culture bone. The
biomimetic effects may also relate to the shape or topography of the material.
Adding biomimetic levels of disorder (i.e. biological standard deviation) can

further trigger an appropriate cell response (Dalby, 2009).

Nature does not exhibit the exact replication associated with current
manufacturing techniques. A normal distribution variation is seen in virtually all
measurements taken, for example macroscopically from height to weight and
microscopically in terms of the exactitudes of fiber size and orientation in the
extracellular matrix. In this work the +/- 50 nm displacement of the nanopits

aims to replicate this natural variation.

The influence of material topography at a scale below that of cell size has a
greater effect on cell development than larger features (Rea et al., 2004). An
understanding of the influence of micrometric topography is eased by an
appreciation of the sizes of the cells and extracellular matrices. Osteoclasts and
their associated resorption pits are approximately 40 pm in diameter. ECM
components include individual fibril elements and fibril bundles in tendon tissue
these range from 15 to 400 pm in diameter (Dalby et al., 2003). The topography
of collagen fibres, with repeated 66 nanometer (nm) banding, and
nanotopography from neighbouring cells both appear to effect cellular responses
(Curtis and Wilkinson, 1999). It has become well documented that many cell
types react strongly to micrometric topography. Extensive characterization of

the associated morphological changes has been undertaken (Dalby et al., 2002b).
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The filopodia of osteoprogenitor cells, which probe the surfaces for suitable
adhesion sites, are in the range of 100 nm in diameter and favour submicron-
scale topography (Zhao et al., 2006). In the light of this knowledge
microtechnology is evolving into nanotechnology. There is increasing evidence
that cells respond to nanometric cues in vitro (Dalby et al., 2002b). Reactions to
nanometric surface features, below 20 nm in dimension, have been documented
(Dalby et al., 2007; Maclaine et al., 2012; McNamara et al., 2011; Sjostrom et
al., 2009a; Sjostrom et al., 2009b). MSCs have been stimulated to produce bone
in vitro (Dalby et al., 2007), using 14nm high nanoislands HOBs have been
stimulated to produce the osteoblast specific matrix protein, OCN, on PCL
(Maclaine et al., 2012) and MSCs quiescent on planar Ti have undergone
transition to an active phenotype with bone matrix nodule formation after 21

daysusing 15nm nanopillars (McNamara et al., 2011; Sjostrom et al., 2009a).

Nanotechnology aims to create and use structures and systems in the size range
of 1-500 nm. This size range incorporates the atomic, molecular, and
macromolecular length scales (Biggs et al., 2010). Nanoscale changes in
topography have been shown to alter the differentiation of MSCs (Dalby et al.,
2007; Wilkinson et al., 2011). Osteoconversion of MSCs has been achieved using a
+ 50 nm level of disorder, applied to a pattern of nanopits (Dalby, 2009). A
surface disordered at the nanoscale level has, in the absence of osteogenic
media, been shown to stimulate MSCs to produce bone mineral on a surface
comprised of poly-methylmethacrylate (PMMA), the main constituent of bone
cement (Dalby et al., 2007). PMMA is not otherwise noted for its osteogenic
properties and is more regularly considered with respect to osteolysis and

aseptic loosening of implants.

A combination of nanotopographical features with micrometric surface features
is under investigation. A complex patterning of submicron topographies has been
manufactured within 30 pym pits. The regularly spaced pits were produced by
photolithography on otherwise smooth Titanium disks. The internal aspect of the

pits had a variety of topographies engraved from smooth (40-60 nm), to porous
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anodized (400 nm) and acid etched (700 nm). A combination of sand-blasting and

acid etching (SLA) created an alternative pattern of comparatively shallow,
irregularly placed craters of 10-100 ym diameter. Osteoblast-like (MG63) cells
cultured on these surfaces showed differing morphology, with a continuous
monolayer on the smooth surfaces and an elongated morphology on the acid
etched surfaces (anchoring in adjacent cavities). The porous anodized Ti
exhibited a combination of the two morphologies. The cells on the acid etched
and SLA surfaces were lower in number, more differentiated in phenotype, and
with increased OCN, prostaglandin E2 (PGE2), and TGFB1 expression.
Differences were noted in the results from the regular acid etched topography

and the irregular SLA topography (Zhao et al., 2006).

Research, combining chemical and topographical work, revealed that the effect
of HAPEX on human osteoblasts (HOBs) was enhanced by the addition of
micrometric topography. The cells attached more rapidly and in greater numbers
to the optimized surface (Dalby et al., 2002a). The development, application
and use of new osteogenic compounds (Kantawong et al., 2010) in addition to
differing presentation of existing chemistries, such as the nanoparticulate

coating of HA to microstructured Ti (Nishimura et al., 2007), continues.

1.6.2 Intracellular responses to surface modifications

Alterations in gene and protein expression can occur within minutes of a cell
adhering to a surface. Focal adhesion complexes mediate the phosphorylation of
several intracellular signalling proteins (e.g. focal adhesion kinase, FAK). The
phosphorylation of proteins at focal adhesions (the bridge between the
extracellular matrix and the cytoskeleton) creates docking sites for the
activation of the cytosolic protein kinases/phosphatases involved in migration,
cytoskeletal organization, gene expression, and cell cycle progression (Hamilton
and Brunette, 2007). An example is extracellular-signal related kinase 1/2
(ERK1/2). This key signalling hub is stimulated by e.g. FAK activation and it
controls cell growth (Biggs et al., 2009). For MSCs, if ERK1/2 is not stimulated
the cells will become post-mitotic and the transcription factor peroxisome

proliferator-activated receptor gamma (PPARG) will promote adipogenesis
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(adipocytes and poorly adhered, round cells) (Biggs et al., 2009). If medium ERK

activation is stimulated proliferation and fibrogenesis will occur. If ERK is
heavily phosphorylated it will negatively feed back on itself to slow growth and
e.g. RUNX2 will be phosphorylated promoting osteogenesis (hence osteoblasts

are large cells with large adhesions) (Biggs et al., 2009).

Morphological and gene expression differences have been noted with changes in
the in vitro environment presented to stem cells (including 2 dimensional (2d)
culture versus 3 dimensional (3d) scaffolds). Culture of mouse embryonic stem
cells in porous tantalum and on solid substrates revealed the exclusive
expression of several genes following 3d culture, including the gene encoding
BMP 4 (Liu et al., 2006).

An in vitro study of chemical vapour deposit (CVD) nanopatterned diamond
features suggested that features in the range of 30-100 nm were more
supportive of osteoblastic functions than features approaching 100-600 nm in
size. Feature clustering may have contributed to the effect (Webster et al.,
2009). CVD can nanopattern bulk areas of material. Defined pillar-like titania
nanofeatures manufactured using through-mask anodisation, at a height of 15
nm can be particularly effective at promoting the differentiation of MSCs into
osteoblasts (McNamara et al., 2011; McNamara LE, Manuscript in Preparation;
Sjostrom et al., 2009a).

Culture of calvarial osteoblasts in differentiation media, on grit blasted Ti with
and without hydrogen fluoride, revealed an in vitro RUNX2 (2-6 fold) increase,
0OSX (0-3 fold) increase, BSP at days 1-14 (1-8 fold) increase (maximal at day 3).
BSP expression was reduced by day 14 (Guo et al., 2007). Fluoride-modified
rough etched Ti surfaces have been associated with an increase in RUNX2
expression by human embryonic palatal mesenchymal cells at 7 days (Isa et al.,
2006).
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MSC differentiation can be controlled to favour differentiation into osteoblasts

through low levels of distortional strain and interstitial fluid flow (Huiskes et al.,
1997), a principle important in the development of 3d scaffolds seeded with

stem cells and cultured to produce autologous osteochondral grafts.

1.7 My hypotheses and the progression to protocol development

The effects of nanotopography on MSCs and osteoblasts have been discussed.
The aim of this research is to investigate the possibility of using PCL in
combination with nanotopography as a substrate for expansion of autogenous
bone graft. | plan to test the hypothesis that both NSQ50 and nanoisland
topography will support osteogenesis on PCL and that the addition of HA into the

PCL will enhance the osteogenic effects.

The research outlined in chapter 4 using nanoisland topographies using HOBs
obtained from Promocell GmbH (Germany) was undertaken prior to my
development of techniques to isolate HBMCs and the research into the effects of
nanopit topographies on these cells. The research was performed in this way in
order to confirm or refute pilot studies undertaken by a colleague (Miss Gadhari)
and to hone my own tissue culture, immunofluorescence and qPCR techniques.
This part of my research has also led to experience in publication of manuscripts
{Maclaine, 2012 #162}.

The experiments that followed were undertaken in order to develop the
protocols for HBMC isolation and reduce the need for external and expensive cell
acquisition. Concurrently experiments examined dual-sided culture and the
effects of the NSQ50 topography. Human bone marrow was harvested from hip
arthroplasty patients, the mesenchymal stem cells culture expanded and used
for cellular analysis of substrate bioactivity. The cell line specificity and
osteogenic behaviour was demonstrated through immunohistochemistry,
confirmed by real-time PCR and quantitative PCR. Mineralisation was
demonstrated using alizarin red staining. Through the use of the HBMCs for
definitive research | hoped to show the protocols from shim production to bone
marrow harvesting and dual sided cell culture to be reproducible and potentially

applicable to economical larger scale production.
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Chapter 2 Protocol Optimisation: Materials and Methods

2.1 Introduction to materials and methods

The methods, pilot study results and discussion detailed (chapter 2.2-2.4)
provide an understanding of the thoughts and processes that led to the definitive
protocol used to delineate the effect of nanotopography on HBMC culture. The
process was gradual. The salient features are detailed with a discussion (chapter
2.4) following a description of the pilot study results (chapter 2.3). Three
nanotopographies (nanopits (NSQ50) and nanoislands (14 nm and 18 nm high))
were manufactured using two different techniques. Each technique is outlined.
The production pathway from shim to substrate was common to all topographies

varying solely with respect to the single or dual-sided nature of patterning.

Acellular analysis of substrates was undertaken with both the planar and
patterned surfaces being scrutinized using scanning electron microscopy (SEM)
and atomic force microscopy (AFM). Polycaprolactone (PCL) and nanopattern
degradation was determined after a 28-day period of exposure to air, simulated
body fluid (SBF) and media. SBF has ion concentrations approximately equal to
human blood plasma. Cellular analysis of substrates was undertaken using a
combination of light microscopy, immunofluorescence microscopy, gel and
quantitative PCR. The acquisition and culture of HBMCs from local sources is of
increasing interest to the Centre for Cell Engineering, at Glasgow University, and

was newly undertaken (2.2-2.4).

Single sided cell culture upon the uppermost surface of substrates is common
practice and procedures universally accepted (Kantawong et al., 2010; Kilian et
al., 2010; McMurray et al., 2011; McNamara et al., 2011). A significant amount
of work has enabled cell culture on the surface of biomaterials, within gels, and
within 3d constructs (Liu et al., 2006; Wang et al., 2010). Research has focused
on nutrient flow to the centre of such scaffolds (Huiskes et al., 1997). To our
knowledge there has been no attempt to culture cells on both surfaces of planar
and embossed substrates. | developed this new technique alongside my research
into the effects of nanotopography on HBMCs. The four methods of seeding and
cell culture trialled in the development of my dual-culture technique are
described (2.2-2.4).
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Osteogenic media remains the gold standard to which the osteogenic properties

of a substrate, culture media or technique are commonly compared (Dalby et
al., 2007; Jorgensen et al., 2004; Maclaine et al., 2012; Yang et al., 2003).
Autograft is the ‘gold standard’ graft to which all other bone grafts and their
substitutes are compared (Khan et al., 2012). HA and BMP are clinically utilised
alternatives to the in vitro usage of osteogenic media (Petit, 1999; Termaat et
al., 2005). This research has combined these in vivo and in vitro gold standards

in an analysis of the properties of nanopatterned PCL.

The pilot studies relating to this novel work are detailed (chapters 2.2-2.4) and
my definitive results are shown in chapters 3 and 4. Outlined in this chapter is a
background to the materials, cell lines and techniques used during the
development of the definitive protocols. The honing of substrate manufacture,
cell acquisition, cell culture and cellular analysis techniques will be detailed
with an outline and discussion of the preliminary results. Unless otherwise
indicated Sigma-Aldrich (UK) supplied the reagents and Vector labs, UK supplied
the immunostains. Details of the media and reagents used can be found in the

appendix.

2.1.1 Nanotopography

By default or design orthopaedic implants have a surface chemistry and
topography. In this research | am harnessing the power of topography and
examining its effects on HBMCs and HOBs. Nanoscale topographical research over
the last decade has fallen into two camps. Highly ordered topography is
fabricated down to 10 nm with high precision (Vieu C, 2000). Random nanoscale
roughness is associated with surface polishing, blasting, and anodisation
(Anselme et al., 2000). High-order surfaces tend to be low-adhesion (Dalby et
al., 2004a; Gallagher et al., 2002) whilst the results from roughened surfaces
vary due to a lack of reproducibility i.e. surfaces with two similar Ra values can
look very different. Recent evidence revealed that controlled disorder is critical

to inducing the osteoblastic phenotype (Dalby et al., 2007).
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The main topography of focus for my thesis, the NSQ50 topography, has been

shown to induce similar levels of MSC differentiation to the use of osteogenic
media (Dalby et al., 2007). NSQ50 topography uses a square pattern of pits (120
nm diameter, 100 nm depth and 300 nm centre-centre spacing) modified by the
addition of randomly calculated + 50 nm displacement in X and Y (Dalby et al.,
2007). | will also explore a new bottom-up fabrication methodology. Most
bottom-up methods, such as polymer phase separation (Affrossman et al., 2000;
Affrossman and Stamm, 2000), can be used to manufacture nanoscale surfaces
(Dalby et al., 2002a; Dalby et al., 2006b; Dalby et al., 2002b) but the order
cannot be easily controlled. The use of block co-polymers has changed this
(Cheng JY, 2002; Glass R, 2004; J. Y. Cheng and Vancso, 2002; Krishnamoorthy
et al., 2006). Tethering phase-separating polymer blocks to each other to give
(inverse) micelles can lead to surfaces with good (but not perfect) order, similar
to the NSQ50.

Three patterns incorporating nanodisorder manufactured using electron beam
lithography (EBL) (chapter 3.1) and block co-polymer phase separation (chapters
4.1-4.2) are represented in my thesis. EBL has been used in order to produce a
specific pattern of nanopits (NSQ50) (Dalby et al., 2004a; Dalby et al., 2007) and
block co-polymer phase separation has been used to produce two sizes of
nanoislands with good, but not perfect, order (Maclaine et al., 2012). The initial
fabrication step differed with the type of topography generated and is detailed
in chapter 3 for NSQ50 and in chapter 4 with respect to the nanoisland
topographies. The nickel plating and embossing of PCL was common to all

topographies (chapter 2.2.2).

2.1.2 Materials

The substrates used in this research were formed from PCL, a biodegradable
polymer (12-24 month degradation time) in clinical usage (food and drug
administration (FDA) approved) (Gadegaard et al., 2003). The thermopolymer
has a convenient melting point of 74°C rendering it readily patternable through
the use of hot-embossing (McMurray et al., 2011; Thoms et al., 2003).

Comparison of a variety of topographical surfaces to osteogenic media has been
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of long-standing import in the assessment of a substrate’s osteogenicity

(Maclaine et al., 2012). The media consisting of basal media with the addition of
dexamethasone and ascorbic acid can be used in vitro but is not used in clinical
practice. In this new research | have created a composite of HA and PCL (HAPCL)
to enable a comparison to be made between the effects of topography on
osteogenesis with the in vivo ‘gold standards’ of HA and BMP as well as
osteogenic media. The presence of HA in the PCL has been analysed in both

planar and patterned substrates.

HA and BMP are both used in vivo to enhance bone production. As previously
mentioned HA application to femoral stems, in the presence of roughened
topography, is commonplace (chapter 1.5.4). HA coats have been applied to
multiple orthopaedic and dental devices including external fixator pins. HA
containing composites have found clinical usage, for example a mixture of 20 %
HA and 80 % B-TCP has been used in both spinal (Fujibayashi et al., 2001; Kasai
et al., 2003; Moro-Barrero et al., 2007) and hip procedures (Stevens and George,
2005). HAPEX™, an early bioactive composite of polyethylene and HA has been
used successfully in the repair of orbital floor fractures and in middle ear
implants (Tanner, 1994). BMP has been used to enhance union rates in spinal
fusion surgery, in fracture healing de novo, and following fracture non-union
(Chen et al., 2004).

BMP

BMP was the factor contained within demineralised bone matrix deemed
responsible for induction of new bone formation when implanted in muscular
tissue (Urist, 1965). Incubation of a clonal myoblastic cell line with BMP2 for 6
days inhibited troponin and myosin formation and resulted in the formation of
numerous ALP positive cells. At concentrations above 100 ng/ml there was a
dose dependent result on ALP and OCN production, i.e. osteogenesis (Katagiri et
al., 1994). The effect was shown for 6 days, but on removal of the stimulus the
myogenic phenotype returned (Katagiri et al., 1994). A typical sequence of
events can be observed leading to the induction of endochondral bone formation

by BMPs (figure 2.1). Monocyte and mesenchymal cell recruitment and
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proliferation precede differentiation into chondrocytes and calcification of the

cartilage matrix. Vascular invasion is associated with osteoblast differentiation
and bone formation. Osteoclastic remodelling of the newly formed bone is

finally undertaken.

BMPs
|
chemotaxis +
1%
monocytes —> TGF-B
N chemotaxis // chemotaxis and
' proliferation
& +

cytokines and

c(:lt{wr Ir_o;vth factors matrix
-1, IL-6, compo-
FGF, PDGF) " nents @\\ l(.';.I:||sserwhymall
L 7
chemotaxis and/ |

proliferation

differentiation

Tors | / \L \

N\

BM: binds @ @
TGF-6 and PG
Chlemotaxisﬂ osteoblasts (: )

angiogenesis l chondrocytes

\mae”ng %@}

osteoclasts

Figure 2.1 The mechanisms of action of BMPs in bone repair. BMPs are
related to chemotaxis of monocytes and a release of TGF-8 enhancing
proliferation of MSCs, the production of matrix components and the release of
cytokines (interleukin-1 (IL-1) and interleukin-6 (IL-6) and other growth factors
FGF and platelet-derived growth factor (PDGF)). The BM (basement membrane)
binds TGF-B and BMPs leading to osteoblast recruitment and differentiation and
osteoclastic remodeling. Reproduced from Bone Morphogenic Proteins. (Termaat
et al., 2005).
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2.1.3 Cell lines

A number of cell lines have been used to understand the cellular behaviour of
the skeletal system in this thesis including Htert fibroblasts, osteoprogenitor
cells isolated from human bone marrow and HOBs. Htert, a human telomerase
reverse transcriptase immortalised cell line, was readily available within the
laboratory and provided an inexpensive number of cells upon which to trial ideas
during protocol development. These cells (obtained from ATCC, USA) are used in
the introduction of students to tissue culture due to their ready adherence,
rapid cell division (1:2 to 1:3 twice weekly), hardiness and phenotype

maintenance through 15 doublings.

As aforementioned following the acquisition of generic tissue culture experience
| used primary HOBs were obtained from PromoCell GmbH (Germany) and
undertook the assessment of the nanoisland topography detailed in chapter 4.
Subsequently | isolated cells from bone marrow and from cancellous bone
fragments (obtained at the time of hip arthroplasty). The cells obtained from
the cancellous bone fragments were not fully characterised, and therefore solely
used as a disposable cell line during pilot studies in the latter stages of protocol
optimisation (chapter 2). Responsible for the synthesis of bone matrix, and in
certain circumstances matrix mineralization, HOBs have the disadvantages of
being relatively slow to proliferate. The proliferation of HOBs ceases with
increasing differentiation and mineralization and therefore these cells were not

used in the definitive experiments (chapter3).

Human bone marrow represents a readily harvestable and locally available
source of stem cells, progenitors and mature cells (collectively referred to as
HBMCs hereafter) (Caterson et al., 2002). Obtained through the extraction of the
mononuclear cell fraction (Caterson et al., 2002) the HBMCs used in my research
have been obtained from bone marrow sourced from arthroplasty patients, a
demographic similar to that for whom a paucity of bone graft is a problem. The
heterogeneous nature of the cells harvested cell is representative of the cell
population encountered by the final product (culture expanded bone graft). In

addition to their use within my definitive research into dual sided cell culture
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and the NSQ50 nanopit topography | also provided HBMCs for use by other

students and subsequently teaching into their isolation.

2.1.4 Background to experimental techniques

My assessment of the substrates involved acellular and cellular analysis. To
analyse the cellular reaction to the substrates | have applied techniques
including the use of light and immunofluorescence microscopy and cell fixation
in association with the application of cell stains. | used SEM and AFM for the

delineation of substrate topography and degradation characteristics.

Culture of osteogenic cells on Titanium has yielded results that illustrate the
need for temporal analysis of gene expression and protein production in
mineralising cultures (Ong et al., 1997). Messenger ribonucleic acid (mRNA)
extracted from cells can be qualitatively and quantitatively analysed using
reverse transcription (RT) and polymerase chain reactions (PCR). | have
temporally analysed the effects of the topographies using both microscopy and
PCR.

Light microscopy

The passage of visible light through or reflection by a sample enables imaging of
dark or strongly refractive objects. Resolution of 0.2 pym is imposed due to
diffraction of light (Croft, 2006). Contrast within images is commonly enhanced
using dyes such as Coomassie blue (a nonspecific stain for proteins) and alizarin
red. Alizarin red is an early stage marker of matrix mineralization, day 14 of in

vitro culture (Caterson et al., 2002).

Immunofluorescent microscopy

llumination with a specific high energy light results in the emission of
fluorescence, a lower frequency light that differs in wavelength from the
excitation light. In the absence of autofluorescence the use of antibodies in

combination with a fluorophore (such as Rhodamine or Fluorescein
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isothiocyanate (FITC)) may be undertaken. Rhodamine phalloidin (TRITC)
staining of the cytoskeleton may be combined with DAPI staining of
dioxyribonuclease acid (DNA) and fluorescein staining of OPN or OCN. The peak
excitation and emission wavelengths of TRITC and FITC are 547 nm & 572 nm and
495 nm & 521 nm respectively. DAPI shows a strong blue fluorescence
(wavelength 455 nm) when bound to the Adenine=Thymine (A=T) rich repeats of

chromosomes and excited by ultraviolet light (wavelength 345 nm).

Immunofluorescent staining may be direct or indirect. Direct staining (figure 2.2)
involves the association of a target (proteins in figure 2.2A and B) to a
fluorescence-labelled antibody (anti-A in figure 2.2). Indirect staining involves
the attachment of a primary antibody (for example rabbit anti-A in figure 2.2) to
a target (A) before becoming the target for a fluorescence-labelled antibody

(goat anti-rabbit in figure 2.2B).
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Figure 2.2 Direct and indirect immunohistochemical staining. Image A shows
direct immunohistochemical staining using a labelled antibody binding directly
to the antigen being stained for. Image B shows the indirect method using an
antibody against the antigen being probed for, and a second, labelled, antibody

against the first. Adapted from (Leinco, 2013).
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AFM (Atomic Force Microscopy)

Binnig, Quate and Gerber invented AFM, in 1985 (Eaton and West, 2010). Certain
modes of AFM, such as that used in my research, utilise a laser beam deflection
system. On ‘tapping mode’ a stiff cantilever oscillates close to the sample and
the tip intermittently taps or touches the surface. The dragging or lateral forces
associated with the contact mode were thus limited. The measurement taken is
the deflection of the cantilever. | have included AFM and SEM images and cross-

sectional analysis of the nanoisland topography (chapter 2.3.1).

SEM (Scanning Electron Microscopy)

SEM was developed between 1935 and 1965 (Croft, 2006). Surfaces are imaged
through an analysis of the interaction of the atoms of a material surface with a
high-energy beam of electrons. The resolution of SEM is between <1 nm and
20 nm (Croft, 2006). 3d data can be gathered using SEM. In this research the
SEM has been used to analyse surface topography and obtain the surface

roughness measurements used in my research (chapter 2.3.1).

Phenotype identification through analysis of gene expression

Tissues may be classified according to an analysis of gene expression.
Identification and quantification of mRNA produced is undertaken using a
process of RT in combination with PCR plus gel electrophoresis (real time (rtPCR)

or gel PCR) or quantitative (qPCR).

RT (Reverse Transcription)

RT creates single-stranded DNA from an mRNA template (figure 2.3). Ribonucleic
acid (RNA)-dependent DNA polymerase transcribes the mRNA producing
complementary DNA (cDNA). Reverse transcriptase degrades the RNA in the RNA-
DNA hybrids producing cDNA for use in PCR.
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Figure 2.3 RT (adapted from the Quantitect reverse transcription handbook)
(Qiagen, 2009). The three component steps of RT using the Quantitect RT kit

include primer annealing, RT and RNA degradation.

PCR (Polymerase Chain Reaction)

PCR generates sufficient genetic material to investigate the genetic functions of
the cells harvested (figure 2.4). Thermal cycling enables the separation of the
two stranded DNA and enzymatic DNA replication. A DNA polymerase enzyme
(such as Thermostable DNA (Taq) polymerase assembles new strands of DNA from
nucleotides present in the solution through the use of single-stranded DNA
templates. DNA oligonucleotides (primers) are required for the initiation of DNA
synthesis. Progression of the reaction is brought about when the products of the

first reaction become substrates for the next.
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Figure 2.4 PCR (Adapted from the National centre for biotechnology
information (NCBI)). PCR involves cycles of DNA strand separation, annealing
(binding of forward and reverse primers to the 2 DNA strands) and synthesis of
new DNA using DNA polymerase (NCBI, 2013).

DNA amplification occurs exponentially until the reaction is limited. Limiting
factors are: the presence of inhibitors, the running out of reagent, the

accumulation of pyrophosphate molecules, or self-annealing of the product.

Real time PCR

RtPCR utilizes gel electrophoresis to delineate the DNA products of PCR.
Comparison of the DNA products with ladders incorporating known products
indirectly identifies the mRNA harvested from the original cells or tissue. An
approximation of quantity can be conferred from the extent of fluorescence of

attached markers in each band.
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qPCR (Quantitative PCR)

Real-time monitoring of DNA amplification, introduced by Higuchi et al in 1993,
utilizes the linear relationship between the quantity of target DNA obtained
from an RT reaction and the product generated during the exponential phase of
PCR. A probe is attached to the DNA down-stream from the primer (figure 2.5).
Fluorescence is emitted when the probe is reached by the DNA polymerase
enzyme, degraded and separated from the DNA and from its quencher. A
measurement of the fluorescence emitted provides a quantification of the DNA
being replicated at each stage. Annealing of the primer and probe to the DNA
strand brings the quencher back into proximity with the reporter fluorophore

and the fluorescence stops (figure 2.5).
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Figure 2.5 Real time gPCR The real-time aspect of QPCR (Image from (NCBI,
2013)).
degraded from the DNA at the end of each replication at which point the

The quencher absorbs the fluorophore emission until the probe is

emission is detected and measured.
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Quantification is undertaken as a calculation of the number of cycles (cycle

threshold (CT)) required in reaching the exponential phase of the reaction
(figure 2.6). The lower the amount of the target mRNA extracted from the
original sample, converted to cDNA in the RT reaction, and entering the qPCR
reaction, the greater the number of cycles required to reach the CT. For
comparative purposes similar total quantities of mRNA are used in the control
and target assays. The quantity of target DNA obtained from the experimental
tissues or cells relative to the quantity of DNA from a housekeeper gene is
compared to that obtained from the control tissues or cells. A plateau effect

occurs when amplification ceases (figure 2.6).
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Figure 2.6 A model ‘real time’ qPCR plot (Adapted from the National centre

for biotechnology information (NCBI, 2013). Thermal cycling produces an
exponential increase in DNA until a plateau phase is reached. Limiting factors
include quantity of available reagent and enzyme, and the presence of reaction

inhibitors.

2.1.5 Gene expression and cell phenotype

Cells express proteins as a result of up or down regulation of genes within their
DNA. These genes can be controlled in a number of ways including the use of
transcription and growth factors. Cells consistently express some genes
irrespective of phenotype. These housekeeping genes, including GAPDH and 18S,
are responsible for basic cell functions and are commonly used for comparative

purposes in assays of gene expression.
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When they start to differentiate into osteoblasts, Osteoprogenitors express a
range of genetic markers, including OSX, COL1, Osteonectin, OPN and OCN
(Table 2.1). Markers have been identified for cells of other mesenchymal
phenotypes including cartilage, muscle, fat, and neural tissue (Table 2.1). |
analysed multiple gene products in my determination of the effect of the

nanotopographies on HOBs and HBMCs.

BMPR2 Expressed by multiple tissues, involved in up-regulation of bone

mineralisation.

RUNX2 Expressed by immature osteoprogenitors, it upregulates

osteogenesis.

Osteonectin Required for calcification of collagen in bone and involved in ECM

synthesis.

OPN Expressed by fibroblasts, preosteoblasts, osteoblasts, osteocytes,
hypertrophic chondrocytes, dendritic cells, skeletal muscle cells
and some bone marrow cells. Synthesis of osteopontin is

stimulated by calcitriol (1,25-dihydroxy-vitamin Ds).

OCN Solely secreted by Osteoblasts.
SOX9 Marker of chondrocyte differentiation.
MYOD1 Marker of myogenic differentiation, one of the earliest markers of

myogenic commitment.

PPARG Marker of and regulator of adipocytes.

TUBB3 Marker for neural cells, primarily expressed in neurons and

responsible for microtubule formation.

GAPDH Responsible for the protein involved in the catalysis of the 6™ step

of glycolysis, amongst other functions.

18S Responsible for ribosomal RNA, important random target in PCR.

Table 2.1 Gene expression and cell phenotype. Gene products may
predominate in osteogenesis, be markers for alternative mesenchymal tissues or

common to tissues of multiple lineages.
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2.2 Methods

Ethics approval obtained by Mr Meek in 2004 was sufficient to enable bone
marrow aspiration from living donors at the time of total hip arthroplasty, HBMC
isolation and use for this research. The ethics agreement number was
04/50702/22. In addition each patient was consented for the retention and use
of residual tissue for in vitro research. Although this consent forms an integral
part of the routine informed consent process undertaken prior to total hip
arthroplasty, a supplementary form was also used. Nursing and medical staff
obtained consent at the time of procedural consent. All those in contact with

the bone marrow had been previously immunised against Hepatitis B.

2.2.1 Shim manufacture

Samples were fabricated using a three-step process. Shim production using
either EBL (NSQ50) (Gadegaard et al., 2003) or the block co-polymer technique
(nanoislands) (Maclaine et al., 2012) was followed by nickel die fabrication and
thumb embossing. The details with respect to the shim production of the

nanopits and nanoislands were topography specific (chapters 3 and 4).

2.2.2 Preparation of PCL substrates
PCL beads (molecular number (Mn) 60000) were soaked in 99 % methanol for 1 h

prior to removal of the supernatant and air-drying in a fume cupboard for 24 h.

Single bead melts
PCL beads were placed onto a heat resistant glass sheet at 2 cm intervals and
heated (74 degrees centigrade (°C)) until they resembled water droplets

(defined as a wet melt).

PCL sheets

A petri dish containing dried PCL beads was emptied onto the centre of a heat
resistant glass sheet. A second sheet applied to the top and was held in place
with Bulldog clips. The beads were melted (74°C) until the molten PCL neared
the glass sheet edges. Cooling at room temperature preceded clip removal. PCL

sheets were stored between glass plates.
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HAPCL sheets

HAPCL 20 % by weight was made by melt mixing HA powder into PCL. The weight
of a PCL sheet was measured and an appropriate quantity of spray dried HA with
a particle size 4 pm and surface area of 10 m?/g was used. Aliquots of HA were
sequentially added to a molten PCL sheet. The HA was mixed into the molten
PCL in a method similar to cement mixing by builders, using a microscope slide
the molten PCL gathered into the middle of the glass sheet upon which it was
melted and spread repeatedly until the PCL solidified, at which time it was
remelted and further HA was added. Increasingly concentrated HAPCL sheets
were formed by repeating the process until the composite was macroscopically

homogeneous.

Planar substrates

An ethanol washed air-dried shim or glass microscope slide was warmed to 74°C
on a copper heat sink. 1 cm? planar substrates were manufactured as follows and
used as controls in experiments involving the NSQ50 topography. Three bead
melts were placed onto the slide and when wet melt was achieved (and the
surface of the bead reflected light evenly) a further warmed glass slide was
placed on top. The slides were placed on a heat resistant surface and thumb
pressure applied such that 1.3 cm diameter PCL substrates were formed. Using a
scalpel and forceps, 1 cm? square substrates were cut out and placed in petri

dishes.

Planar substrates were manufactured by cutting 2.5 cm x 2.5 cm squares of PCL
sheet and placing onto a warmed microscope slide (74°C) to melt. On wet melt a
further warmed glass slide was placed on top. The slides were placed on a heat
resistant surface and thumb pressure applied. 2.5 cm x 2.5 cm square substrates
were cut out and stored for use as controls in experiments involving the

nanoisland topography.



