|

‘EE

N )

University
of Glasgow

Wilkinson, Andrew James (2016) Biomimetic topography in orthopaedic
ceramic. MD thesis.

http://theses.gla.ac.uk/7791/

Available under License Creative Commons Attribution Non-commercial Share Alike:
https://creativecommons.org/licenses/by-nc-sa/4.0/

Glasgow Theses Service
http://theses.gla.ac.uk/
theses@gla.ac.uk



http://theses.gla.ac.uk/7791/
https://creativecommons.org/licenses/by-nc-sa/4.0/
http://theses.gla.ac.uk/
http://theses.gla.ac.uk/
mailto:theses@gla.ac.uk

Biomimetic topography in Orthopaedic Ceramic

Andrew James Wilkinson
MB, BCh, BAO, MRCS,

FRCS Trauma Orthopaedics (Edinburgh)

University

& of Glasgow

VIA VERITAS VITA

Submitted in fulfilment of the requirements for the degree of MD

Centre for Cell Engineering
Institute of Molecular, Cell and Systems Biology
College of Medical, Veterinary and Life Sciences
University of Glasgow,
G12 8QQ

January 2016



Abstract

The primary objective of this research was to perform an in vitro assessment of
the ability of microscale topography to alter cell behaviour, with specific regard
to producing favourable topography in an orthopaedic ceramic material suitable

for implantation in the treatment of arthritis.

Topography at microscale and nanoscale alters the bioactivity of the material.
This has been used in orthopaedics for some time as seen with optimal pore size
in uncemented hip and knee implants. This level of topography involves scale in
hundreds of micrometres and allows for the ingrowth of tissue. Topography at

smaller scale is possible thanks to progressive miniaturisation of technology.

A topographic feature was created in a readily available clinically licensed
polymer, Polycaprolcatone (PCL). The effect of this topography was assessed in

vitro.

The same topography was transferred to the latest generation composite
orthopaedic ceramic, zirconia toughened alumina (ZTA). The fidelity of
reproduction of the topography was examined using scanning electron
microscopy (SEM) and atomic force microscopy (AFM). These investigations
showed more accurate reproduction of the topography in PCL than ZTA with

some material artefacts in the ZTA.

Cell culture in vitro was performed on the patterned substrates. The response of
osteoprogenitor cells was assessed using immunohistochemistry, real-time
polymerase chain reaction and alizarin staining. These results showed a small

effect on cell behaviour.

Finally metabolic comparison was made of the effects created by the two

different materials and the topography in each.

The results have shown a reproducible topography in orthopaedic ceramics. This
topography has demonstrated a positive osteogenic effect in both
polycaprolactone and zirconia toughened alumina across multiple assessment

modalities.
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staining after three days of culture. Red = actin, green = tubulin/vinculin,
blue = nucleus. Reprinted with permission from Elsevier {Wilkinson:2011bo}
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Figure 4-1 SEM pictures of the embossed substrates of polycaprolactone easily
visible through the monolayer of human osteoblastic cells. The morphology
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of the feature are smaller in both axes that intended or achieved by the
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good visual data on the multiple peak surface presented to the cells. Where
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Figure 4-7 distortion of 30 um embossed ceramic. This valley feature is smooth
sided and very large but of a similar depth to the intended features. The
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however the continued presence of the defect through the entire length of
the substrate can not be explained by a technical error. 85

Figure 4-8 Distortion of a 40 pym embossed ceramic. There appears to be a

folding of the substrate affecting the feature and the background surface,
presumably this has occurred with removal of the embossing mask prior to
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crevice type structure, likely a side effect of the drying and sintering
process clearly this presents a feature to the cells that is much greater than
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Figure 4-15 3 dimensional reconstruction of a 40 micron pit, colour variation
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rather than sharp and defined, likely related to the granular structure of the
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Figure 4-16 A Schematic showing the difficulty in using a pyramidal cantilever tip
to attempt detection of a sheer edge feature. The interpretation of the
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Figure 5-6 Graphical representation of the distribution by size (y axis) for
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larger focal adhesions in the 40 pm substrate. 109

Figure 5-8 Graphical representations of the ratios of variance for a two way
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arising from within the sample (that is between triplicates) or due to the
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Figure 5-9 the graph and table from a three way ANOVA assessing the variance
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Figure 5-10 images for planar ZTA stained for OPN. Very little extracellular
protein is seen in these images. Protein levels are generally low within and
outwith the cells, the presence of intracellular protein makes the position
and clustering of the cells a slightly greater artefact in assessing the protein
level. 112
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more for the 20 pm substrate than for the planar control. The effect of cell
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Figure 5-12 Images for the 30 yum ZTA stained for OPN. As with the images seen
for the 20 ym substrate there appears to be greater intracellular and
extracellular protein in these images as compared to those for the control.

114

Figure 5-13 Images for the 40 um ZTA stained for OPN. These images appear very
similar to those captured for the other two embossed substrates. There may
be slightly greater extracellular protein expression but this is by no means a
clear difference. 115

Figure 5-14. Box plots for the data showing the thresholded particle count for
OPN, with expression of total area of protein. The left hand image shows
the data as processed. The patterned substrates show more particles of
OPN than the control, although there is significant variance. On the right
the data is shown post square root transformation. The differences in the
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particles than the other embossed substrates and the control producing the
least OPN. The data is shown as IQR and median, % significance over
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control P<0.05, significance over the other patterned substrates p<0.05
(GLM gamma transformation) 116

Figure 5-15. Box plots showing the mean particle size for OPN. The left hand
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@ significance over control p<0.05, % significance over 40 ym substrate
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background light levels creates a difficulty in accurately assessing the
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Figure 5-18 Images for 20 ym ZTA stained for OCN. A similar level of background
variation affects these images as is seen in those for the control.
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Figure 5-19 Images for the 30 um ZTA stained for OCN. Visual inspection of these
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Figure 5-20 images for the 40 pm ZTA stained for OCN, these images are by far
the most consistent for production of OCN, although the summative protein
deposition may not be greater than the control, the spread of protein from
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Figure 5-21. Box plots for the area covered by the OCN protein for all substrates.
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20 pm substrate p<0.05, B significance over 40 pm substrate p<0.05 (GLM
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compared to control, notably for the 20 um and 40 pm surfaces than the 30
pum surface. Error bars represent standard deviation. Control values are 0.
No statistically significant difference for any substrate over control (p
values of 0.17, 0.47 and 0.19 for 20 ym, 30 ym and 40 pym substrates) (Excel
® Microsoft). 125

Figure 5-26 Expression of Osteonectin (Blue) and BMPR2 (red) in PCR for culture
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standard deviation (represented with the error bars are much smaller at 14
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Figure 5-27 Graphical representation of gene expression with standard deviation
error bars for the osteogenic array. For all the above results where
upregulation is seen the standard deviation is high enough to prevent a
statistically significant result with the only statistically significant result
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Figure 5-29 Montage of all the scanned images of ZTA in triplicate across each
pattern. There is no discernable difference on these scanned image,
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assessment for overall colour reveals a great similarity, neither are there
any appreciable differences in the presence of any large nodules. 129

Figure 5-30 Montage of alizarin stained cells on ZTA ceramic. Inspection of these
images does not reveal any great difference in the presence of calcium
across the different substrates (x5 magnification). 130
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magnification). 131
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Figure 5-33 box plot of the size of particles stained by Alizarin red detected
across the planar control ceramic and the three patterned substrates. The
lower section of the graph may appear empty; the whisker representing the
lowest is too small to be appreciated. The upper whisker shows the upper
quartile. There is no statistically significant difference between any of the
topographies 133

Figure 5-34 Frequency histograms of the distribution of particle size. No
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red spectrum indicating upregulation. This graph is included for general
trend as there are too many metabolites included than could be sensibly
interpreted. The result from the graph indicates metabolic activity more
related to material than topography. 144

Figure 6-2 PCA for the overall metabolome of the samples. Three markers in
each colour indicate the location of each of the triplicates, colour coding in
the top right corner shows green for the patterned ceramics, pale blue for
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17

triplicate sample is outlined according to distribution. Progression of the X-
axis indicates the primary differentiating variable. This accounts for over 98
% of the distribution, the PCL samples are grouped with significant overlap,
where the ceramic materials are independent of each other. The Y-axis
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Figure 6-3 Heat map for lipid metabolism only. The colour legends show red and
green for patterned PCL and ZTA with dark blue and pale blue for flat PCL
and ZTA. The PCL samples are generally down regulated compared with the
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patterned surfaces create a greater upregulation than the controls. 147
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Figure 6-11 Stacked bar chart, canonical pathway involvement of the
topographical effect on ZTA. The overall trend is upregulation on the pitted
material over the planar. 152

Figure 6-12 Bar chart of the metabolic cell activity as it relates to cell function,
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1 Introduction

1.1 Biomaterials

Pathological conditions of the musculoskeletal system cause significant
morbidity mediated by pain and loss of function. They can be caused primarily
following excessive normal use of a healthy system, secondarily following a
traumatic, inflammatory or infective insult to a previously healthy system, or
they may present after normal limited use of an abnormal system as seen with
dysplastic conditions(Creek et al. 2011; Agricola et al. 2013; Jungmann et al.
2013).

For some of these degenerative conditions the damaged portions of the system
may be replaced. Total joint replacement with artificial bearing surfaces is one
of the most common examples of the successful substitution of artificial
materials. Any material that acts to augment or replace part of the body may be
referred to as biomaterials. The range of biomaterials is vast and they serve
many different functions. The development of biomaterials has progressed

through three generations (Boccaccini et al. 2005).

1.1.1 First generation biomaterials

The first generation have been adopted from other disciplines, this generation of
materials are constructed to replace or augment tissues, they function well if
they elicit no or at least very little tissue reaction. The most common materials
used in the manufacture of trauma surgery implants are first generation
biomaterials, these are mostly stainless steel and titanium, they are not
designed to generate a specific response from the body but support the body
while it heals with the potential to be removed at a later time (Hui et al. 2007;
Pate et al. 2009); in a similar vein the successful first generation arthroplasty
(joint replacement) materials work well when no significant tissue reaction is

generated.

Away from orthopaedics the artificial intraocular lens is a superb example of a
successful first generation biomaterial. Whilst cataract had been recognised and

treated in various fashions for many years no suitable material had been found
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to replace the human lens (RIDLEY 1952). Harold Ridley working as an opthalmic
surgeon noted the well-tolerated retention of particle of
ploymethylmethacrylate (PMMA) in the eyes of World War Il aircraft pilots (the
windshield was manufactured from PMMA and splintered on crashing). Following
this observation the PMMA lens was developed and implanted for the first time
in the late 1940s (Apple & Sims 1996), this adaptation of an existing material to
a biomaterial is present in many of the first generation biomaterials. The PMMA
both as shards in the eyes of pilots or as polished lenses replacing cataracts

generated very little tissue reaction.

Materials such as PMMA in lens implants and the titanium and stainless steel used
for trauma reconstruction are thought of as bioinert. Within first generation
biomaterials this inert quality was integral to the success of the implant. With
increasing research into the interaction between tissue, fluid and artificial
materials we now understand that no material is truly inert. All materials when
implanted in the body are exposed to contact with proteins (Santin et al. 1997).
The surface of the material induces a conformational change in the protein
(Norde 1986) and the entire surface of the material is coated. In the right
settings the protein layer is sessile and the materials are very well tolerated,
this represents the inert end of the biocompatibility spectrum (Kasemo &
Lausmaa 1988) and allows first generation biomaterials to function well. What is
the potential to use the process of tissue contact to deliberately move away

from inert materials to those that actively promote tissue response?

1.1.2 Second generation biomaterials

Where first generation biomaterials sought as little host reaction as possible
second-generation biomaterials represent a desire to move towards a positive
action and reaction, in order to enhance the interface of the material and the
host tissues (Hench & Wilson 1984). These second generation materials are still
biocompatible but demonstrate properties that may be biomimetic, bioactive
and bioresponsive. The engineered action and reaction seen with second-
generation biomaterials varies by material and design but may be regarded
broadly as improving fixation of a permanent implant or providing function for a
limited period of time after which the biomaterial will degrade to be replaced

by normal tissues.
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The two most widely acknowledged materials to increase fixation and bone
formation in the host are hydroxyapatite (Epinette & Manley 2008; Voigt &
Mosier 2011) and the bioglasses (Stavropoulos et al. 2012; Heikkila et al. 2011;
J.-Y. Sun et al. 2009). These are both forms of bioceramic (1.2.3 Ceramic
development). Hydroxyapatite is biomimetic for the mineral phase of bone and
as such it seems intuitive that it should be a successful material (de Groot et al.
1998; Goyenvalle et al. 2003) this is reflected in the widespread clinical success
of hydroxyapatite coated implants (Kirsh et al. 2000; Furlong & Osborn 1991;
Batta et al. 2014). It is however interesting to note that clinical research has
now highlighted the equivalent effectiveness of non coated porous metal
implants (Li et al. 2013; Valancius et al. 2013). This does not denigrate the value
of hydroxyapatite coatings but serves to highlight the potential for topography
and other material properties to influence osteoinduction as powerfully as
chemical mediators. Bioglasses and Bioglass ® 4555 behave differently than HA
coatings, there are two principle mechanisms underpinning the bioactivity of the
traditional melt quenched bioglasses. The first path is the formation of the
hydroxycarbonate (HCA) apatite layer on the surface of the bioglass, this is a
very active layer and promotes very rapid bonding with bone it has five proposed
stages (Hench 1991; A. E. Clark et al. 1976) with the transformation depending
on the silica ions. The development of the HCA layer is well understood, less so
are the reactions that follow, the second path is determined by the dissolution
of the bioglass, which them stimulate an osteogenic response. These materials
can be used as coatings, as blocks and as particulates. In situ particulate
bioactive glass filling of bone defects demonstrates good targeted local tissue

regeneration (Xynos et al. 2001).

A range of materials is used in the manufacture of degradable implants for
medical use. These include Polylactic acid, polyglycolic acid and polyglecaprone.
Polylactic acid is a thermoplastic manufactured from renewable sources
(Garlotta 2001), although labelled as acids these materials are technically
polyesters (REF), their greatest clinical application to date has been in the
manufacture of degradable suture material: Dexon ™ (polylactic acid) a braided
absorbable suture is manufactured by Covidien Ltd (Medtronic 15 Hampshire
Street, Mansfield, MA 02048), Monocryl ® manufactured from polyglecaprone by
Ethicon LLC (4545 Creek Road, Cincinnati, OH 45242) is a monofilament suture.
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These materials have become so commonplace in the world of surgery the
comprehensive list of available materials is beyond the requirements of this
passage, this serves as an indicator of the success found for this type of second-

generation biomaterial.

These polyesters have also been manufactured into more solid form for use in
the fixation of fractures (Athanasiou et al. 1996). The results for clinical
application have been mixed, with some success demonstrated for use in
children (Bostman et al. 1993; Hope et al. 1991) . A number of studies have
highlighted the risk of reaction to the breakdown products of these fixation
materials (Bostman 1992; Bostman et al. 1992; Bergsma et al. 1993; Bostman
1991). Histological examination has shown abundant giant cells with a non
specific foreign body reaction including the formation of granulomata (Bostman
et al. 1990; Bostman 1992). These changes may be detected on magnetic
resonance scans of knees following anterior cruciate reconstruction up to ten
years after the index procedure (Warden et al. 2008). Importantly the presence
of a non specific foreign body reaction does not routinely correlate to

manifestation of symptoms (Warden et al. 2008; Bostman et al. 1990).

Further applications have been found in the world of sports medicine; suture
anchors and interference screws are manufactured from various biodegradable
polymers (Weiler et al. 2000). Further advances have also been made combining
the polyester with hydroxyapatite (P. L. Lin et al. 2007; J. Chen et al. 2006)
with clinical studies showing acceptable results regarding fixation, longevity and

tissue reaction. (Cox et al. 2014).

1.1.3 Third generation biomaterials

Third generation biomaterials are being developed to target specific and on-
going stimulus to the host tissues at the cellular and genetic level. The roles and
challenges for the third generation of biomaterials in the 21°* century are
extensively explored in a lead article by Professor Hench, who discovered
bioglass (Hench 2006) where five separate challenges are identified. (Hench &
Thompson 2010) These five challenges are; the regeneration of tissues, tissue
engineering, stem cell engineering, infection control, in vitro testing of toxicity

and compatibility of biomaterials and nanoparticles. In the setting of
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arthroplasty these five challenges may be applied to regeneration of damaged
and worn systems (Jenis & Banco 2010; Pimenta et al. 2008; Best et al. 2008;
Bartlett 2005; Behrens et al. 2006) or they may be applied to the materials

selected to augment or replace the worn system.

Really, the materials facets that can be controlled to achieve third-generation
materials are chemistry, mechanical properties (within physiological levels to
influence cells - up to 40 kPa) and topography and combinations of these. For
example, as has been described, hydroxyapatite and the bioglass show that
chemistry is important, then Annaz et al. demonstrate that even a chemically
suitable and attractive material such as hydroxyapatite can be improved with
optimal topographical features (Annaz et al. 2004). In order to understand the
physical and chemical features that contribute to a favourable host reaction and
therefore a successful biomaterial the details and behaviour microenvironment

for the implant should also be investigated.

The majority of implants in orthopaedics are applied to the surface of or the
inside of bones, this is true for trauma implants with plates on the surface and
rods and screws exposed to the central portions of bone, as it is true for joint
replacement components, placed against the exposed surface of medullary bone
Figure 1-1. The primary cells of this microenvironment will be bone cells within

the extracellular matrix.

1.1.4 Bone biology

Bone is a multiple composite structure; the elements involved are: organic and
inorganic, cellular and extracellular; the forms of bone are mature and
immature, cortical and trabecular bone in varied composition according to

functional requirement.
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Figure 1-1 Orthopaedic implants in contact with bone. Clockwise from top left, a sliding hip
screw with the barrel and threads in the medullary bone, an uncemented femoral implant against
the medullary bone and screws through a plate, contacting both the cortical and medullary bone.
Bones exists in a variety of shapes and sizes. Tubular bones have repeated
recognisable features, diaphysis, metaphysis and epiphysis. Examples of the
tubular bones are the femur, tibia, metatarsals and metacarpals. Flat bones
share fewer features, they often have projections for attachment of soft tissue
or articulations with other bones; examples include the scapula and the skull.
Sesamoid bones are bones within tendons, the best example of which is the
patella. The specialised bones of the wrist and foot are irregularly shaped to
accommodate the advanced functions of these compound articulations. The
structural arrangement of tissue within each bone is varied but shares a common

template.

Each bone is constructed of two forms, outer cortical bone and inner spongy or
trabecular bone. Cortical bone is constructed of a circumferential section of
compact bone and a series of inner osteons, all formed from lamellar bone. Each
osteon consists of many layers of tightly packed bone surrounding a central
canal; each canal contains a blood vessel, nerve endings and lymphatics. The
structure of lamellar bone in this way allows adequate blood supply to a
structure that would otherwise be too dense. Trabecular bone on the other hand
is constructed of multiple thin bridges or strands; each trabecula is constructed
of several lamellae, collectively thin enough to be sustained by the blood in the
spaces between the strands, without requiring the structure of an osteon. The
brief outline of structure above pertains to mature bone. All mature bone is

lamellar, whether trabecular or cortical; woven bone is immature with a
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disorganised collagen structure and a high number of cells. This immature bone
is normal in a number of circumstances such as embryonic skeletal development
and fracture callus; in other situations the presence of woven bone is concerning
- examples being woven bone produced by osteogenic sarcoma, or in Paget’s

disease of bone.

1.1.4.1 The extracellular constituents of bone.

The extracellular matrix of bone comprises inorganic and organic components.
The inorganic portion of bone is mostly crystalline calcium phosphate salt, in the
form of hydroxyapatite, it constitutes around 60% of the dry weight of bone
(Junqueira & Carneiro 2003). Other inorganic components are smaller amounts
of carbonate, fluoride acid phosphate, magnesium and citrate. The organic
component of the extracellular matrix is composed of: Type | collagen, multiple

non-collagenous proteins and growth factors.

Type | collagen is a fibrillar protein is a super twisted helix (Hulmes 2002). It is
produced primarily by osteoblasts as procollagen. Once procollagen is excreted
from the cell (packaged in vesicles) the polypeptide chains aggregate in units of
three to produce tropocollagen. Tropocollagen in turn gathers in order to
produce a microfibril. Fibres of collagen are formed by several microfibrils.
(Hulmes 2002; Hulmes 1992) Collagen fibres are arranged with pores between
the adjacent fibres and holes between the ends of fibrils have spaces between
adjacent fibres. Calcification occurs in the pores and holes and formation of the
crystalline hydroxyapatite occurs parallel to the fibres of collagen (Sela et al.
1987).

There are a number of non-collagenous matrix proteins. One of the families of
non-collagenous proteins is the Small Integrin-Binding Ligand N-Linked
Glycoproteins (SIBLING). The SIBLING family contains bone sialoprotein (BSP
(IBSP)), dentin matrix protein 1 (DMP1), dentin sialophosphoprotein (DSPP) and
matrix extracellular phosphoglycoprotein (MEPE). These proteins may be found
in multiple sites, they are mostly expressed in dentin and bone and are excreted
into the extracellular matrix during osteoid formation and mineralization
(Staines et al. 2012).
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As one of the SIBLING proteins, osteopontin is involved with regulation of
mineralization. It appears to have a modulating or inhibitory effect on
hydroxyapatite formation (Hunter 2013; Boskey et al. 2012). OPN is produced
both by osteoclasts and osteoblasts (Dodds et al. 1995; Sodek et al. 1995; Zohar
et al. 1997) It is found in abundance at sites of ectopic bone formation (Hunter
2013) and likely has an inhibitory role at these sites. The role it performs in
osteogenesis and bone remodeling is less certain but it is telling that it was first
identified as a bridging protein between cells and the hydroxyapatite component

of the extracellular matrix in bone (Sodek et al. 2000).

Osteocalcin is another non-collagenous protein found abundantly in bone (Wolf
1996). OCN is produced by osteoblasts in the late stages of differentiation after
the proliferation phase is complete under the control of the RUNX2/Cbfa1
transcription factor (Carvallo et al. 2008). The presence of osteocalcin may
therefore be used as an indicator of the presence of mature differentiated
osteoblasts. The precise role of osteocalcin is still a little unclear, with some
data to show that addition of osteocalcin to an in vitro study improves the
adhesion of osteoblast like cells to a biocement (Knepper-Nicolai et al. 2002).
One animal model has shown that OCN added to a composite implant improves
bone healing and the appearance of active osteoblasts. This positive evidence is
balanced by a knockout animal model demonstrating higher bone mass in
animals without OCN (Ducy et al. 1996). Rather than suggesting that OCN inhibits
bone formation the combination of these additive and subtractive effects of OCN

on bone formation suggest an integral role in bone homeostasis.

1.1.4.2 Cellular components of Bone

Osteoblasts, osteocytes and osteoclasts are the cells common to bone
throughout (Revell 1983; Freemont 1993). Osteoblasts are mononuclear
specialised cells with a large Golgi apparatus and abundant endoplasmic
reticulum (Marks & Popoff 1988), once mature they secrete non-mineralised
bone matrix (Gori et al. 2000). Osteoblasts originate from mesenchymal cells,
during embryonic development they are involved in the two types of bone
formation (Marks & Popoff 1988). During intramembranous ossification the flat
bones (for example the skull) are formed as condensations of mesenchymal cells

differentiate into osteoblasts and form non-calcified bone matrix (osteoid). The
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bone matrix is then mineralised, flat bones grow by apposition (that is bone
growing on existing bone), allowing a lamellar structure. During enchondral
ossification a cartilage model of the bone is slowly remodelled to bone through
the combined action of osteoclasts and osteoblasts; the processes of enchondral
ossification are more complex than those for intramembranous ossification. First
stem cells differentiate to cartilage cells and create a cartilage model, once the
chondrocytes stop dividing they become hypertrophic and produce fibronectin
and type X collagen, this allows the matrix to be mineralised. Finally vascular
invasion begins the process of ossification; the hypertrophic cartilage cells die,
stem cells differentiate to osteoblasts and lay down matrix on the degrading
cartilage matrix. The matrix is then ossified completing the replacement of the

cartilage model.

Osteoclasts are multinucleate cells related to the monocyte/macrophage line.
They require a number of conditions to successfully develop: the presence of
osteoblasts, Tumour Necrosis Factor, Colony stimulating factor and a variety of
interleukins. Osteoclasts are bone resorbing cells, found in areas of active bone
turn over they are seen sitting in Howship’s lacunae (or resorption pits).
Resorption of bone occurs in a confined area. Osteoclasts have several
specialised features that facilitate bone resorption; the ruffled border and the
clear zone are critical to this function. The ruffled border is formed by extensive
folding of the plasma membrane (Chambers 1985), Carbonic anhydrase in the
cell cytoplasm provides H* ions that are secreted via the ATP pump into the
sealed space under the ruffled border. The clear zone is abundant in actin
filaments; it allows the cell to bind closely to the bone matrix and provide a
contained space for the H* ions. The acidic environment combined with the
release of hydrolases creates an environment for resorption of bone and
degradation of collagen(Freemont 1993). When the osteoclast moves on the
resorbed area is a circular defect named as a Howship’s lacuna. This is the

feature | have selected to copy for embossing on implant materials.

The bone-remodelling unit is made of osteoclasts and osteoblasts working
together. Old bone is removed by the osteoclasts with new osteoid being laid
down by osteoblasts as the osteoclasts move on. The osteoid is then mineralised.

During the remodelling of cartilage and the continued remodelling of the
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skeleton through life some of the osteoblasts will be enveloped within the
osteoid matrix and become osteocytes (Marks & Popoff 1988). The osteoid
forming function of osteoblasts then is not their final function with some
becoming embedded, others remaining on the surface and others still proceeding

to apoptosis (Hock et al. 2001).

The control of multiplication and terminal differentiation is influenced by
transcription factors, growth factors and hormones (Aubin & Triffitt 2002).
Expression of the osteoblast phenotype through expression of bone specific
proteins such as osteocalcin and osteopontin (expressed by immature
osteoblasts) is controlled by the cbfal genetic pathway (Ducy et al. 1999)
(Komori 2009). Such transcriptional control is down-stream of growth factor and

adhesion driven signalling pathways.

Parathyroid hormone and parathyroid related peptide stimulate differentiation
of osteoprogenitors (Hock et al. 2002) and has been proven to be anabolic in the
setting of osteoporosis (Stewart et al. 2000). Clearly the relationship is highly
complex as parathormone is also related to apoptosis of osteoblasts and bone
turnover (Hock et al. 2001).

The bone morphogenic proteins are a subgroup of the transforming growth factor
Beta family. These potent factors, held in the extracellular matrix, are released
by osteoclasts during the remodelling process and are active on osteoblast
precursors to stimulate new bone formation. The balanced action of the
catabolic and anabolic remodelling of bone persists throughout life; given the
entrapment of some osteoblasts and apoptosis of others, a continuing source of
osteoblasts from osteoprogenitor cells must be present in reservoirs in adults.
Within the cambium layer of periosteum and medullary bone are multipotent
cells of mesenchymal lineage (Freemont 1993) these cells are known as
Mesenchymal Stem Cells (MSCs). The current accepted criteria that determine a
stem cell are; a cell that can continue to divide and produce a clonogenic colony
forming unit (CFU) and that the cells in that colony forming unit can specialise
into multiple different cell type. The idea of a stem cell for the haematopoetic
system is attributed to Alexander Maximow (Lashkouskaya et al. 2010) and may

have been postulated as early as 1908. The ability of bone marrow cells to
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produce colony forming units was demonstrated in the early 1960s (BECKER et
al. 1963; SIMINOVITCH et al. 1963). The first in vitro demonstration of cells that
were capable of multiplication and differentiation into different mesenchymal
groups was produced by A J Friedenstein in the 1960s, he is generally regarded
as the first to produce evidence that adult bone marrow contains MSCs and
demonstrated the multipotent CFU with differentiation into adipocytes,
chondrocytes, osteoblasts and highlighted their role as haematopoietic
supporting stroma (Friedenstein et al. 1966; Friedenstein 1976). (Friedenstein
1995) (Triffitt et al. 1998; Mirmalek-Sani et al. 2006). The adult bone marrow
contains all four types of mature specialised bone cells as well as MSCs; this is
the microenvironment for intramedullary implants. The presence of a first
generation biomaterial in this environment must interfere with the normal
control over the multiplication and differentiation of osteoprogenitor cells. This
disruption of normal differentiation may help to explain the fibrous
encapsulation of implants. Second generation biomaterials attempt to mimic
bone properties to improve bone apposition and third generation aim to further
exploit known regulators of bone growth to further enhance fixation of

materials.

1.2 The historical perspective on orthopaedic first
generation biomaterials

1.2.1 The early development of joint arthroplasty

The history of orthopaedics may be traced back through time. There is
documented evidence of musculoskeletal disease present in remains several
thousand years old with references to limb setting by the ancient Egyptians in
treating trauma (MacLennan 1999). For the vast majority of human history joint
disease has not had any form of reliable treatment. The earliest records of
attempts to manage arthritis begin with the work of Henry Park in the Royal
Infirmary Liverpool, in a letter to Percival Pott, Park describes how he excised
the affected joint (Anon 2005). Park was performing this operation to relieve
arthritis primarily in the elbow and knee joint. The first evidence of an excision
arthroplasty of the hip joint is credited to Anthony White working in the
Westminster Hospital. Although he left no formal record of the operation it is

highlighted in his obituary in the lancet (Anon. Anthony White (obituary).
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Lancet. 1849;1:324) This operation was rediscovered and popularised by
Gathorne Robert Girdlestone in the 1940s (Girdlestone 2008)

Themistocles Gluck performed the first formal replacement of a joint in 1890.
Dr Gluck experimented widely on animals prior to use of his inventions in his
patients. He designed many different joint replacements and is credited with
the first hip and first knee replacement (Gluck 2011). Indeed Dr Gluck
experimented with many of the implant technologies in use today. His writings
and drawings provide evidence of his use of the best press fit technologies of the
day favouring ivory in addition to his experimentation with various types of
cement (Gluck 2011). Tuberculosis was the clinical driver for joint replacement
at that stage and his attempts at joint replacement in young patients with no
antituberculous medical therapy came to an inevitable failure. In addition, as
with Sammelweis and Codman, he was rejected for his opinions and writings,
only later being acknowledged for his vision (Brand et al. 2011). Following the
inevitable failure of the early design of these replacements, interposition
arthroplasty, which is placing another material between two affected surfaces of
a joint, became popular with a range of materials used. The most successful of
these was Vitallium® an alloy of Cobalt, Chromium and Molybdenum - suggested
to Marius Smith Peterson by his dentist (Hernigou 2014). The material had been
used with success in dental prostheses already. Prior to Vitallium®, Smith
Peterson had used glass with the aim of creating a reactive tissue layer, glass
was mechanically unsuitable and failed through fracture, Vitallium® proved
much more successful than all the previous materials he had tried following the
initial failure of the glass mould, the Vitallium® prosthesis being used in 500
cases over ten years (Smith-Petersen 1948; Mahalingam & Reidy 1996; Hernigou
2014).

Ivory was used as a material for a hip prosthesis again in 1927 by Ernest
Heygroves, the results, however, were poor (Ratliff 1983). A great deal of
interest was found for the acrylic prosthesis of the Judet Brothers (Guilleminet
& Judet 2014). However, the prosthesis demonstrated high wear rates and
enthusiasm quickly waned (Guilleminet & Judet 2014). Vitallium®, which had
shown promise as an interposition arthroplasty, was used by three surgeons;

Thompson in 1950 developed his collared prosthesis with intramedullary
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extension (THOMPSON 1954), Bohlman and Moore had first placed their
prosthesis in 1940, they later refined the design to allow for bone ingrowth
(Sarmiento & Grimes 1963). Both the Austin Moore and the Thompson prosthesis
became extremely popular and were still commonly used at the turn of the 21°
century for treatment of fractures of the neck of femur. Kenneth McKee (G. K.
McKee 1970) and Peter Ring (Ring 1974) both developed metal on metal hip
prostheses. Dental acrylic had first been described for fixing hip implants in 1953
(HABOUSH 1953) and McKee used dental acrylic to cement his prosthesis in place
where Ring pursued an uncemented fixation. Both of these prosthetic designs
provided some very encouraging results. However they were both surpassed and
abandoned with the success of the low friction arthroplasty developed by Sir
John Charnley (CHARNLEY 1972).

1.2.2 Metal on Polyethylene

The materials used for the articulation of prosthetic joints saw its greatest
advance with the choice of metal on polyethylene by John Charnley following
the initial failure of PTFE as a bearing. Metal on polyethylene remains the most
common choice of bearing couple in arthroplasty surgery with little alternative
in knee replacement and some use of ceramic on ceramic couple in total hip
replacement (National Joint Registry for England et al. 2013). Early polyethylene
was sterilised and packaged in air, this polyethylene failed by delamination.
Investigation into delaminated polyethylene shed valuable light on the oxidative
profile of the material (Landy & Walker 1988). The massive popularity of metal
on polyethylene as a bearing follows polyethylene as the successor to
polytetrafluoroethylene, this had been used initially by Charnley due to it’s
extremely low coefficient of friction, unfortunately it did not have robust wear
characteristics and the wear particles generated caused tissue reaction and
osteolysis (Gheorghiu et al. 2010). Osteolysis was also seen in metal on
polyethylene hip replacements. This phenomenon, initially seen in cemented
hip replacements, was thought to be a reaction to cement, it was poorly
understood and was labelled ‘cement disease’ and has formed the foundation for
the split in cemented and uncemented prostheses across the Atlantic (L. C.
Jones & Hungerford 1987; Dunbar 2009). The process of macrophage induced
osteolysis when exposed to small particles of polyethylene is now understood
more clearly (Harris 1994; Atkins 2011; Orishimo et al. 2003; Goodman et al.
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2013; Jacobs et al. 2001). This process causes aseptic loosening of prostheses
and is the leading cause of revision arthroplasty. (National Joint Registry for
England et al. 2013).

1.2.3 Ceramic development

In parallel with the development of metal on polyethylene bearings the advances
in ceramic materials have been similarly impressive. Three forms of bioceramic
are recognised; fully resorbable bioceramics such as plaster of paris and calcium
phosphate, surface active bioceramics including bioglasses and hydroxyapaptite
and the third class, inert bioceramics, oxide ceramics that are of relevance to
the experimental work that follows this introduction. Resorbable ceramics have
been used for a variety of clinical purposes. Plaster of Paris has been used to fill
defects in bone, with reported uses beginning in 1892; it has continued to be
used successfully in orthopaedics as injectable putty to support voids
encountered during fracture fixation, as pellets or graft extenders and a variety
of other roles in dentistry (Thomas & Puleo 2009). Calcium phosphate is also a
commonly used synthetic bone substitute, it has uses in bone tumour defects
(Saikia et al. 2008) and fracture fixation augmentation (Cassidy et al. 2003). The
surface active ceramics have been discussed already (Section 1.1.2 second
generation biomaterials), Hydroxyapatite shows significant increases in
interfacial bonding in the early stages when compared to porous metals without
coating (Hench 1991). Other than a bioactive coating for joint arthroplasty
implants Hydroxyapatite has also been used clinically in ophthalmic surgery as
orbital implants (C.-W. Lin & Liao 2016). The bioglasses have not progressed to
mainstream clinical application in orthopaedics although there are some bone
substitutes with bioglass S53P4 gaining some interest in the treatment of bone
infection (Munukka et al. 2008; Romano et al. 2014).

1.2.3.1 Inert ceramic as an uncemented biomaterial

The first recorded manufacture of an oxide ceramic was by Smith in 1983 who
mixed an epoxy resin with 48% porous aluminate ceramic (Hulbert et al. 1982).
Patented and manufactured, Cerosium underwent a number of clinical tests.

Animal trials revealed that this hybrid material was very well tolerated by the

hosts, eliciting a mild early inflammatory response around the time of insertion,
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the pores in the material were not surrounded by a membrane (Rhinelander et
al. 1970) but filled with host tissue ingrowth and notable progression of ordered
bone formation within the pores (Bhaskar et al 1971). Further experimental work
was carried out when Hulbert (Hulbert et al. 1972) investigated three different
calcium oxide ceramics, Ca0.Al;,03, Ca0.TiO and Ca0.ZrO,. In a rabbit model the
materials were introduced both as porous and non-porous ceramics for 9 months
into connective tissue. The degree of fibrous capsule formation was inversely
related to the size of the pore, with pore size of 100 to 150 ym much more
favourable for bone growth than size 45 to 100 pm. The same author had
contributed previously to the relationship of pore size to tissue ingrowth showing
in 1970 (Hulbert et al. 1970) that a larger pore size (up to 200 ym) encouraged
much more penetrative tissue ingrowth with some primary osteons visible in a
few of the larger pores. Pore size, therefore, is a static determinant of tissue
reaction in a dynamic system. Ducheyne in 1977 (Ducheyne et al. 1977)
observed the effect of movement at the bone implant interface; dynamic
systems required greater pore size for ingrowth than static systems. In addition
to pore size and system dynamics, the composition of the material also
influences tissue response. Calcium aluminate implants demonstrate a
consistent interfacial seam of osteoid; this appears to be absent when

aluminium oxide is assessed (Hulbert et al. 1982).

1.2.3.2 Development of inert ceramic as a bearing surface

Alumina has been a standardised mineral since 1984 (ISO 6474) however ceramic
on ceramic bearing were introduced to hip arthroplasty in the 1970s by Boutin,
Gris and Mittlemeier using bulk alumina cups that were cemented or pressfit
(Mittelmeier & Heisel 1992; Griss & Heimke 1981; Boutin et al. 1988). The
material was extensively researched by several groups, a summary of the early
research and clinical use is provided by Boutin (Boutin 2014). The material
characteristics, safety and tolerance profiles for first generation alumina from
experiments in the 1960s and 1970s are described and underpin much of the
current understanding of alumina ceramics(Boutin 1972). Two primary
difficulties were encountered in the early use of the material: aseptic loosening
of the implant and fracture of the ceramic. Crystalline aluminium oxide formed
the first series of ceramic bearings, reduction in grain size and improvements in

manufacture progressively decreased the rate of ceramic fracture, and the
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combination of zirconia in small quantities with alumina has produced a material
with excellent fracture toughness. Where improvements in ceramic material
science have reduced the fracture rate aseptic loosening remained problematic
(Mahoney & Dimon 1990; O'Leary et al. 1988; Petsatodis et al. 2010). Hulbert has
illustrated the importance of pore size in achieving tissue penetration, alumina
as a bearing is fully sintered and, for the purposes of tissue ingrowth,
completely without pores - direct tissue anchorage at this level seems highly
improbable. Never the less fully sintered implants have been used without
cement, Boutin’s work described over 1200 cases of joint replacement with
alumina ceramic as the bearing material, concluding that the ‘material exhibits
low friction negligible wear and excellent compatibility, the prosthesis can be
replaced with or without cement’ (P & D 1981). Boehler reported results from
Vienna for uncemented alumina acetabular implants (Boehler et al. 1994)
demonstrating a fibrous membrane around all of the retrieved implants (4 out of
59 at a mean of 12 years) with a loose socket experiencing much higher rates of
wear, the 10 year revision rate for these uncemented alumina sockets was 12.4%
although the radiographic evidence of loosening was higher at 16%. Boutin
further published outcomes with a minimum 18.5 year follow up (Hamadouche et

al. 2002) showing survival of the uncemented sockets at 86%.

Metal on polyethylene articulations cause wear particles of polyethylene
stimulate osteolysis leading to aseptic loosening; the aseptic loosening seen with
bulk alumina cups is not driven by osteolysis (Garcia-Cimbrelo et al. 1996;
Jazrawi et al. 1999). Unlike the reactive wear debris found generated from
metal on polyethylene articulations ceramic wear debris is extremely inert, and
very well tolerated in the body. (Hatton et al. 2003; Howie 1990; Hatton et al.
2002). The surface finish and sliding properties are far superior to those of metal
on polyethylene, with a linear wear rate approximately 4000 times better
(Dorlot 1992). The favourable tribological properties result in significantly lower
generation of wear particles, this combined with the inert nature of the
particles themselves results in a greatly reduce incidence of osteolysis when
comparing ceramic on ceramic to metal on polyethylene articulations (Lerouge
et al. 1997). Given the lasting wear properties, low generation of wear debris
and favourable tissue response to any generated wear fully sintered ceramic

bearings make an attractive option when compared to the osteolysis generated
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caused by polyethylene particles or the irreparable tissue destruction seen with
‘Adverse reaction to metal debris’ found in some metal on metal bearing
systems (Langton et al. 2009; Junnila et al. 2015; Langton, Joyce, et al. 2011).
The remaining weakness in this non porous ceramic is aseptic loosening of the

implant.

1.3 Fixation techniques

Implants have been fixed to bone by pressfit, mechanical interlocking using
screw in mechanisms, transfixtion by screws and pegs or held in place by the in
situ polymerisation of cement from the first replacements by Gluck up to and

including the cemented low friction arthroplasty by Charnley in the 1970s.

1.3.1 Cemented fixation

PMMA is a common material used to aid fixation. In the place of joint
arthroplasty it behaves as a grout, which provides macroscopic fixation into the
structure of the bone. It is well documented that a fibrous layer between the
PMMA and host bone is commonly seen (Mao et al. 2009; Charnley 2010;
CHARNLEY 1964). Despite this observation, cemented implants behave well with
excellent clinical results (National Joint Registry for England et al. 2013;
Wroblewski 2005; Lewthwaite et al. 2008). As PMMA obtains secure fixation by a
macroscopic inter-digitation with the pattern of the bone there is no
requirement for a period of protected movement to allow definitive fixation as
it achieves maximal stability within hours of polymerisation. It is therefore
immediately suitable for load bearing and has a particular use in the
compromised patient (those with malignant deposits within the bone)(Vielgut et
al. 2013). As previously mentioned the preliminary hypothesis behind osteolysis
was ‘cement disease’, the understanding of polyethylene debris related
osteolysis has allowed the continued successful use of PMMA. There have been a
number of attempts to provide alternatives. These include calcium phosphate
cements and bioactive coatings on polymer cements designed to increase and
enhance the bone cement bond (Muller-Rath et al. 2008; Ni et al. 2006; Sakai et
al. 2000; Oonishi et al. 2000). These alternatives to standard PMMA have not yet

gained widespread clinical use.
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1.3.2 Nanotechnology in the enhancement of cemented fixation

The advances in cemented joint replacement have focussed on the method of
use of the PMMA. Vacuum mixing, retrograde filling of the implant cavity and
pressurisation of the cement all improve the mechanical properties of PMMA.
With the advent of nanotechnology the focus is likely to move to improving the
bulk properties of the material and the interfacial bond between bone and
cement. The potential advantages of nanotechnology in cement are; improved
mechanical properties reduced delta temperatures during the exothermic
polymerisation process and improved radiopaque features. (Liu-Snyder &
Webster 2008) Carbon fibre nanotubes have been shown to dramatically improve
the mechanical properties when assessed for fatigue failure and compression
with greater affinity for bone at the facial boundary seen in PMMA containing
nano-sized titania particles (Goto et al. 2005; Marrs et al. 2006). PMMA has
been used in its current form for many years and this may appear to be an area
ripe for developmental and translational research. Whilst the exothermic
reaction generated during the curing of PMMA holds some theoretical concern it
should be noted that so far the decrease achieved so far is very small and
unlikely to prove significant unless it may be significantly bettered. Seeking
improvements in the mechanical properties of PMMA is only of real benefit if
PMMA failure is the weakness of the current systems, where this may not be the
case; in addition the increase of mechanical strength in PMMA may increase the
propensity for stress shielding of host bone, this is currently one of the
advantages of PMMA with a Young’s modulus very similar to cortical bone
(Johnson & D. W. Jones 1994). Nanoinfused polymers may have a major role in
improving the facial bonding between the polymer and bone, providing a
potential benefit in preventing osteolysis. Some improvements have been made
in this field already with hydroxyapatite, strontium and amphiphilic bonding
agents demonstrating improvement (Muller-Rath et al. 2008; Ni et al. 2006;
Oonishi et al. 2000).

1.3.3 Uncemented fixation

Uncemented implants are made possible through mechanical interlocking, press-
fit or interference-fit. Fitted technologies rely on initial (or primary) stability

followed by secondary stability. Primary stability is commonly achieved through
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impaction of a slightly oversized implant into a prepared matched cavity.
Hemispherical acetabular components achieve the highest levels of primary
stability if impacted into a space 1 mm smaller than the final implant with or
without the added security of screw fixation into the pelvis (Adler et al. 1992;
Illgen & Rubash 2002; Stiehl et al. 1991). These modern pressfit cups build on
the early experiences of Charnley (CHARNLEY 1971) and Ring (Ring 1968). The
femoral components are also impacted into a matched cavity within the femur,
the Corail ® (Depuy Synthes) fully hydroxyapatite coated tapered stem relies on
seating into impacted cancellous bone and has excellent results (vidalain 2011)
where the comparably successful Zweymuller ® stem is implanted against
cortical bone (Huo et al. 1995; Kolb et al. 2012).

In terms of secondary, or cell-level, fixation, previous attempts at uncemented
implants have been associated with the development of an interposing fibrous
layer, although this has not universally caused a failure of the stability of the
implant (Boehler et al. 1994; Ring 1974; G. K. McKee 1970), it reflects a
biological failure to obtain secure secondary stability. As discussed in the
development of ceramics, it was Hulbert’s work on the association of porous
surfaces and active on-growth without bioactive substances that demonstrated
the potential successful use of bioinert materials by manipulating the surface of
the material (Hulbert et al. 1970). It was titanium that became the first metal
to show affinity for a genuine on-growth of bone without a fibrous layer. The
first significant results for titanium were published by Branemark (Albrektsson et
al. 1981). The interface relationship between the titanium and the host bone
was at this point described as ‘osseointegration’, a term that is now
commonplace. Secondary stability in the setting of arthroplasty implants can be
obtained through ingrowth as seen in porous implants (Bobyn et al. 1999)or bone
ongrowth as seen with grit blasted implants (K.-T. Hwang et al. 2012; Aldinger
et al. 2009).

It is thus now understood that primary fixation must therefore be viewed as
temporary. Some design feature should be incorporated into the implant to
allow for secondary stability reliant upon tissue bonding at the interface created
at the time of primary stability. It is noteworthy, however, that bioactive

materials can only provide real benefit if primary stability is effective, as
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excessive micromotion may contribute to the formation of a fibrous layer at the
bone implant interface (Plenk 1998; Brunski 1999) rather than direct
osseointegration. This has been studied under experimental conditions (Sgballe
et al. 1992; Pilliar et al. 1986). Given levels of micromotion below the threshold,
the bone immediately surrounding the implant will remodel and effective
interlocking can be seen, this is seen clinically in hip replacements without a
good pressfit (Engh et al. 1987). The threshold for micromotion to allow
secondary stability was previously thought to be fixed at a value less than 150
um (Szmukler-Moncler et al. 1998). More recent work has suggested a more
specific relationship to the interfacial strain at the implant bone boundary
indicating that surface geometry modulates interfacial strain for a given amount
of micromotion (Wazen et al. 2013). The hypothesis of an optimal interfacial
strain marries well to the established theory of optimal strain for fracture
healing and is related to gap distance. In the setting of fracture healing the
advent of fixed angle locked plating has shown the importance of strain during
secondary fracture healing (Bottlang 2010). The current gold standard primary
and secondary fixation for ceramic bearing is provided by modular assembly of
ceramic liner into a titanium shell, secured to bone either by press-fit alone or

reinforced with screw fixation.

1.3.4 Nanotechnology in the enhancement of uncemented fixation

Features of an implant that engender secondary stability may be regarded as the
bulk material, the surface landscape and the surface chemistry. In general for
orthopaedics the bulk the forces acting on the implant predicate the material
properties. These may be modified within engineering tolerances, as an example
the manufacture of tantalum in a porous structure provides implants which are
sound from an engineering standpoint yet have matched the young’s modulus of
bone and present a sufficiently porous structure to allow significant ingrowth of
bone (Bobyn et al. 1999; Christie 2002; Niinomi et al. 2012). These modifications
are limited where the materials must also act as bearing couples. Surface
chemistry modification, with hydroxyapatite coating a well-established example,
is effective although temporary and relies in the long term on the bulk qualities
and surface of the material that has been coated. Surface modification
promoting tissue on growth to enhance secondary stability is attractive. The

miniaturisation of the microelectronics industry has allowed greater study of the
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interactions between cells and surfaces at the micro topographic and Nano
topographic scales. The ability to create ordered structure at this scale provides
an exciting prospect for permanently bioactive topography in future implants.
The first step when an implant is placed within tissue is the adsorption of
protein. While the contact of initial proteins is random the presence of plasma
fibronectin and chemotaxis of fibroblasts producing insoluble cellular fibronectin
ensures that fibronectin will be present in the immediate and short term ensuing
microenvironment, topographical features have been shown to influence
fibronectin (Gonzalez-Garcia et al. 2010; Pérez-Garnes et al. 2011) furthermore
the type of protein the overall amount and the conformational changes seen in
the protein is dependent on the material surface (Koegler et al. 2012). The
influence of topography and cell behaviour is well recognised. Alterations in cell
adhesion, migration, cytoskeletal organisation, genome regulation and cell
differentiation have been documented in cells cultured on different
topographies controlled at the micron scale (P. Clark et al. 1987; P. Clark et al.
1990; W jciak-Stothard et al. 1995; Wéjciak-Stothard 1995; Britland et al. 1996;
Dalby et al. 2003). As miniaturization of technology has continued Nano scale
control of topography has become more readily possible and reliably
reproducible, with Nano scale topographies affecting cell response, driving
changes in cell adhesion, genomic regulation and differentiation (Andersson,
Backhed, et al. 2003; Andersson, Olsson, et al. 2003; Andersson, Brink, et al.
2003; Dalby, Riehle, Johnstone, Affrossman & Curtis 2002b; Dalby, Riehle,
Johnstone, Affrossman & Curtis 2002a; Dalby, Gadegaard, Tare, et al. 2007;
Dalby 2002; Zouani et al. 2012; Lai et al. 2013; de Peppo et al. 2014; Cipriano et
al. 2014; Teo et al. 2013). The topographical control of skeletal response will
have a major role in the design and function of the future generations of

implants.

1.4 Rationale for work, aims and objectives

1.4.1 Rationale for work

Zirconia toughened Alumina (ZTA) is the most recent ceramic bearing surface; it
possesses some qualities that make it an ideal bearing surface; in testing it has
been proven to be stable as a material with use (Al-Hajjar et al. 2013), it is

resistant to third body wear (wear in a bearing system caused by loose particles
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at the articulating interface) (A. Wang & Schmidig 2003), it may be polished to
an extremely smooth finish around 2 nm (information provided by Ceramtec in
relation to Biolox Delta®), in testing it generates a 40% lower steady state wear
profile than cobalt chrome (Galvin et al. 2010). The fracture problems that have
been associated with previous generations of ceramic are much reduced
particularly with regards to head fracture (W. Wang et al. 2014) however some
problems remain. Stripe wear and noise from the ceramic bearing remain and
are interrelated and may be dependent on the position of the acetabular
component (Korim et al. 2014; Chevillotte et al. 2012; Restrepo et al. 2010; Tai
et al. 2015).

Fully sintered uncemented ceramic prostheses in the hand and foot have not
enjoyed high levels of clinical success (Kaszap et al. 2012; Hansen & Vainorius
2008; Barwick & Talkhani 2008; Dawson-Bowling et al. 2012) and while
comparative studies are lacking, ceramic replacement at the metarsophalangeal
joint in the foot appears much less successful than hemiarthroplasty (Sorbie &
Saunders 2008) alternative total joint replacement (Erkocak et al. 2013) or
arthrodesis (Erdil et al. 2013). The work published by Boutin showing revision
rates of uncemented alumina sockets of 12% at ten years (Boutin 2014;
Hamadouche et al. 2002) compares very poorly with the revision figures for total
hip replacement in the 2014 National Joint registry report, showing ten year
revision figures at less than five per cent for all fixation methods and bearing
couples (with exceptions for revision surgery in metal on metal bearing couples
and patients under 55 years of age) (Borroff et al. 2014). From this evidence it is
clear that uncemented fixation of ceramic implants must be significantly

improved if non-modular uncemented ceramic prostheses are to be successful.

1.4.2 Aims and objectives

Cell engineering aims to alter cell behaviour, alterations may be performed in
vitro for later implantation of the engineered cells or cell behaviour may be
altered in vitro. Ceramic bearing surfaces are superior in many ways to the other
currently available technologies but have been let down by poor secondary
fixation; where this issue has been circumvented in the hip by modular
components it remains a problem for uncemented implantation of ceramic in

other anatomical locations. The primary aim of this research is to evaluate the
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ability of osteogenic topography in implant grade orthopaedic ceramic to
increase the formation of bone on the surface of ceramic implants thereby

creating greater secondary stability.

The process of bone remodelling involves resorption by osteoclasts, leaving
behind a Howship’s lacuna. The first stage of the work will be to evaluate this
pattern (circular recess), over a number of sizes, regarding any osteogenic
potential. This feature will be created and evaluated in a readily available

polymer (Polycaprolactone). These experiments form chapter 3.

Creating microscale or nanoscale topography in a thermoplastic is very different
to creating one in ceramic; the two materials have very different handling and
manufacturing properties. Any topography identified as having suitable
osteogenic potential in PCL will be translated to ceramic; the ability to
reproduce the topography will be assessed using Scanning Electron Microscopy
and Atomic Force Microscopy. The process of creating the pattern in the
materials is outlined in chapter 2, the experimental evaluation of the pattern in

ceramic is outlined in chapter 4.

Once the reproduction of the feature is complete in the ceramic, the osteogenic
activity will be assessed using primary human cells. Assessment will be
performed with a combination of Polymerase Chain Reaction, direct staining and
light microscopy and immunofluorescent microscopy. The results for these

experiments are detailed in chapter 5

To evaluate the confounding effect of material properties between PCL and
ceramic non-image based assessment will be performed to analyse differences in
cell behaviour. This assessment will take the form of a Metabolomics
experiment. This involves extraction and assessment of the metabolic profile of

cells. These experiments and the results are detailed in chapter 6.
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2 Materials and methods

Patterns in the surface of a material may be accomplished using a variety of
techniques. Materials may be melted and poured or injected into moulds - a
form of casting, solid materials may have the pattern added after the overall
form is created, this may be done by carving or milling the surface, or by forcing
the pattern into the surface using a negative of the desired pattern. For creation
of the topographical features in the polymer and in the composite
Zirconia/Alumina ceramic embossing will be used. This involves creating the
negative and repeatedly imprinting this into the test material. For creating the
high resolution dies for embossing the PCL and ceramic | have used

photolithography.

2.1 Manufacture of nickel shims for embossing

Photolithography is an optical process designed to create patterns in
photosensitive materials. A light sensitive covering (photoresist) is applied to the
surface of a substrate. The photoresist is applied with spin coating to a desired
thickness and then cured or baked. The resist is then exposed to light in the
desired pattern. For these experiments the pattern was created in a chrome
mask, allowing light through to the surface to expose the resist. Two methods of
developing the resist are possible, light exposure in the resist decomposes a
development inhibitor leaving the unexposed resist as the basis for the pattern
(a positive photoresist) or the exposed resist is polymerised by the exposure
rendering it insoluble in the developing agent (a negative photoresist), to create
the masks for the circular patterns a negative photoresist technique was used
(Creek et al. 2012; Smith et al. 2006; Wood 2007; Scheltema et al. 2011;
Betancourt & Brannon-Peppas 2006).

Silicon wafers (Compart Technologies, UK) were cleaned under acetone in an
ultrasonic bath for 5 min. They were then rinsed thoroughly in reverse osmosis
water (ROH;0) (Bunnik 1986) and blow dried with an air gun. Next, they were
spun with primer (Shipley AZ Coupler, Shipley, UK) for 30 s at 4000 rpm, then
spun with 51818 photoresist (Shipley, UK) for 30 s at 4000 rpm and baked for 30
min at 90 °C. The resulting layer was measured to be 1.8 pm thick. The

photoresist layer was exposed to ultraviolet light through a chrome mask on a
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Karl Suss MA6 mask aligner for 3.8 s, then the resist layer was developed for 75 s

in 50:50 Microposit developer (Shipley, UK): and rinsed in ROH,0.

The developed circular patterns were then used as a mask for reactive ion
etching. The silicon substrate was etched in the silicon tetrachloride gas plasma
of a Plasmalab System 100 machine (gas flow = 18 sccm, pressure = 9 mT, rf
power = 250 W, DC bias = 300 V). Each wafer was etched individually at 18 min
at a nominal etch rate of 18 nm min™. All three wafers were stripped of resist in
an acetone ultrasound bath for 5 min, followed by a 5 min soak in concentrated
sulphuric acid/hydrogen peroxide mixture before being rinsed thoroughly in

ROH;0 and dried in an air gun.

Nickel dies were made directly from the patterned resist samples. A thin (50 nm)
layer of Ni-V was sputter coated on the samples. This layer acted as an
electrode in the subsequent electro- plating process. The dies were plated to a
thickness of ca. 300 pm. Once returned from the plater, the nickel shims were
cleaned by first stripping the protective polyurethane coating using chloroform
in an ultrasound bath for 10-15 min. Second, silicon residue was stripped by
being wet etched in 25% potassium hydroxide at 80 °C for 1 h. Shims were rinsed
thoroughly in ROH,;0 and then air- gun dried. The shims were finally trimmed to

approximately 30 x 30 mm sizes using a metal guillotine (Dalby et al. 2006).

2.2 Micropatterned polycaprolactone

2.2.1 Polycaprolactone (PCL)

Polycaprolactone is a frequently used low melting point (around 74°C) polymer.
It has been used in hot embossing (Gadegaard et al. 2003; McMurray et al. 2011)
and has been combined with HA and nanotopgraphy to improve osteogenic

potential in stem cells (Maclaine et al. 2012; Maclaine et al. 2013)

2.2.2 Manufacture of embossed Polycaprolactone

Individual pellets of polycaprolactone (65 kDa) were melted at 70 °C on glass
slides on a hot plate. Patterns of circular pits diameter 20 pm, 30 ym or 40 pm

were embossed onto the melted PCL by inverting the shim and loading the
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construct with thumb pressure. The samples were heat shocked on ice to
preserve the embossed pattern, removed from the shim and trimmed to a circle
of approximately 1cm diameter to fit within a 24 well plate. Flat controls were

manufactured in the same way, embossed with blank shims.

2.3 Micropatterned Ceramic

2.3.1 Manufacture of Alumina and Zirconia toughened Alumina

Zirconia toughened alumina is the fourth generation ceramic bearing surface
produced by Ceramtec (Ceramtec AG, Plochingen, Germany) as Biolox delta®.

An alternative zirconia alumina composite is manufactured by Mathys medical

(Mathys Ltd Bettlach), marketed as Ceramys®. The combination of zirconia and
alumina has produced a much tougher material than alumina in isolation. Both
forms of the composite ceramic have superior wear properties in vitro in a
microseparation model (Al-Hajjar et al. 2013). While some monoclinic phase
transformation of zirconia in aged composite ceramic has been shown to occur in
vitro (Uribe et al. 2013), the phase transformation was significantly less than for
monolithic zirconia (Pezzotti et al. 2010) the wear characteristics were still

more favourable than alumina (Uribe et al. 2013).

Micropatterned ceramic substrates were produced by embossing of visco-plastic
green ceramic tapes at room temperature followed by sintering (Su et al. 2002).
Green ceramic tapes were fabricated using a polymer viscous process (VPP) (Su
& Button 2009). For Alumina ceramic, alumina powder (CT3000SG, Almatis, USA)
with an average particle size of 0.5 pm was mixed with a polymer binder,
polyvinyl butyral (PVB, Dow Chemicals, USA), and cyclohexanone (Sigma-Aldrich,
UK) as a solvent. For Alumina Zirconia composite ceramic, 90 wt.% alumina
powder (CT3000SG, Almatis, USA) with an average particle size of 0.5 pm and 10
wt.% zirconia powder (Tosoh TZ-3YS-E, Japan) with an average particle size of
0.6 pum was added to the same binding agent and same solvent as described
above the alumina ceramic. The pre-mixed powder and polymer binder/solvent
was milled under high shear stress on a twin-roll mill for 10-15 min to form a
visco-plastic VPP dough. Green ceramic tapes were obtained by calendaring, a
process that involves passing folded material through a series of rollers to obtain

material of uniform thickness. Embossing was carried out on 50x50mm squares of
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green ceramic tape using a mechanical testing machine (2020, Zwick Roell,
Germany) under controlled pressure and loading rate. Embossing was carried out
at 5MPa, at a rate of 0.05MPas™" up to the required pressure. After drying at 150
°C overnight, the micropatterned ceramics were sintered using the following
sintering regime: the temperature was first increased at a heating rate of 1
°C/min, to 600 °C with a duration of 2 hrs, followed by a further increase in

temperature at a heating rate of 10 *C/min, to 1600 °C with a duration of 2 hrs.

2.3.2 Characterisation of embossed ceramics

Once prepared, the fully sintered patterned ceramics were assessed for the
dimensions and integrity of the embossed pattern using atomic force microscopy
and scanning electron microscopy. The composition of the ceramics was assessed

using X-ray photoelectron spectroscopy.

2.3.2.1 X-ray photoelectron spectroscopy

This technique provides quantitative surface information of a material. The
material is bombarded with X-rays and the escaping electrons are assessed for
number and kinetic energy. This information provides detail of the elemental

composition of the material surface in parts per thousand. (Watts 1990)

The samples were placed into a SAGE 100 system (Specs GmbH, Germany). The
base pressure in the analysis chamber was approximately 2”7 mbar. X-rays were
generated from a magnesium source, electron ejected from the K shell (MgKa)
operating with an anode voltage of 12.5kV and 250W power. Spectra were
recorded at a take off angle of 90 degrees. The pass energy for survey scans was
50eV and 15eV for high energy scans. CasaXPS software was used to analyse the
detected spectra. The atomic composition was determined by integration of

peak areas using a standard Shirley background.

2.3.2.2 Atomic Force Microscopy

Atomic force microscopy (AFM) uses the deflection of a probe or cantilever to
map the surface of a material. It may be used in three different modes;
contact, tapping and non-contact. For the purposes of mapping the alumina and

zirconia toughened alumina samples the AFM was used in tapping mode. In this



50

mode the tip of the cantilever oscillates above the substrate with amplitude in
the region of 100 nanometers, forces interacting with the tip cause alterations
of the expected amplitude (typically the forces at the surface of the material
are repulsive to the cantilever tip and decrease the amplitude (Binnig et al.
1986; Neuman & Nagy 2008)).

Substrates were placed on a double-sided segment of adhesive tape and secured
to a sample holding disc, the holding disc is held magnetically and the cantilever
or probe is contacted with the material surface. Silicone nitride cantilevers
were used to trace the surface topography over a 90 pm? area for each of the
patterned substrates and the controls. As the probe moves across the surface
the repulsive force from the surface causes deflection of the cantilever. A laser
is targeted to the end of the cantilever and displacement of the laser is

detected on a photodiode Figure 2-1.

Figure 2-1 Schematic representation of Atomic Force microscopy. Reproduced from
Wikimedia under a share alike creative commons licence. Original author Grzegorz Wielgoszewski.
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2.3.3 Scanning Electron microscopy

Scanning electron microscopy produces images of a material by scanning the
surface with electrons. Thermionic emission results in an electron beam from
the cathode of the electron gun (the cathode is most commonly tungsten). One
or two condenser lenses into a beam focus the electron beam with diameter
ranging from 0.4 nm to 5 nm. The beam of electrons is manipulated in the x and
y axes by scanning coils or deflector plates that allow the beam to scan over a
selected area of the surface. When the electron beam strikes the surface a
number of responses occur, these can be measured. The most common method
of data capture is collection of secondary electrons; secondary electrons are
emitted from very close to the surface of the material they provide very

accurate detail about the material surface.

Scanning electron microscopy can produce greatly magnified images at a very
high resolution. Magnification of the surface can be up to 500,000 times. This is
possible, as the microscope does not rely on lenses for magnification.
Magnification is achieved by scanning a smaller area for the same given display

screen, resolution can be between 0.4 nm and 20 nm.

2.4 Cell Harvest

Harvesting of human cells was approved under ethics agreement 04/50702/22.
Each patient provided consent for his or her surplus tissue generated during
routine primary hip arthroplasty (performed as treatment for osteoarthritis) to
be used in this research. During surgery for total hip replacement the medullary
cavity of the femur is exposed. For total hip replacement this occurs once the
femoral neck is sectioned with a saw, a small section of medullary bone is also
removed Figure 2-2. Once the section of bone is removed from the medullary
cavity a plastic quill attached to a syringe is inserted into the cavity and the
fluid is aspirated Figure 2-2. The section of bone removed from the canal is also
included in the sample. The fluid and bone are placed in 20 ml of pre-prepared

transport media.
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a expose
sectioning of the femoral neck

Figure 2-2 Harvesting bone marrow at total hip replacement. Left Box, chisel in position to
remove cancellous bone from the proximal femur. Right, aspirating quill placed in the medullary
cavity of the femur aspirating marrow contents.

2.5 Cell extraction

The human cells were transported from the harvest site to the class Il laboratory
at the Center for Cell Engineering in the Joseph Black Building at the University
of Glasgow. Here, the liquid content of the sample of aspirated marrow was
divided into two universal containers. Each sample was washed in culture media
up to 30 mL and split again. The four containers with primary aspirate and
culture media were centrifuged at 1400 rpm (376 G) for 10 minutes. Spent
media was discarded and the pellet was re-suspended in 10 mls of culture
media. This suspension was then carefully overlaid on 7.5 mls of FICOLL paque
gradient (1.077 gram/decilitre (g/dl)) (GE healthcare bio-sciences AB, Uppsala,
Sweden). FICOLL is a hydrophilic polysaccharide and once centrifuged with
marrow separates into a solid pellet and clearly defined layers (Yeo et al. 2009;
Sulc et al. 1977). The pellet contains, granulocytes and erythrocytes, then there
is a layer of residual FICOLL paque, an interface layer (or buffy coat) containing

mononuclear cells and a final layer of plasma/transport media. Figure 2-3
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Figure 2-3 - FICOLL gradient separation of constituent parts

The FICOLL/marrow was centrifuged at 1513 rpm (440 G) for 45 minutes. The
interface layer was aspirated with a pipette and suspended in up to 10 mls of
culture media. After a further centrifuge at 376 G for 10 minutes, media was
discarded and the cell pellet was re-suspended to 10 ml with culture media, this
process was repeated again and the final cell suspension in cell culture media

placed into a 25 cl culture flask.

Culture medium was made with 87% Dulbecco’s Modified Eagle Medium
(Invitrogen UK), 9% Foetal Bovine Serum, 2% antibiotic mixture (details), 1%
sodium pyruvate (100mM, Sigma Aldrich, UK) and 1% non-essential amino acids
(Sigma Aldrich, UK). The culture media was exchanged during passage and
experimental culture twice each week with removal of the spent media and
replacement with fresh media. The cells were maintained both for passage and

culture in incubators at 37.5 °C with a 5% CO, rich environment.
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2.6 Cell Culture

2.6.1 Cell maintenance and passage

All experimental work with human cells was performed in a class Il safety
cabinet. Cells were incubated and isolated from any other cell type in the
department. Culture media was exchanged twice per week until 70% confluent
and then expanded from the initial 25 cl to 75 cl culture flasks. Once cells had

progressed to over 70% confluence they were split into two flasks.

2.6.2 Collecting cells for expansion or experimentation on
substrates.

To remove cells from the culture flasks the culture media was removed and the
cells washed in 4 ml of trypsin versene for 7 minutes at 37°C. Trypsin is a
proteolytic enzyme solution used to detach cells in monolayer culture from the
tissue culture flask. Versene is an EDTA (Ethylenediaminetetraacetic acid) solution
used for non-enzyme based cell separation The solution is composed of 700 pL of
trypsin in 20 mL of versene. The cell medium is removed from the tissue culture
flask, and the cell monolayer is washed with 5mls hepes saline. Once washed the
cell monolayer is incubated for at least two minutes in trypsin versene, the
volume required to immerse the cell layer in a 75cL culture flask is 15 mls. Cell
behaviour in the flask is observed, once the cells begin to detach the trypsin
versene solution is neutralised with the addition of cell culture media (5 mL).
The contents of the cell culture flask were transferred via pipette to a
centrifuge column and spun for 5 minutes. When centrifuged a cell pellet is
generated in the base of the centrifuge column this cell pellet was re-suspended
in culture media. If for further passage, the cell pellet was re-suspended in fresh
media and distributed to two flasks. If for experimental work the cells were
resuspended in 1 mL of media and counted (Counting cells) and aliquoted at a

density of 1x10* cells per ml on to the test materials.

2.6.3 Counting cells

Cells were counted using a haemocytometer with the volume of each large
counting square being 1x10* ml. A centrifuged cell pellet was suspended in 1 ml

of culture media, Cells per square were counted over three squares for each
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sample. The average of the three counts was taken as representative for that

sample and equated the cells nx10*/ml for that suspension.

2.6.4 Seeding cells
2.6.4.1 Polycaprolactone

While freshly isolated cells were used for ceramics, for the preliminary
experimental work on embossed polycaprolactone human osteoblasts were
purchased from Promocell (Heidelberg Germany). Polycaprolactone substrates
were sterilised in ethanol for 5 minutes and placed individually into the
chambers of twenty-four well plates. Each substrate was cultured in triplicate

including the planar controls.

2.6.4.2 Alumina and Zirconia toughened alumina for immunofluorescence
and alizarin staining

Primary human cells were cultured following the extraction process described in

2.5 Cell extraction.

Substrates were sterilised in alcohol for 5 minutes and washed with PBS and
placed in single chambers of a twenty-four well plate. Three substrates were
placed for each topography and three were placed for planar controls. Cells
were seeded at 1x10°ml™ to each substrate. Culture media was exchanged after

three days and thereafter twice per week.

At three days of culture the cells were fixed to allow for the examination of
focal adhesions using immunofluorescent staining. Cells were fixed at day 21 to
allow for examination of expression of osteopontin and osteocalcin using
immunofluorescent staining. Cells were fixed at day 28 for direct staining of

calcium nodules with alizarin red.

2.6.4.3 Alumina and Zirconia toughened alumina for metabolomics

For analysis of metabolites from the cells on polycaprolactone and ceramic
surfaces, human cells were used following the extraction process described in

2.5 Cell extraction.
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Substrates were placed three per well in the chambers of a six well plate, planar
and patterned polycaprolactone, planar and patterned zirconia toughened
alumina. This pattern was replicated in triplicate. The cells were seeded at
1x10*ml " per well, with triple volumes of cell media suspension as compared to

the experiments using isolated substrates in 24 well plates.

2.7 Immunofluorescent protein imaging

2.7.1 Immunofluorescent microscopy

Fluorescent microscopy makes use of one form of photoluminescence called
fluorescence. Fluorescence is a term describing the emission of optical radiation
as a molecule transitions from a high energy state to a low energy state, this is
accompanied by a photon. In the case of immunofluorescent samples the
purpose of the stain is to attach a fluorophore to a specific protein within the
sample. The fluorescent microscope contains a light source responsible for
raising molecules to a higher energy state and a receiver to detect the emission
of light as those molecules return to the ground state (Sanderson et al. 2014).
The light source used for these experiments was a mercury lamp; this emits light
across all wavelengths including ultraviolet. In order to identify specific
emissions a dichroic filter is placed between the substrate and the detector

Axiovert 200m Carl Zeiss, CCD (charge couple device) camera, see Figure 2-4.
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Figure 2-4 Schematic of an immunofluorescent microscope.

2.7.2 Immunofluorescent staining
2.7.2.1 Actin and tubulin - the cytoskeleton

The cytoskeleton is the protein scaffold that supports the cell and its organelles,
but it is also involved in many cell processes such as cell motility and
endocytosis (Kessels et al. 2001). Another important function of the fibres of
actin that make up the cytoskeleton is the osteogenic differentiation of MSCs. As
MSCs differentiate, those becoming osteogenic display changes in the
cytoskeleton to more closely resemble osteoblasts (Rodriguez et al. 2004).
Active inhibition or disruption of the cytoskeleton promotes adipogenic
differentiation over osteogenic changes (Mathieu & Loboa 2012). These findings
suggest that tension in the cytoskeleton is required for osteogenic
differentiation. Analysis of changes in the cytoskeletal appearance may be used
early in the differentiation process to predict whether or not MSCs are

undergoing osteogenic change (Treiser et al. 2010).

The tubulins are a family of globular proteins, there are five types but the
primary tubulins of interest for these experiments are the alpha and beta
tubulins that polymerise to form microtubules. Microtubules are a constituent

and essential part of the cytoskeleton(W jciak-Stothard et al. 1995). They are
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involved in: structural support, cell division and intracellular transport. When
they group together they form cilia and flagella. Their role in differentiation has

not been as well investigated as the role of actin.

2.7.2.2 Vinculin - Integrins and focal adhesions

Focal adhesions are anchor points for adherent cells to interact with their
surroundings. They provide a dynamic link between the actin cytoskeleton and
the extracellular matrix (in vivo) or culture material (in vitro). One of the
membrane proteins that is involved in the formation and maturation of focal
adhesions is vinculin (Bershadsky et al. 2006). Vinculin is a cytoskeletal protein
involved in anchoring F actin at cell junctions. The integrins within the focal
adhesion not only provide the anchor points they serve as a communication point
between the external environment and the interior of the cell as part of this
signaling process they may be involved in the expression of transcription factors
that result in the expression of genes that result in differentiation of stem cells
into osteoblasts, they have been shown to be important in cell survival and
differentiation (Grigoriou et al. 2005) (Stupack et al. 2001) (Attwell et al. 2000)

2.7.2.3 Osteopontin

Osteopontin is discussed in 1.1.4.1, it is an non collagenous protein involved in
bone homeostasis. Produced by osteoblasts and osteoclasts it can be used as a

marker of bone activity.

2.7.2.4 Osteocalcin

Osteocalcin has also bee discussed in 1.1.4.1, it is only produced by osteoclasts

and so is a valuable marker for osteoblast differentiation and activity.

2.7.2.5 Staining protocol

In our laboratory it is standard practice to primarily stain for F-actin using
Rhodamine phalloidin to stain the cytoskeleton and to secondarily stain using
primary antibody and a biotin conjugated secondary antibody bound to

fluorescent tertiary streptavidin-fluorescein isothiocyanate (FITC). Figure 2-5.
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Figure 2-5 - Schematic of antibody staining technique

This is the protocol for staining polycaprolactone. The ceramics studied in these
experiments demonstrate autofluorescence across much of the light spectrum,
zirconia toughened alumina more so than alumina, most significantly in the same
wavelength used for F actin immunofluorescent staining. For the analysis of
these ceramic materials F-actin has not been analysed as it is not visible through

the autofluorescence.

Once cultured for the appropriate time, the cells were fixed in situ in a solution
of 4% formaldehyde/phosphate-buffered saline (PBS) with 1% sucrose at 37°C for
15 min and washed in PBS. The fixing solution arrests the cell cycle and
preserves the cytoskeletal structure allowing later protein staining. At this time
the cells were safely refrigerated in PBS at 4°C. The first stage in
immunfluorescent staining is to create a condition in the cell membrane that
allows the antibodies to penetrate the membrane, this was performed by
immersion in a permeabilising buffer (10.3 g of sucrose, 0.292 g of sodium
Chloride, 0.06 g of Magnesium Chloride, 0.476 g of HEPES buffer, 0.5 ml of
Triton X, in 100 ml of water, pH 7.2) for five minutes at 4°C. After five minutes
the permeabilising buffer was removed and the cells were washed for 5 minutes
with a 1% solution of bovine serum albumin (BSA) in PBS (1gram of BSA dissolved
in 100ml of PBS) at 37°C.

After five minutes the BSA/PBS was removed, the cells and substrate were actin
stained with phalloidin and primary antibody (mouse antibody targeted against
the primary antigen of interest) was added. Both phalloidin and primary

antibody were added as 200 pl at a concentration of 1:50 PBS/BSA per substrate
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and incubated at 37°C for 60 minutes the substrates were kept wrapped in foil

to prevent the loss of fluorescence.

After one hour the stain was removed and the cells were gently triple washed (3
x 5 mins) in a solution of PBS and 0.5% Tween (detergent) (0.5ml of Tween 20 in
100ml of PBS). The secondary antibody was added, anti-mouse antibody 1:50
BSA/PBS 200 pl per substrate. The substrates were wrapped in foil and

incubated again at 37°C for 60 minutes.

The substrates and cells were again triple washed with PBS/Tween. Following
this fluorescein streptavidin was added to each substrate and incubated at 4°C
for thirty minutes. Next the substrates were covered with a mounting agent
containing a nuclear stain (4',6-diamidino-2-phenylindole) which binds strongly
to DNA.

Rhodamine conjugated phalloidin (actin staining of the cytoskeleton) emits light
in the wavelength range for red light, this is also the wavelength in which

zirconia toughened alumina is most autofluorescent.

Streptavidin-FITC (Green staining of the target proteins) emits light in the
wavelength range for green light. This is attached to the proteins of interest in
all the immunofluorescent microscopy analysis performed for both

polycaprolactone and ceramic analysis

DAPI (Blue nuclear stain) absorbs light in the ultraviolet wavelength and emits
light at a blue wavelength. This stain is used to identify the nuclei - it may be

used to easily count cells per field of view

2.8 Alizarin red staining

Alizarin red is an organic compound that binds to free calcium, staining it red.

2 grams of Alizarin Red S (Sigma Aldrich) was dissolved in 100 ml distilled water.
Once dissolved the solution was pH balanced using 0.1% sodium hydroxide to

achieve a pH between 4.1 and 4.3. Once pH balanced the stain was filtered.
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After culture for 28 days cells were fixed. Once fixed and washed the cell
monolayer on the substrate was submersed in the Alizarin staining solution and
incubated in the dark for 45 minutes at room temperature. The substrates were
then triple washed with PBS.

2.9 Brilliant blue staining

Brilliant blue R-250 (also known as coomassie blue) is one of two similar
triphenylmethane dyes (the related dye in Brilliant blue G-250, nomenclature
relates to subtle shades of red or green). Initially developed for textile staining
it is commonly used in analytical chemistry. Brilliant blue stains proteins forming
a protein-dye complex and the red form of the dye was first used to stain
proteins in polyacrylamide gel after electrophoresis in 1965 (Meyer & Lamberts
1965).

Brilliant blue serves to stain the proteins of the cells, allowing them to be
identified relating their position to the topographic features and their

relationship to any nodules of calcium present in the samples.

100 ml of glacial acetic acid was mixed with 450 ml of purified water. Three
grams of brilliant blue R-250 (Sigma Aldrich 27816-25G) was dissolved in 450 ml
of reagent grade methanol. These two solutions were combined and filtered
before use. For cell staining this solution was diluted by 1 equal part purified
water. The cells on their substrates were submersed in the solution for 2

minutes, the solution was removed and the cells triple washed with PBS.

2.10 Polymerase chain reaction

2101 RNA purification

At the appropriate time frame the cultured cells were washed in Hepes saline in
situ. The substrates were then transferred to sterile petri dishes and submersed
in trypsin versene for 8 minutes. The trypsin versene solution was neutralised
using DMEM and the remaining cells were manually removed with a cell scraper.
The solution was aspirated from the petri dish and transferred to a centrifuge
column. The cell pellet was washed with PBS and centrifuged twice at which

time the cell pellet was frozen and maintained at -80°C
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RNA purification was performed using the RNeasy mini kit (Qiagen sample and
assay technologies). 10 pl of betamercaptoethanol was added to each ml of
Buffer RLT, from here on referred to as RLT. Each volume of buffer RPE was
combined with 4 volumes of ethanol. 350 pl of RLT was added to each vial of
harvested cells. Each vial was then placed in a vortex to homogenise the
solution. 350 pl of 70 % ethanol was added to the lysate and this solution was
further mixed with a pipette. Once mixed this was transferred to a 2 ml spin
column and centrifuged for 15 seconds greater that 8000G. The flow through of
ethanol and buffer RLT was discarded and 350 pl of Buffer RW1 was added to the
spin column. The spin column was then centrifuged again for 15 seconds at
greater than 8000G. The flow through of Buffer RW1 was discarded. DNASE 1
stock is combined with buffer RDD in a 1:7 ratio to allow for the addition of 80 pl
of solution to each membrane (within the spin column) this was incubated
between 20°C and 30°C. Once incubated 350 pl of buffer RW1 was added and the
spin column was centrifuged at more than 8000G for 15 seconds. The spin
column was placed in a fresh collection tube and 500 pl of Buffer RPE was added
and centrifuged at more than 8000G for 15 seconds. The flow through buffer
was discarded and 500 pL of 80% ethanol was added. The tube was centrifuged
for 2 minutes and the spin column was then placed in a new tube. The spin
column was then centrifuged with no lid at full speed for 5 minutes. Once placed
in a new 1.5 mL spin tube 14 pl of RNase free water was added to the very
centre of the membrane in the spin column and centrifuged for one minute at

full speed.

The spin column was then discarded and the RNA water solution was tested for
quantity and purity. 2 pl of the RNA and water solution was placed onto the
sample testing platform for spectrophometric analysis. The nanodrop 2000
(Thermo scientific) is a spectrophotometer using ultraviolet light absorption to
determine the quantity of nucleic acid present in a sample. Since proteins
absorb at a different wavelength the purity of the sample may be expressed as a

ratio of the wavelength absorbance.

The RNA samples were stored at -70°C prior to reverse transcription PCR.
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2.10.2 Reverse transcription

Reverse transcription is based on the reverse transcriptase enzyme that will
detect RNA and reverse engineer the complementary DNA (cDNA), discovered in
1970 by two scientists independently (Baltimore 1970; Mizutani et al. 1970)
reverse transcriptase proved that genetic information was not only passed from
DNA to RNA (Crick 1970) but could also be passed in reverse. Once the cDNA has
been reverse transcribed it is amplified using traditional PCR. Reverse
transcription for all PCR was performed using the quantitect Reverse
transcription kit (QIAGEN sample and assay technologies). This kit has two
functions - eradication of genomic DNA followed by reverse transcription of

target RNA to complementary DNA.

Sample RNA was thawed from -70°C on ice. Wipeout buffer (for eradication of
genomic DNA) Reverse transcriptase, RT Buffer, RT Primer mix and RNase-free

water were thawed at room temperature.

The solution for eradication of genomic DNA was mixed en masse allowing 14 pl
for each reaction and 10% wastage. For each reaction 2 pl of gDNA wipeout
buffer was mixed with a precalculated volume of sample RNA, this total reaction
volume was increased to 14 pl with RNAse free water. Calculation of RNA volume
was made using the spectrophotometric measurements of nucleic acid
concentration. The target volume of RNA for each reaction was 20 ng. This

reaction volume was incubated at 42°C for 2 minutes and then placed on ice.

The reverse transcription master mix consists of 1 pl reverse transcriptase, 4 pl
RT buffer, 1 ul RT primer. This 6 pl was added to the 14 pl reaction volume
from the eradication of genomic DNA, providing a total reaction volume of 20 pl.
Once combined the solution was mixed and incubated at 42°C for 15 minutes.
Following this incubation the mix was heated to 95°C to inactivate the reverse
transcriptase. This leaves complementary single stranded DNA from the RNA

obtained from the cells.
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2.10.3 Polymerase chain reaction

Polymerase chain reaction uses heat stable polymerase enzymes to amplify
certain target areas of DNA. Complementary sections of DNA act as primers by
pairing with the start of the target region, through a process of thermal cycling
the target DNA may be multiplied many times. Where double stranded DNA is
used the double helix is heated to separate the strands by breaking the hydrogen
bonds (denaturing) this allows the oligonucleotide primers to pair with the
substrate DNA (annealing). This small section of pairing on the otherwise single
strand becomes the start point for the action of the polymerase enzyme as it
builds more DNA from the hydroxyl group end (or 3’) to the phosphate group end
(57) on each strand (elongation). As this cycle of denaturing, annealing and
elongating is repeated the double stranded DNA at each step acts as the
substrate for the next thermal cycle, allowing an exponential reaction to occur.
This exponential reaction may occur whilst the polymerase enzyme remains
active, provided building blocks for further DNA are present. As the reagents are
consumed and polymerase loses activity the exponential reaction tails off and

eventually the reaction ceases.

The rate of progression in reaching and moving through the exponential phase of
the reaction may be measured if a fluorescent marker is used as an indicator of
the presence of double stranded DNA. For these experiments the fluorophore
used was SYBR green (Navarro et al. 2015). This green dye fluoresces when it is
attached to double-stranded DNA unbound SYBR green fluoresces much less. The

intensity of fluorescence can be related to the exponential doubling of DNA.

2104 Real time qualitative Polymerase Chain Reaction

In some instances qualitative PCR is satisfactory. However when attempting to
assess up-regulation of genes across comparative samples clearly a quantitative
approach is required. Real time qualitative polymerase chain reaction utilizes a
DNA binding fluorescent reporter molecule. DNA binding dyes or fluorescently
labelled sequence specific primers or probes may be used. Fluorescence only
occurs with DNA binding; therefore the amount of detectable fluorescence may

be used to measure the amount of double stranded DNA change per unit time
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and also in amino-acid pathways related to protein expression. These are
sensible as differentiation is an energetic process where extracellular matrix is

expressed (McMurray et al. 2011).

Figure 6-12 Bar chart of the metabolic cell activity as it relates to cell function, note the
strongly positive results for energy production, cell signalling and molecular transport. Also note the
increase lipid metabolism in the cells from the patterned substrate. This upregulation across cell
activity is reflected at all levels — general activity such as signalling, specific activity such as cell
morphology but also in cell survival and indicators of cellular compromise.

The final figure for this chapter is Figure 6-13. This figure is a network map
demonstrating metabolite changes due to the topographical effect on cell
behaviour when cultured on ZTA. The topographical effect is clear, patterned
surfaces of ZTA upregulate metabolic activity over planar surfaces. ERK is
highlighted in the figure, it is predicted to be activated by five factors within

the network.



154

Network 1 : 40 ZTA vs flat ZTA - direct comparison : FznVS040znKEGGforlPA : 40 ZTA vs flat ZTA - direct comparison

acetyHL-camitineshenodedxysholic acid
\
\ 4 \\ N\ stedric acid

\ /
N\

/

C CP: RANK Signaling in Osteoclasts )

octanoic)acid

L—@‘ne

-
—-
-
e

benZoic)acid
Prediction Legend
more extreme less

@  Upregulated (D
() Downregulated (>

more confidence less
@D Predicted activation ¢
@ Predicted inhibition >
\ / glycocyamine

Predicted Relationships cafnosine Y
= Leads to activation phosphocreatine /
= Leads to inhibition a N4
Findings inconsistent succinate defydrogenase
with state of downstream

molecule
©r2000-E 616 I RGN PGS ebserved.

Figure 6-13 Network for metabolic activity, 40um topography ZTA over planar ZTA. This
network map shows upregulation of ERK on patterned ZTA over planar ZTA. A few small pathways
are inhibited. ERK is notable due to it’s role in cell differentiation.

6.4 Discussion

6.4.1 Materials differences

It is not surprising to see the metabolic evidence of the difference that material
have on cell behaviour in culture. Since it is protein adsorption that forms first
contact with material surface (Santin et al. 1997) it follows that the material
properties will determine some aspect of the further recruitment of proteins,

cell attachment and activity (Kasemo & Lausmaa 1994).

ZTA is inert. The wear particles from bearing systems in the body generate very
little host response (Hatton et al. 2002; Hatton et al. 2003; Howie 1990). The
bulk implant of ceramics in general generate little short term reaction and are
well tolerated (Maccauro et al. 2010). PCL is a biodegradable biomaterial widely

used in, in vitro cell and tissue culture (Woodruff & Hutmacher 2009) and also in
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animal models (Rohner et al. 2003). It is interesting to see then an increase in
metabolic activity and energy expenditure on the ‘inert’ material of the
bioactive material 6.3.1, whether the material is planar 6.3.2.1,or patterned
6.3.2.2. The interpretation of these results, suggests that this increased energy
expenditure is required for the cells to attach, grow and function on the ceramic
material. Best illustrated by the increase in lipid metabolism Figure 6-3, Figure
6-4, it is simple to infer cells in culture have to work harder on an inert

material.

Further, pathway investigation suggests that these differences are also seen at
the canonical level with e.g. adipogenesis being repressed on ZTA compared to
PCL.

Assessment of the network maps shows predicted increased activity of ERK. ERK
performs intracellular signalling, it is associated with many core signalling
events. ERK can be activated by focal adhesion kinase (FAK) or G protein
signalling (Dai et al. 2007; Ge et al. 2007; Meloche & Pouyssegur 2007; Ward et
al. 2007; Tamama et al. 2008; Kim et al. 2008). Cell proliferation during surface
attachment is part driven by ERK activation (Kriegsheim et al. 2006). ERK
activation feeds back to proliferation, it has been proposed that overactivation
of ERK leads to a reduction in proliferation that then drives differentiation
through phosphorylation of transcription factors (Kriegsheim et al. 2006; Yeung
et al. 2000). In short ERK is involved in cell proliferation and differentiation, at
least partly driven by focal adhesions. The predicted increase in activity is

indicative of increased proliferation and following that differentiation.

So where it may be straightforward to assume that increased energy expenditure
is related to the work required to proliferate and attach on an ‘inert’ surface, it
may be that the ceramic studied here presents surface features than induce
more differentiation than the PCL. The results from ‘Characterisation of
embossed ceramics (2.3.2)’ show marked differences in the topography
presented to the cells by the two materials provided for culture. The ZTA has a

constantly increased landscape noise for cell interaction.
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6.4.2 Topographical differences

Topography significantly increased lipid and energy-based metabolisms even
further. This has been seen before in polymers and suggests that differentiation
is an active metabolic process (Yang et al. 2014; Dalby et al. 2014; Tsimbouri et
al. 2012). Further, work on stem cells shows that they tend to be metabolically
quiet prior to differentiation (Yanes et al. 2010; Reyes et al. 2006; McMurray et
al. 2011).

ERK is implicated. Perhaps sensible as ERK is adhesion stimulated and regulates

RUNX2, the master osteogenic transcription factor (Hamamura et al. 2010).

This all ties in well with the standard bio showing enhanced osteogenesis on the
topography. Future work might focus on targeting these pathways at gene level
to confirm or e.g. inhibiting ERK to block these pathways as that appears to be a

central biochemical highlighted by the metabolome analysis.

6.5 Conclusion

The results demonstrate significant differences in metabolic response by cells
cultured across these two materials. Whilst this may be (and is likely at least in
part to be) due to chemical and physical differences between the materials, the
information about the positive effect of topography within each material group
provides encouragement about the use of topographical manipulation of

differentiation and osteogenesis.



157
7 Summary

7.1 Why is there a need for this research

Total joint replacement surgery for arthritis has been proven effective. (Shan et
al. 2015; Gillespie & Porteous 2007; Sloan et al. 2013; George et al. 2008; Adams
et al. 2007; Norris & lannotti 2002). The basic principle of hip arthroplasty
surgery has changed little since the breakthrough success of Charnley with the
low frictional torque arthroplasty (CHARNLEY 1972; CHARNLEY 1971).
Modifications to the design of the stem have resulted in huge improvements in
survivorship (Hook et al. 2006; Lewthwaite et al. 2008). Some problems with
joint arthroplasty remain. The most common reason for failure of arthroplasty is
aseptic loosening (Borroff et al. 2014; National Joint Registry for England et al.
2013). This is mediated by the reaction of macrophages to wear debris (Jacobs
et al. 2001; Goodman et al. 2013). Other complications are established with
joint replacement; periprosthetic infection is perhaps the greatest concern for
joint arthroplasty and continues to generate clinical problems (Moore et al.
2015) and extensive costs (Hebert et al. 1996; Kurtz et al. 2012; Waddell et al.
2016). Periprosthetic fracture (Masri et al. 2004; Morrison et al. 2013; Kelley
1994) and dislocation (Dargel et al. 2014; Yuan & Shih 1999) provide separate
management challenges. The search to improve longevity has lead to interest,
research and use of alternative bearing surfaces. Metal on metal articulations
have mixed results; small diameter metal on metal hip replacement have some
good outcomes (Delaunay 2006; Tardy et al. 2015) and some results showing
slightly inferior survivorship (Tardy et al. 2015). Large diameter metal on metal
hip surgery, both resurfacing and conventional replacement have fallen
dramatically in the face of reactions to metal debris (Langton, Jameson, et al.
2011; Junnila et al. 2015; Langton, Joyce, et al. 2011; Lainiala et al. 2014;
Langton et al. 2009). The use of ceramic to prolong the longevity of a joint
replacement is still attractive. Currently small amounts of evidence are in favour
of this approach particularly with regard to lower rates of wear (Wroblewski
2005; Hamadouche et al. 2002). Real time benefits to the patient are not as
clearly seen (Jameson et al. 2015) and data from joint registry follow up has yet
to shown a benefit to the patients as currently the use of ceramic bearing

coupled with polyethylene is associated with a higher revision rate across the



158

Australian and New Zealand joint registries (AOA 2015) (Rothwell et al. 2014).
The results are far from certain though with the Australian registry showing
ceramics as a higher revision bearing across the board (AOA 2015) the New

Zealand registry shows the best performing bearing couple is ceramic on ceramic
(Rothwell et al. 2014)

There has been some progress in tissue engineering with scaffolds for cartilage
regeneration (Clatworthy 2011; Pietschmann et al. 2009; Behrens et al. 2006).
However these technologies are only applied at this time for cartilage injury,
the results if used for arthritis are uncertain at best. Silicated bone graft
substitute is a positive step (Hing et al. 2006; Porter et al. 2004; Jenis & Banco
2010) much work is still to be done before this technology will be ready to
provide structural reconstruction for arthritic deformity. While a biological
reconstruction for arthritis remains a future aim, replacement arthroplasty
seems as though it will be the mainstay of treatment for the foreseeable future.
Improvement on current biomaterials may allow patient benefit through the
development of longer lasting implants with excellent wear characteristics and

enhanced stability at the bone implant junction.

7.2 Is it reasonable to make judgements on the bone
implant interface based on an in vitro model and cell
behaviour?

In a summary of work Davies (Davies 1996) outlines the development of research
into the bone implant interface. In addition to provision of a comprehensive
review of the development of cell culture methods, examination techniques and
pertinent information about proteins and cell behaviour he illustrates several

worthy questions.

‘...now do cells make bone on foreign surfaces? What is the
differentiation state of the osteogenic cells that colonize an implant?
How do these cells adhere to the implant surface in a manner that
permits maturation of the osteoblastic phenotype? Is there an
identifiable sequence of matrix formation events that characterizes
this bone formation at an interface? Is this sequence of events the
same that occurs in normal bone tissue, or does it differ as a result of
the presence of a non-biological material? In other words, can the
sequence of matrix formation events on implant surfaces be affected
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in either subtle or overt ways by the surface properties of the
material?’ (Davies 1996)

The work performed over the past twenty years in cell biology and tissue culture
has provided much of the information required to answer these questions and is
too great to reference. The conclusion drawn in the abstract justifies the use of
the in vitro model as many of the processes evidenced from work in vivo are
seen in vitro, additionally in vitro assessment allows for a greater understanding
of the process. The experimental work performed for this research has all been
gravity dependent, cells placed onto a material. This is not the case for
orthopaedic implants in vivo, nevertheless implants impacted into bone will

have cell contact and the surface is a possible site for controlled reaction.

7.3 Rationale for research choices

My focus was to investigate the in vitro effects of modifying the surface of
ceramic implants as the first step to engineering successful uncemented ceramic
implants. Ceramic is an attractive bearing surface for joint replacement.
Although it carries some risks not present with polyethylene and metal bearings
the fracture rate has been significantly reduced by improvements in the material
(Massin et al. 2014) and the possibility of a long lasting bearing system was
appealing to me. Uncemented ceramic has not been as successful as other
uncemented materials in the hip, neither has it enjoyed great clinical success in
other joint arthroplasty (Dawson-Bowling et al. 2012; Kaszap et al. 2012; Hansen
& Vainorius 2008; Barwick & Talkhani 2008). Topographic modulation of cell
differentiation (McMurray et al. 2011; Tsimbouri et al. 2014; Tsimbouri et al.
2012; Biggs & Dalby 2010; Dalby et al. 2014; Dalby, Gadegaard, G Curtis, et al.
2007; C. Wilkinson et al. 2002) and composite ceramic implants have not been
successful in clinical practice (D. S. Hwang et al. 2007; Hasegawa et al. 2003;
Viste et al. 2012), | therefore pursued an all ceramic material with topographic

features.

7.4 Positive results

Polycaprolcatone is readily available and provided a sensible material as a
testing ground for a suitable topography to transfer to ceramic. It has a proven
history in cell culture (Rohner et al. 2003; Woodruff & Hutmacher 2009; Azevedo
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et al. 2003). It is also a suitable material to reproduce small scale patterns
(Curtis et al. 2004; Gadegaard & McCloy 2007). Successful reproduction of three
micro scale topographies was verified in PCL (4.2.1). Qualitative assessment of
focal adhesions, intracellular cytoskeletal tension and OPN protein expression all
indicated a positive result for cells cultured on 30 pm circular pitted substrates.
Quantitative analysis of alizarin red staining confirmed the impression provided
by the focal adhesions and protein expression. The relevance of these results has
been discussed in 3.4. To summarise, Focal Adhesions are mechanosensitive
contact points to the extracellular matrix (or substrate) (Wozniak et al. 2004).
These contact points are able to influence cell behaviour and differentiation
(Biggs & Dalby 2010; Teo et al. 2013). Large focal adhesions are a positive
indicator of intracellular tension and this in turn infers differentiation to a more

osteogenic phenotype.

The presence of larger focal adhesions on the patterned ZTA is encouraging.
With specific reference to the presence of large adhesions Figure 5-7 shows the
distribution of focal adhesions by size, although all the samples demonstrate a
left shift (around 1.8 pm size) the tail into large focal adhesions is much greater
for the 40 pm with some reaching over 10 um, although intracellular
cytoskeleton fibres would be an excellent affirmation the presence of these very

large focal adhesions is a positive result.

The materials characterisation chapter shows that it is possible to reproduce
topography at the micro-scale in alumina zirconia composite ceramic - as shown
by AFM and SEM, Figure 4-3 to Figure 4-13. The general pattern is reproduced
with some inaccuracies. Shrinkage of ceramic during sintering is a known
phenomenon. The results from the SEM images Figure 4-11 show shrinkage
between 15% and 30% for these samples. Preparation of masks to account for
this expected shrinkage should allow for the production of a more accurate final

topography

The overall results from 5.3 are generally positive. OPN production across a
range of measured outcomes was more positive on the patterned ceramic
surface than on the control. The results for OCN were less strongly positive. OCN

is produced only by osteoblasts (Neve et al. 2013; Ducy 2011), it does play a
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slightly broader role however with effects on blood insulin levels, glucose
tolerance, and energy expenditure (Ducy 2011). There may be significance to
the presence of larger OCN particles on the 30 pm and 40 pm substrates it seems
more likely the total level of OCN is more reflective of osteoblast activity. For

this experiment the total OCN presence was greatest on the control samples.

The results from PCR show a trend to upregulation of favourable genes. RUNX2
has been referred to as the master gene for osteogenic bone formation (Lian et
al. 2006) it is expressed early in the differentiation of MSCs, it may play a role in
the transition from proliferation to differentiation and it is involved in many of
the stages of differentiation from MSC to osteoblast (Lian et al. 2006). Figure
5-24 show up regulation, even if hampered by excessive variation in the samples

this indicates activation of one of the established genes in osteogenesis.

The metabolomics data shows clear material and topographic induced
differences in cell behaviour. Energy metabolism is certainly greater on
patterned surfaces and on ceramic rather than plastic 6.3.1 and 6.3.2.
Understanding the metabolomics of MSCs and osteoprogenitor cells as they
either maintain a pluripotent capacity or differentiate is beginning (Tsimbouri et
al. 2012) but is far from completely understood. There is certainly the possibility
that these metabolomics results are all strongly positive for osteogenic
differentiation, it is my judgement that there is likely to be a small positive
osteogenic effect indicated by the metabolomics, particularly shown by the
topographical effect within materials 6.3.2.3, 6.3.2.4 and that ERK is integral to
this effect 6.4.2. To say the material effect seen in the metabolomics 6.3.2.1
and 6.3.2.2 is solely positive towards the desired differentiation is unreasonable,
however it may be partially correct. | have already explored the differences in
the surfaces presented to the cells (4.3) it may be that part of the material
difference in this part of the experiment may be due to an increase in the
topographic landscape presented by the control ZTA substrates, this may be a
positive osteogenic driver. Alternatively the increased surface area may drive
the cells to more activity, whether that activity is proliferation, maintenance or

differentiation is for further study.
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7.5 Other results

Edge detection is an important cue for cells responding to topography
(Andersson, Olsson, et al. 2003). The results from 4.2.3 show that the edge
feature of the created pit was not sharp. It was gently rounded, and of variable
depth. Exactly how important this feature is as part of the topography is
uncertain. Previous work indicating the important of edge features has involved
step cues (P. Clark et al. 1987) and contact guidance in grooved substrata (P.
Clark et al. 1990). The precise clarity of the feature edge is not confirmed for a
circular feature; the premise has been carried from the previous work. In this

regard the creation of the topography was less in the ZTA than in the PCL

Comparison of the figures from 4.2.1, 4.2.3.3 illustrate well the differences in
noise aspect ratio between PCL and ZTA. In Figure 4-1 the embossed features
standout clearly against the background of the material. Even through the cell
sheet it is apparent that the material is significantly patterned only by the
intended topography. The ZTA ceramic presents an altogether different
landscape to the cells. Figure 4-9 shows the grain structure of the material, with
a rise to the apex of each grain and the fall to each grain boundary the
background noise presented by the material is certainly loud compared to PCL.
The high noise to aspect ratio is also seen in the results from the AFM, Figures
4.5 to 4.8, in addition to the presence of the grains, the three dimensional
nature of the images from the AFM show that the depth of the features are
varied and that some of the ‘islands’ above the pits are likely to present as a
significant feature to the cell. This is inherent to the grain structure of ceramic.
Grain size has been significantly reduced over the generations of ceramic and
this has contributed to an increase in material toughness and surface hardness
(Krell & Blank 1995; Klecka 2007) but will remain an integral feature of the

material

The AFM images are clearly not perfectly representing the surface of the ZTA
(given the discrepancies between Figure 4-13 and Figure 4-6 (specific reference
to the right hand render of a 40 ym pit). However it seems improbable that the
material defects seen in Figure 4-7 and Figure 4-8 can be attributed to the
method of data capture. This type of material defect will affect the bulk

properties of any implant and is therefore unlikely to be of realistic concern in
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vivo, however it may still have affected the results of the experiment. Further
material defects are seen in the images captured by the SEM (Figure 4-10 and
Figure 4-12). The ridges and valleys in Figure 4 -12 are sufficient to act as
contact guidance cues for the edges of cells and the defects in Figure 4 - 14 will
present as a separate void for the cells. This type of material defect will affect
the bulk properties of any implant and is therefore unlikely to be of realistic
concern in vivo, however it may still have affected the results of the

experiment.

The standard deviations for the PCR array were very high; this made it difficult
to draw significant conclusions from the results. However the overall trend was
positive to upregulation of genes involved in osteogenesis, this provides some

encouragement.

It was difficult to process the results of the OPN and OCN staining of the ZTA
substrates. The collection of particle data from the images followed by image
processing has allowed some meaningful (and mostly encouraging) conclusions to
be interpreted. On considering this | would, in future, assess the production of
these proteins by non image based modalities. Perhaps quantification of total
amount of protein would be possible via colorimetric analysis of the cells
separated from the substrate. This clearly negates any morphological assessment

of the cell, but this was not a useful modality in any case.

It was with some interest | noted the difference in Alizarin red deposition
between the PCL and ZTA. Where the alizarin red results were strongest for the
PCL, there were no demonstrable differences in the ZTA. Nor did qualitative
assessment of the cell position or nodule formation relative to the features shed
any light on the relationship between cell behaviour and the position of the

topography.

7.6 Weaknesses

There are several weaknesses to this research. The initial experiment was
performed with a cell line, these cells do not have the same population as the
primary extracted human cells used for the rest of the experiments, it is

possible that this explains the difference in result seen when comparing the PCL
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to the ceramic substrates. For all the experiments the diameters of the features
have been intended to be identical - that is the production of embossing dies has
been designed to produce the same features. The reproduction of pattern in the
different materials has not been identical, some change in size was seen with
the PCL but a much greater decrease is seen for the ceramic, along with a
greater variation in the change of geometry. These differences make direct

comparison of the two materials more difficult.

The variability of ceramic material was not limited to the change in feature size
and pitch; it is also seen in the surface roughness. This is due in part to the grain
structure but is also due to the different handling characteristics of ceramic
during embossing. Several obvious defects are seen in the material surface,
Figure 4-7 and Figure 4-8 show flaws in the surface detected by AFM; Figure 4-10
shows a repeated defect across the entire sample for the 30 ym patterned
sample, this may be a feature caused by releasing the shim from the green tape.
Figure 4-12 shows a crack in the substrate; whilst they may not survive to
implant level they provide an indication of the difficulties with patterning this

surface.

There are significant differences in the ability to detect and interpret protein
production when comparing the PCL to the ceramic. The PCL was
straightforward to image, the protein appearance was easy to isolate and
interpret. This was not the case for ceramic. This has resulted in different
assessment for protein production on the ceramic than for the PCL. Validation
of the results from the PCL to the ceramic is very difficult. Additionally
quantifying the protein production on the ceramic was very difficult, the
background fluorescence has hampered the detection of some protein
expression. Provided this level of interference has been consistent across all the
experiments the comparison of different samples within the ceramic should not
create bias. It is entirely possible that only proteins over a certain size or
intensity are detected on the ceramic, this could easily confound the results if

one ceramic had a high level of smaller or less intensely stained proteins.
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7.7 Future work

ZTA ceramic is a suitable material for creation of controlled topography, it is
possible to produce patterns within the scale microns. It may not be possible to
induce a controlled topography at the nanoscale secondary to the granular
structure of the material. Whilst the results discussed above have shown a
positive effect of topography it may be that the optimal geometry of that
feature has not yet been uncovered. The work for this thesis was performed with
an ordered topography, there is work in the field of nanotopography to show
that cells also respond to semi-ordered and random topographical features
(Dalby et al. 2005). This is an area that could be investigated at a

microtopographical level.

In order to establish a primary stability for the implant some form of macro-
scale feature is likely to be required, allowing any microtopography to act as a
secondary physical feature. This has previously been a threaded cup (Garcia-
Cimbrelo et al. 1996), this method would not meet the modern expectations for
survivorship and is unlikely to be reinstated. Some work in this field has already
begun with porous graduated ceramic being produced and tested (Theelke et al.
2011). In this work pores in the green ceramic are created using organic pore
forming agents in a slurry of ZTA, green machined ceramic bodies are coated
with slurry prior to firing. During firing the pore inducing bodies are eradicated.
The scale of the pores range from 200 pm to 500 uym (Theelke et al. 2011)
making them suitable for a tertiary topography created in negative on the

surface of the organic pore forming objects.

The ceramics in this research have not been fully treated in the way that
modern implant ceramics are. In order to reduce fracture risk modern implants
are subjected to hot isostatic pressing. Research on the material manufacture
side would be essential to allow the preservation of a topography in ceramic

after hot isostatic pressing had been performed.

7.8 Conclusion.

This work adds to the knowledge on topographic effects in cell behaviour and

differentiation specifically as applied to zirconia alumina composite ceramic.
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Micro-scale topography is reproducible in modern orthopaedic ceramic; the
precise dimensions of the final topography will require adjustment of the
created geometry for the embossing stage. The effect of the topography in
ceramic shows a small result in several areas. The microtopography in this
ceramic has not produced increased mineralisation in vitro. For microtopography
in ceramic to be effective and reach manufacturing stages it is likely to be used
as a tertiary level feature, that is the primary level morphology being the overall
shape, secondary level features as seen in the work by Theelke et al (Theelke et
al. 2011) and microtopography within the secondary level morphology as the

final ongoing stimulus to produce a bioactive ceramic implant.
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8 Appendices

8.1 Osteogenic array plate format
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