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ABSTRACT

Titanium and its alloys are widely accepted as the current gold standard for orthopaedic
and dental applications due to its good biocompatibility. Other materials, such as the
cobalt alloy, cobalt chromium molybdenum (CoCrMo), can often be preferred due to its
mechanical strength and resistance to wear, but despite these advantageous properties,
CoCrMo does not have the biocompatibility of titanium alloys. This project examined
novel strategies of enhancing the biocompatibility of CoCrMo. Firstly this involved
coating the surface of CoCrMo in a thin, durable, layer of anatase titanium oxide (TiO2)
using atmospheric pressure chemical vapour deposition (CVD). TiO is the same oxide
layer as found on titanium and its alloys, and consequently, markers of osteogenic
differentiation and adhesion were enhanced (p < 0.05) in human mesenchymal stem cells
on TiOz surfaces in vitro. This early data implied that there was an enhanced rate of bone
formation occurring on TiO2 coated surfaces. Following this, functionalization of the
TiO2 layer using a process called ultraviolet photofunctionalization was investigated.
Whilst the majority of cellular processes were not affected, markers of cell adhesion were
significantly improved on functionalised surfaces. Ultraviolet photofunctionalization of
the TiO> coated CoCrMo caused the substrates to transition from hydrophobic to
superhydrophilic, which resulted in enhanced cell retention due to larger cells with
increased actin and vinculin expression (p < 0.05). The topographical effect of CoCrMo
was then examined by creating four topographies, ranging from smooth to moderately
rough (SMO, AE, SLA50, SLA250). It was found that the moderately rough SLA250
surface was advantageous for osteogenic applications, by enhancing the osteogenic
differentiation and retention of human mesenchymal stem cells (p < 0.05). Lastly, the
combination of the topographically modified SLA250 surface and the TiO2 coating was
investigated. It was of interest to ascertain if the TiO, CoCrMo SLA surface could
stimulate a similar cellular response to titanium SLA. It was found that a large amount
of cellular processes were similar between all groups, although markers of osteogenic
differentiation were significantly enhanced on the TiO> SLA CoCrMo surface to a
comparable level as seen on titanium SLA (p < 0.05). This data implies that the
application of the TiO, SLA surface to implants formed of CoCrMo, could promote
enhanced bone formation and ultimately lead to reduced healing times following surgery

and increased implant stability.
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1. LITERATURE REVIEW
1.1. BONE

Bone is a highly vascular, constantly changing, mineralised connective tissue that is
significant for its resilience and hardness. The specialised tissue consists of cells
embedded in an organic matrix, which is rich in inorganic mineral (Aiello and Dean,
1990). The primary function of bone is to provide mechanical support, as well as offer
internal support in the form of providing attachment sites for muscles and protective
cavities to shield vital organs such as the heart and lungs. To successfully fulfil these
roles bone needs to be stiff enough to resist deformation, yet flexible enough to absorb
energy from movements, resulting in the need for a complex internal structure which
varies considerably with age and site. Accompanying these mechanical requirements is

also the need for haematopoiesis and maintenance of calcium homeostasis (Fuchs, 2009).

1.1.1. BONE ANATOMY

What gives bone its unique structural properties is its anatomy and the different forms of
bone tissue present in the skeleton. There are two types of bone tissue, each with the
same matrix composition but drastically different function and structure. These two
distinct types of bone tissue are known as cortical and trabecular bone. Approximately
80% of the total skeletal mass is made up of cortical bone, which has low porosity and
high matrix mass per unit volume. These features allow cortical bone to contribute to the
mechanical role of bone, as it can cope with high compressive forces. Although cortical
bone appears to be a solid mass, it does contain microscopic pores that constitute around
10% of its volume, that allow for the delivery of nutrients and vascular supply. Due to
the features of cortical bone, it is distributed primarily within long bones of the skeleton.
There are three distinct regions of long bones; the proximal and distal epiphyses, the
diaphysis, and the metaphysis. Cortical bone is prominently featured in the diaphysis
region, as it forms a thick cortical shell, known as the cortex, which surrounds the
medullary canal filled with bone marrow. This structure provides the bone with great
strength and rigidity, alongside the lightness that is required for movement. Towards the
metaphysis and epiphyses regions, cortical bone thins and trabecular bone becomes

prominent. Trabecular bone has extremely high porosity with the total bone volume
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consisting of 50-90% pores. With an almost sponge-like resemblance, it is formed of
trabeculae, which are an orderly arranged network of horizontal and vertical rod and plate
like structures that create a porous network. This porous structure only provides
approximately one tenth the compressive strength of cortical bone, although trabecular
bone has a different primary function to cortical bone. The high porosity results in an
increase in surface area which helps facilitate calcium homeostasis and haematopoiesis.
Trabecular bones unique internal structure also helps contribute to the mechanical role of
bone, by evenly distributing load and absorbing energy (Fuchs, 2009). This is particularly
important in the vicinity of joints where trabecular bone is prominently found. It is
important to note that trabecular bone has been observed to be lost earlier than cortical
bone (Riggs et al., 2008), which contributes to cases of osteoporosis in sites such as the
femoral neck. Bone strength in these regions is influenced by trabecular connectivity,

which when lost, leaves the region mechanically weak (Fuchs, 2009).

1.1.2. BONE CELLS

1.1.2.1. OSTEOBLASTS

Osteoblasts are mononuclear cells that contain a large circular nucleus and have high
internal concentrations of rough endoplasmic reticulum, mitochondria, actin and Golgi
apparatus. They originate from mesenchymal stem cells (MSCs) found in bone marrow
which are stimulated to form into osteoprogenitor cells via a differentiation process.
Numerous factors can then further induce the differentiation of these osteoprogenitor cells
into osteoblasts, such as, interleukins, bone morphogenic proteins (BMP), platelet-
derived growth factor (PDGF), insulin derived growth factor (IDGF), fibroblast growth
factor (FGF) and transforming growth factor-f3 (TGF-p). Osteoblast internal cytoskeletal
proteins, such as actin, help to preserve the structural integrity of the cell whilst assisting
in cell attachment and movement. The primary function of osteoblasts is to secrete and
deposit an extracellular matrix (ECM), which can eventually become mineralised bone
tissue. Osteoblasts primarily secrete an organic matrix, in the form of an osteoid that can
consist of type | collagen, osteocalcin, osteopontin, osteoprotegrin, proteoglycans and
growth factors such as BMPs (Jayakumar and Di Silvio, 2010). Osteoblasts can then

consequently assist in the mineralisation of the osteoid, which involves increased alkaline
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phosphatase (ALP) activity (Golub and Boesze-Battaglia, 2007), saturation of ECM
fluids at specific zones such as calcium nucleation sites, and the production of osteocalcin,
which helps increase the local calcium concentration via actively binding to calcium.
Furthermore, the release of matrix vesicles containing ALP and pyrophosphatase help
new crystal formation, with ALP raising the local phosphate concentration and
pyrophosphatase acting as an anti-inhibitory for the process by degrading pyrophosphate,
a key regulator of calcification (Golub, 2009).

1.1.2.2. OSTEOCYTES

Osteocytes make up 90% of bone cells found in the adult skeleton and are derived from
osteoblasts. As osteoblasts on the surface of the tissue secrete osteoid, they connect with
already embedded cells and eventually become engulfed in osteoid, and are then referred
to as osteoid-osteocytes. When the osteoid becomes mineralised, these cells then become
mature osteocytes which interconnect with one another by long dendritic processes that
travel along small tunnels known as canaliculi. This novel feature allows for the
communication of signals between osteocytes, as well as the ability to communicate with
cells on the bone surface and in the marrow (Bonewald, 2007). It was widely believed
that osteocytes were passive cells but it is now thought that osteocytes play the role of a
mechanosensor, transforming mechanical forces into biochemical signals capable of
triggering bone resorption or formation (Chen et al., 2010b). Osteocytes may also play a
role in mineral metabolism, as it has been shown that the deletion or mutation of dentin
matrix protein 1 (DMP1), a molecule highly expressed in osteocytes, resulted in

hypophosphatemic rickets in a mice model (Feng et al., 2006).

1.1.2.3. OSTEOCLASTS

Osteoclasts, the primary cell involved in bone resorption, are large multinucleated cells
derived from the macrophage linage. For macrophages to become osteoclasts, MSCs and
osteoblasts must be present, as these accessory cells express the molecules, receptor
activator of nuclear factor kappa-B ligand (RANKL) and macrophage colony stimulating

factor (M-CSF), necessary for osteoclastogenesis to occur. The primary role of
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osteoclasts within the body is the resorption of bone, which is a complex multistep process
of removing bone tissue. Once the differentiated osteoclasts attach to the bone tissue via
anchoring proteins, they have the ability to polarise their cellular membrane to form a
ruffled membrane, were it is believed this ruffling effect may represent the transportation
of acidifying vesicles into the plasma membrane. The osteoclast then generates its own
microenvironment via a sealing zone, which forms a ring, primarily made of f-actin,
around the ruffled membrane. This isolated microenvironment can then begin to be
demineralised by the rapid release of protons, a process mediated by H*-adenosine
triphosphatase (H™-ATPase) in the ruffled membrane, which leads to the secretion of HCI,
lowering the pH in the microenvironment to ~4.5. Demineralised organic matrix can then
begin to be degraded by the lysosomal enzyme cathepsin K, with the products of the
degeneration being endocytosed and released at the cell surface (Teitelbaum, 2000).
Further functions of osteoclasts in bone tissue are currently being debated, which include
modulation of differentiation of other cells, regulation of the movement of hematopoietic
cells from bone marrow to bloodstream, and participation in immune responses (Boyce
etal., 2007).

1.1.3. STEM CELLS

The role of MSCs in bone repair is well documented, with the term, ‘stem cell’, referring
to elements capable of self-renewal, proliferation, differentiation and regeneration of
tissues in vivo (Baldini, 2009). Primarily there are three main groups of stem cells, which
are known as embryonic, adult and the more recent, induced pluripotent stem cells.
Embryonic stem cells are derived from the inner cell mass of a blastocyst and have the
potential to differentiate into cells of any desired linage. However, there are strict
regulations in place for the use of embryonic stem cells, as well as moral and ethical
issues, which are based around when the cells are harvested, the embryo does not survive
(Cogle et al., 2003). Induced pluripotent and adult stem cells are not surrounded with the
same controversy as embryonic stem cells as they do not involve the destruction of an
embryo. Induced pluripotent stem cells are typically adult stem cells that have been
genetically reprogrammed i.e. forced to change from their multipotent state to a
pluripotent form (Takahashi et al., 2007). Induced pluripotent stem cells have great

potential in the field of regenerative medicine and tissue engineering, although the
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research is still in its infancy and there are questions regarding the safety of this cell type,
as studies have reported potential carcinogenic behaviour (Gutierrez-Aranda et al., 2010).
Adult stem cells, the group which MSCs belong to, are located and isolated from healthy
adult tissues, such as bone marrow and are multipotent, due to their ability to differentiate
into the different linages of the parent tissue; For example, bone marrow derived stem
cells have the ability to differentiate along the osteogenic, chondrogenic and adipogenic
linages. MSCs are adult non-haematopoietic stromal stem cells that have the capability
to proliferate through multiple passages whilst maintaining their characteristics and
differentiate into the various specialist cell types of their parent linage (Pittenger et al.,
1999). MSCs can be found at various sources such as bone marrow, periosteum, adipose
tissue, vessel walls, synovial fluid, muscle tissue, tendon and skin (Wang et al., 2013b).
The role of MSCs in bone repair is to target and colonise the site of injury where repair
is necessary, then differentiate along their osteogenic linage, forming osteoprogenitor

cells and eventually mature osteoblasts capable of depositing new bone tissue.

1.1.4. CELLULAR PROCESSES

1.14.1. OSTEOGENESIS

The mechanisms of osteogenic differentiation in MSCs are thought to be similar to the
events during normal skeletal development through embryogenesis (Deschaseaux et al.,
2009). Transcription factor Runx2, of the runt related factors family (Runx), is widely
accepted to be the master switch for early osteogenesis, triggering MSCs to form into
osteoprogenitor cells. In Runx2 knockout mice (Runx27), ossification was completely
missing due to the absence of mature osteoblasts, highlighting the importance of this gene
for early osteogenesis (Komori et al., 1997). Runx2 is not solely responsible for the
osteogenic differentiation of MSCs. Osterix is another transcription factor which acts
downstream of Runx2 and is just as important for bone formation. Whereas Runx2 is
responsible for the MSC to osteoprogenitor transition, osterix is responsible for
converting theses osteoprogenitor cells into fully functioning osteoblasts (Cohen, 2006).
In osterix null mice (Osterix”") various osteoblastic markers were shown to be affected,
including reduced type 1 collagen, and no expression of osteopontin, osteocalcin, bone

sialoprotein (BSP) and osteonectin (Nakashima et al., 2002). Other factors that are
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important for osteogenesis include the Wnt canonical signalling pathway, found to trigger
osteoprogenitor proliferation and up-regulate osteogenic genes (Chen and Alman, 2009,
Liu et al., 2009), and BMPs, multifunctional growth factors belonging to the TGF-p
family (Chen et al., 2004).

1.14.2. CELL ADHESION

MSCs are an adherent cell type that require anchorage to a surface or material before they
are capable of proliferation or differentiation. For this to transpire, physical interactions
that allow the cell to communicate with its outside microenvironment must occur, where
signals can then be translated into cellular processes such as adhesion or migration.
Known as focal adhesions, these large molecular complexes link the cell to its
microenvironment and involve numerous components that must work coherently. Focal
adhesions are based around a transmembrane o.— B integrin that binds to the extracellular
matrix of the cells external microenvironment (Lo, 2006). Integrins do not contain actin
binding sites, therefore the signals from the microenvironment must be mediated through
regulatory and structural proteins. One protein of significance in focal adhesion
formation and regulation is vinculin. Specifically, it has been found that the head region
of vinculin can regulate integrin dynamics and clustering, whereas the tail region is a
binding site for the cytoskeletal protein actin (Humphries et al., 2007). It is the tail region
of vinculin that links the protein to the mechanotransductive components of the cell.
Vinculin does not bind directly to the integrin, but through the proteins talin and paxillin,
which play a role in recruiting focal adhesion kinase (FAK), an important receptor and
regulator of cell adhesion and motility (Mitra et al., 2005). FAK also plays a role in the
phosphorylation of the a-actinin protein which binds to vinculin and also crosslinks actin
fibres, securing them to the focal adhesion complex. Other integrin associated proteins
in found focal adhesions include PINCH and Src, which play a role in relaying signals
from the extracellular microenvironment to downstream effectors (Wu, 2007). It is the
complex system found at focal adhesions that allows for processes such as cell adhesion
and motility onto functional biomaterial surfaces, such as those found in hip and knee

arthroplasty devices.
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Figure 1 A schematic of the components that work coherently in focal adhesion
complexes, taken from (Lo, 2006).

1.2. TOTAL JOINT ARTHROPLASTY

The role of a total hip or knee arthroplasty device is to return a joint to its full working
function by replacing any diseased or compromised tissues, therefore reducing or
relieving any prior pain and improving the patient’s quality of life. The need for total
joint arthroplasty (TJA) procedures can arise from numerous degenerative diseases such
as osteoarthritis, which affects the articulating cartilage and subchondral bone, resulting
in stiff painful joints. TJA devices are formed of biomaterials which can be described as
either natural or synthetic materials that are used to create implants or structures, to
replace a lost tissue or organ within the body, therefore restoring the original form and
function. It is common in the field of orthopaedics for two or more different classes of
biomaterial to be grouped together to form a medical device, as each class has individual
strengths and weaknesses due to their different compositions and properties (Hoffman,

2004).
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1.2.1. TOTAL HIP REPLACEMENT

THA devices are comprised of two major components: a femoral component, composed
of a long stem with a femoral head, and an acetabular component, consisting of a
mechanically strong outer cup with an inset internal bearing surface designed to receive
the articulating head of the femoral component. The femoral stem is formed of metal
such as titanium alloy. The use of titanium as a biomaterial dates back to the 1930s
(Gonzalez-Carrasco, 2009), but it was the creation of the alloy Ti-6Al-4V in the 1950s
that significantly increased the popularity of the material. Ti- 6Al-4V lent itself nicely to
the biomedical industry due to its high corrosion resistance and excellent
biocompatibility, and was used in surgical implants by the 1960s (Geetha et al., 2009).
What makes titanium alloys more advantageous for medical applications, is the materials
ability to promote osseointegration, which is the formation of a direct interface between
the implant surface and bone without the need for connective soft tissue (Puleo and Nanci,
1999). Osseointegration was discovered in 1952 by Per-Ingvar Branemark of Sweden
during an experiment designed to study blood flow in the bone tissue of rabbits. Viewing
chambers formed of titanium were implanted directly into the fibula and when the time
came to remove the chambers, the bone had integrated completely with the titanium
(Branemark, 1983). Branemark later went on to further investigate this finding which
resulted in the implementation of osseointegration into dental implants by the 1960s
(Laney et al., 1986). It is this heightened biocompatibility that gives titanium alloy its
distinct advantage over other metallic biomaterials, and when combined with titanium’s
low density and potential to be greatly strengthened by alloying and thermo-mechanical
processing, makes it highly favourable for biomedical applications such as the femoral

component of a THA device.

The head of the femoral component experiences continuous cyclic loading and must have
excellent wear resistance to prevent the formation of wear debris within the joint and is
usually formed of metal or ceramics, such as alumina or zirconia composites. Ceramics
are highly stiff, inert materials which have superior wear resistance over other classes of
biomaterials. Despite this, ceramic biomaterials are limited in their use, due to their
brittleness which can make them prone to cracks and fractures. Zirconia does not have

the same low fracture toughness as alumina, although suffers from an undesirable aging
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process due to hydrothermal degradation. Development of composite ceramic materials
consisting of both zirconia and alumina have shown increased performance leading to

their further application in arthroplasty devices (Kluess, 2008).

The acetabular component outer shell is commonly metal, such as titanium alloy, with
the internal bearing surface formed of either ultra-high molecular weight polyethylene
(UHMWPE) or composite ceramic due to their excellent resistance to wear, although
sometimes can also be formed of metal. UHMWPE is a polymer which has been used
for over 30 years as the lining of the acetabular component in total hip arthroplasty (THA)
devices, due to its mechanical strength, biocompatibility and low rate of wear.
UHMWPE’s resistance to wear is of great importance as the component undergoes
persistent cyclic loading and wear debris created over time can migrate causing
inflammation and potentially cause the device to fail (Katti, 2008). Efforts to improve
the properties of UHMWPE are on-going and it has been observed that y irradiation can
improve wear resistance via crosslinking and increased crystallinity (Endo et al., 2001).
The combination of biomaterial classes at this articulating interface is an important topic
in the field of tribology. The history of THA shows the first metal-on-metal implant
pioneered by George Kenneth McKee in the 1950s who adopted stainless steel and later
CoCrMo materials in his devices (McKee and Watson Farrar, 1966). These were quickly
over shadowed by John Charnley’s metal-on-polymer low friction arthroplasty device
which utilised a polymer insert with an extremely low coefficients of friction, which went

on to be the gold standard for at least half a century (Charnley, 1961).

Total Hip
Replacement

Figure 2 Illustration of a total hip replacement device, consisting of the femoral and
acetabular components
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1.2.2. TOTAL KNEE REPLACEMENT

TKA has been very successful for the past 40 years at helping relieve the pain of patients
suffering from diseases such as osteoarthritis. Their design is more complex than THA
as the knee is a more intricate joint, highly dependent on support from soft tissues such
as ligaments, which play a role in resisting dislocation and general stability. It is the
condition of the ligaments which play a part in selecting the specific components of TKA
as they vary in their level of constraint; as a knee joint that has suffered significant damage
and has lax ligaments, will required a prosthesis which is more constrictive to prevent
failure and dislocation. A TKA device is usually comprised of three main components:
a femoral component, a tibial component, and a patellar component. Due to the harsh
load bearing environment of the knee joint, metals such as CoCrMo are preferred due to
their mechanical strength and high fracture toughness. The most common cobalt alloy
used for biomedical application is CoCrMo, also known as vitallium, which was first
introduced in 1936 by Venable and Stuck (Gonzalez-Carrasco, 2009). Containing 28wt%
chromium, 6wt% molybdenum, CoCrMo is extensively used in components of artificial
knees due to its excellent fatigue strength and hardness. The alloy is fabricated by one of
two methods; cast or wrought. Cast alloys are simpler to form as it only requires the alloy
to be cast into shape, which is useful for more complex shaped components, whilst
wrought alloys are processed by hot or cold forging and due to the plastic deformation
that occurs, have superior mechanical strength. The exposure of tissues to migrating
metallic ions created from corrosion of CoCrMo is still a present concern (Keegan et al.,
2008) although vitallium contains chromium element to provide stability against various
forms of corrosion. One of the primary reasons for CoCrMo application in TKA is the
materials high resistance to wear. CoCrMo can be polished to a mirror finish and
subsequently used as a bearing surface between the femoral and tibial components. Due
to the complexity of the knee joint, total joint replacement is not always necessary.
Unicondylar devices are often preferred as they only replace the lateral components of
the knee. By only resurfacing the femoral and tibial condyle, this method helps keep the
surrounding ligaments and cartilage, which would’ve been mostly removed in a full TKR
(Sangiorgio, 2013). Whilst CoCrMo does provide excellent mechanical properties and is
highly advantageous when used as a bearing surface in TKA, it does not have the same
osteogenic biocompatibility as found on titanium alloys, and therefore would benefit from

new strategies for improving its biological response in vivo.
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1.2.3. TJADEMAND

Overall health in the UK has improved drastically with life expectancy having increased
by an average of 4.2 years from 1990-2010 (Murray et al., 2013). Continuous
improvements in diagnostic and therapeutic techniques mean it is highly likely this value
will increase further in the coming decades. As a consequence of this, the healthcare
industry is coming under increased pressure trying to cope with the demand of a growing
elderly population. TJA procedures are no exception. Recently, the National Joint
Registry reported a 7.5% increase in the amount of THA procedures performed in the UK
between 2011 and 2012 (86,488 from 80,314) (Borroff et al., 2014). The same pattern
was observed for TKA, which saw a 7.3% rise over the same time period (90,842 from
84,653). At present, the National Joint Registry does not account for all of the procedures
carried out in the entire UK, but the trend of an annual increase in the amounts of TJA
procedures performed is clear (Culliford et al., 2010). This trend is not limited to the UK,
as in the United States of America (USA) it is projected that between 2005 and 2030, the
amount of annual THA procedures is set to increase from 209,000 to 572,000, whilst
TKA is projected to see an even greater increase, rising from 450,000 procedures to
3,481,000 (Kurtz et al., 2007a). Similar patterns were observed during a recent global
survey of primary and revision TKA, which concluded that the total amount of procedures

had increased drastically over the past decade (Kurtz et al., 2011).

A growing elderly population is not the sole reason behind this trend. The amounts of
young patients (< 65 years old) receiving TJA in the USA was studied and it was found
that the population group is also increasing. In 1993, the percentage of TJA performed
in those under the age of 65 was 25% and 32% for primary and revision surgeries. By
2006 this had risen to 40% and 45%, and is predicted to increase further with young
patients becoming the majority by the year 2030 (Kurtz et al., 2009). The underlying
cause behind this increase in TJA in younger patients is unclear, but national patterns of

obesity and the effectiveness of TJA may be contributing factors.

In regards to the efficacy of TJA, a recent study carried out in the USA was able to show
that TKA procedures were a cost effective method of increasing function and reducing
pain in the knee, even at both high and low levels of improvement (Waimann et al., 2014).
Indirect costs, such as time lost out of work were also included in the study. Analysis
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into the UK’s TJA services also found that the treatment is extremely effective both

clinically and in cost (Jenkins et al., 2013).

Even though THA and TKA are widely accepted as an effective means of improving the
function of a diseased or damaged joint, a study which looked at the cost effectiveness of
modern implants against older designs, found that there was no statistical difference
between the two chosen implants (Hamilton et al., 2013). The study was based on quality
adjusted life years, which quantify the benefits of surgical intervention by measuring
change in health related quality of life, but the method did not take into account any
improvement to the function of the joint which should be an important factor when
measuring the efficacy of TJA. Despite this, the fact that no significant difference was
observed between the modern and older design implant shows that there is still room for
improvement in TJA device design.

1.2.1. TIAFIXATION METHODS

1.2.1.1. BONE CEMENT

Bone cement has been used for the past 50 years to anchor orthopaedic devices in place;
with the primary function of filling the space between the device and bone, creating a
working interface designed to optimism the distribution of stresses and load from the
prosthesis into the surrounding bone tissue. In cushioning and evenly distributing the
forces at the bone-implant interface, this helps to increase the longevity of the device and
prevent failure mechanisms such as fatigue fractures. The most commonly used bone
cements are based on polymethylmethacrylate (PMMA), which is comprised of a polymer
powder and liquid monomer. PMMA bone cement is formed by the radical
polymerisation of the methylmethacrylate, which can be a highly exothermic reaction,
resulting in the temperature of the cement increasing drastically. Despite these thermal
reactions only taking place for a brief time, it has been reported to cause thermal necrosis
of the surrounding bone tissue. Another issue surrounding the use of bone cement is
polymerisation shrinkage after curing. During the reaction, methylmethacrylate
monomers combine forming long polymers, which can result in volume shrinkage of 3-

5%, which can sometimes the affect stability of the device. Furthermore, cement removal
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during revision surgery is a difficult process, which when combined with other factors

has led to the increasing popularity of cementless fixation methods.

1.2.1.2. CEMENTLESS FIXATION

The primary goal of cementless fixation for use in orthopaedics is to improve the
longevity of the implant, whilst not having the issues which arise from the use of bone
cement, such as thermal necrosis and cement removal during revision surgeries. The
principles of cementless fixation that are required for the implants success include,
adequate initial stability, the implants ability to promote osseointegration and suitable
mechanical properties. Unlike cemented fixation, where bone cement is used to fill the
gap formed between the implant and the bone; in cementless fixation, initial stability is
achieved by having the forces required to dislodge the components, being equal to or less
than the physiological forces holding the component in place. This involves having an
initial tight fit, achieved by either the use of surgical screws or a press-fit configuration.
An example of the press-fit model would be the acetabular component of a THA device,
where the reamed diameter of the area to receive the component is slightly smaller than
the diameter of the actual cup itself. Following this initial contact, the bone-implant
interface is the ideal environment for osseointegration to occur, allowing the direct
integration of the implant to the surrounding bone tissue, highlighting the importance of
selecting biomaterials capable of promoting an enhanced osteogenic response following
surgery. Furthermore, the mechanical properties of the materials which form the implant
are extremely important in cementless fixation, as the removal of bone cement inhibits
the implants ability to evenly transfer the load from the joint into the bone, which can
result in failure of the joint (Cross, 2008b). The effectiveness of cementless fixation is
demonstrated in the field of dentistry, as all dental implants are secured using cementless

techniques.

1.2.2. CEMENTED VERSUS CEMENTLESS IMPLANTS

Cemented or cementless fixation is still being debated as to which technique is the optimal

fixation method in TJA that can deliver improved performance and longevity of the
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device. In a recent systematic review by (Abdulkarim et al., 2013), meta-analysis of all
randomised clinical controlled trials, where cemented was compared against uncemented
THAS, was completed. It was found that there was no significant difference between the
two groups when assessing implant survival rates or post-operative complications.
Improved short term clinical outcomes, such as better pain scores, were observed in
cemented implants, and it was concluded that cemented was similar if not superior to
uncemented THR. The limitation of Abdulkarim et al’s study was the relativity short
follow up time, which ranged from 2 to 8 years. In an earlier systematic review that
assessed 20 cemented versus cementless fixation THA studies, (Morshed et al., 2007)
found that whilst the meta-analysis failed to demonstrate overall superiority of either
method, cemented fixation showed greater survival rates in some subsets of the study
population and should be chosen in place of uncemented. A review of cemented versus
uncemented hemiarthoplasty for displaced femoral neck fractures, found that after a meta-
analysis of eight eligible studies, that there was no significant difference between the two
groups in regards to survival rates, mortality or post operational complications (Luo et
al., 2011). However, as in Abdulkarim et al’s review, there was a significant difference
observed in regards to pain scores. Residual pain at 1 year was found to be 23.6% in
cemented devices, compared to 34.4% for uncemented. Considering the similarities
between the two methods in regards to device mortality, it was concluded that the
improvement in pain scores using cemented fixation merited that cemented fixation
should be preferred over uncemented. Whilst cemented fixation can improve short term
pain scores, if a revision is required, working with a cemented device can prove to be
difficult when trying to expose new bone tissue for the replacement device. This issue is
not present to the same extent in uncemented devices as there is no bone cement that has
to be removed by the surgeon. Considering this, as the demand for TJA increases with
younger patients potentially outliving the lifespan of their devices, uncemented fixation
may be more suitable for younger patients who have a higher chance of revision surgery
in the future. Cemented fixation may be best suited to those who are less likely to require

a revision and could benefit from the improved pain scores, such as the elderly.
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1.2.3. FAILURE MECHANISMS

There are multiple factors which play a role in how a patient responds to an implant, such
as the topography, energy, chemistry and composition of the implant, each of which as
individually is important as each other. For example, a device may be engineered to have
a surface topography ideal for the deposition and formation of new bone tissue, although
if the chemical composition of the surface is not accepted by the hosts cells, an
inflammatory response can be triggered which may lead to joint failure (Revell, 2008).
Fibrous encapsulation is an example of such a response, which can occur when fibrous
tissue forms over the surface of the implant as a method of protection, in an attempt to
isolate the implant from the host. The fibrous capsule can become thick under certain
conditions and lead to loosening of the implant and clinical failure (Long, 2008). To
prevent this undesirable response, implants are usually designed out of materials that
promote an interfacial response and form direct contact between the tissue and implant,
although other failure mechanisms can still occur.

1.2.3.1. STRESS SHIELDING

Biologically active bone is an extremely complex material and one of the key challenges
posed to modern implantable materials, is to mimic the mechanical properties of bone.
As bone is in a constant state of renewal, it is continually remodelling and this allows
bone to react to the external stresses of surrounding environment (Burke, 2008). The
remodelling and regenerating properties of bone can be directly related to loading (Cross,
2008a). As stated by Wolff’s law: bone subjected to stress or loading will regenerate and
bone that is not subjected to stress will atrophy. This is clinically apparent in arthritic
joints, where the formation of osteophytes occur due to the increased stress caused at the
interface, leading to hypertrophy of the bone (Burke, 2008). For orthopaedic applications,
stress in the proximal femur is shared by the metal implant and the host’s bone.
Therefore, an implantable material that does not have similar mechanical properties to
bone may lead to an un-physiological distribution of force transmission at the bone-
implant interface. This mismatch in mechanical properties will result in bone resorption
and is known as “Stress shielding”. In implant technology, stiffness is one of the most

important mechanical terms. It is a material property that is defined by the resistance of
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an elastic body to deformation or deflection by an applied force. Young’s modulus of
elasticity, E (Elastic modulus), is a measurement of stiffness, and is a ratio of the rate of
change of stress (force per area) against strain (deformation) in units of gigapascals (GPa)
(Cross, 2008a). The elastic modulus of bone varies, depending on the direction and type
of bone, ranging from 4-30GPa (Katz, 1980). Ideally the implantable metal should have
an identical elastic modulus to that of bone, to allow the native bone to support as much
of the patients weight as possible, but this comprises other important mechanical
properties required by the material. Currently titanium and its alloys are most suited as
they have a much lower elastic modulus of around 110 GPa (Gotman, 1997) and would
therefore keep stress shielding to a minimum. Stress shielding is a prominent factor when
choosing cemented or cementless fixation, as the elastic modulus of bone cement is
approximately 2400 MPa (Webb and Spencer, 2007) which is considerably closer to the
modulus of bone tissue, which can vary from 4-30 GPa (Katz, 1980). The surrounding
bone cement can therefore act as an elastic interlayer between the bone and metal implant,
allowing for an even transfer of the load and prevention of bone resorption. In contrast,
when cementless stems are used in the distal femur of patients, stress shielding is highly
likely to occur, as found in a study which observed severe and mild bone resorption in
24% and 76% of the joints assessed, respectively (Yamada et al., 2009). Despite the
presence of stress shielding, it was found that the survivorship of cementless acetabular
and femoral components after 20 years was still 85.8% and 97.8%, respectively. This
data suggests that whilst some stress shielding may occur in cementless fixation devices,
the overall survivorship is still relatively high, justifying their use in modern day
prosthesis.

1.2.3.2. MICROMOTION

Closely related to material stiffness and stress shielding is the issue of micromotion.
When an implant undergoes loading, specifically not long after implantation, small
movements can occur between the implant and the surrounding bone. If these movements
are excessive, they can prevent integration of the bone with the biomaterial at the bone-
implant interface, therefore inhibiting osseointegration (Cross, 2008a). The influence of
material stiffness on stress distribution and micromotion at the interface was researched

by Simon et al (Simon et al., 2003), and it was found that the low stiffness material

39



showed better stress distribution, but un-expectantly showed more micromotion. This
highlighted the importance of having biomaterials with the correct mechanical properties
to withstand the deformation that can occur from physiological loading. Specifically for
long implants, such as the femoral stem of THA where increased elasticity would result
in repetitive deformation, excessive micromotion and ultimately failure of the joint
(Cross, 2008a).

1.2.3.3. WEAR

Wear is also one of the major problems associated with failure of orthopaedic devices and
can be defined as “The removal of material caused by the contact and relative motion
between two surfaces”. The underlying cause of wear is always the same: if two
components are placed in contact with one another, with a low nominal stress between
them, then high local stresses will exist, owning to the fact that no surface is perfectly
flat. Itis at these points of contact when relative motion occurs, shearing forces will cause
small particles of wear debris to break free (Taylor, 2009). Wear most commonly
materialises at the interface between the femoral head and acetabular cup, but can arise
at multiple interfaces on an orthopaedic device. McKellop (McKellop, 1995) classified

the different wear interfaces into four different modes shown below.

40



Table 1 The different modes of wear possible in TJA (McKellop, 1995).

MODE INTERFACE EXAMPLE
Mode 1 Surfaces that are normally | Metal femoral head and
supposed to articulate polyethylene insert
Mode 2 One normal side of | Metal  femoral head
articulation against another | burrows through
side that should not | polyethylene and
normally articulate articulates  against  the
backing of the acetabular
cup
Mode 3 When a third body particle | Metallic/bone particles or
interposes itself in a joint | broken wires that migrate
to the total hip articulation
site
Mode 4 Two surfaces that are not | The polyethylene insert of
meant to undergo relative | the acetabular cup rotating
motion against the metal shell

The consequences of wear in TJA are severe. As wear proceeds, the tolerances between
articulating surfaces become heavily altered, which may lead to changes in function,
range of motion, biomechanics and even dislocation. The physiochemical properties of
important features such as bearings and surface coatings may also become altered in the
presence of wear. Lastly, the result of wear, being the wear and particle debris, can
generate a foreign body inflammatory response, periprosthetic osteolysis, aseptic
loosening or a pathological fracture (Burke, 2008). It is these clinical consequences that
are fuelling the progression of TJAs that have minimal wear so that they can hope to last

the lifespan of aging patients.
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1.2.3.4. CORROSION

As with the concern over wear on orthopaedic devices, corrosion is also a problem.
Corrosion is a complex, multifactorial, electrochemical phenomenon that primarily
causes the degradation of the material within the body. Degradation of metal-alloys
within the body is undesirable for two reasons: the structural integrity of the implant may
decrease, and the release of by products which may be harmful to the host and cause
adverse biological reactions (Jacobs et al., 1998). It is no surprise that corrosion of metals
and alloys occur in the human body, as it is an extremely harsh environment. The metallic
materials have to withstand an oxygenated saline solution with a salt content of around
0.9%, at pH of approximately 7.4 and temperature of 37°C/98.4°F (Kamachimudali et al.,
2003). It is the organic substances, ions and dissolved oxygen contained in this
unforgiving environment that makes it electrochemically reactive to metals. A metals
tendency to corrode depends on its electrode potential, with some metals chemically inert
such as Au and Pt, and others quite reactive such as Ti, Al, Cr and Co. It is the high
reactivity of Ti and Co alloys that make them more desirable for orthopaedic applications.
Without the presence of an aqueous solution such as that found in the human body, a form
of corrosion known as dry corrosion occurs, when the metal interacts with air. Upon
exposure to air, some metals almost immediately form an oxide layer on their surface,
approximately a few nanometres thick. This oxide layer on the surface of the metal acts
as a passivating layer, preventing the release of electrons and metallic ions from the
surface. This layer also serves to prevent any aqueous corrosion occurring within the
body and in turn helps to prevent leaching of any potentially harmful ions (White, 2009).
The oxide layer may protect the metal implant up to a point, but it does not protect it
completely. Proteins, bacteria and cells may upset the equilibrium of reactions, altering
pH and electrode potential and reduce the amount of oxygen available to maintain the
layer leading to different forms of corrosion. Fretting corrosion is when the oxide layer
is continuously removed and reformed in a cyclic process and can lead to the gradual
wear of the surface of the implant. Pitting corrosion can cause holes that form in the
oxide layer at weak points that cannot be reformed. Lastly, stress corrosion attacks the
oxide layer at its weakest points when in the presence of an applied load and can cause
cracks that may lead to failure of the device (White, 2009). All the above forms of
corrosion highlight the complexity of the interface that occurs between bone and implant

surface.

42



1.2.4. DENTAL IMPLANTS

It should be highlighted that implants used for TJA share numerous similarities with
implants found in dentistry. Both share a primary of function of replacing diseased or
damaged tissue with a device that is suitable to fulfil the role of the tissue being replaced,
both biologically and mechanically. Whilst TJA devices replace the components of a
joint, such as the knee or hip, dental implants replace the function of a tooth, and are
usually integrated with the bone of the jaw and support a dental prosthesis such as a
crown. Both forms of implant must secure adequate osseointegration with the
surrounding native bone following surgery, therefore there is considerable overlap in the
research of these two individual, but similar fields of medicine. As in orthopaedics,
titanium is the gold standard material for dental applications and is widely used in many
forms of dental implant (Fandridis and Papadopoulos, 2008). Numerous methods of
surface modification and functionalisation are applied to dental implants, similar to those
found used in TJA devices (Giannoni et al., 2009).

1.3. BIOMATERIAL SURFACE MODIFICATION

One of the main methods of preventing possible failure mechanisms and to increase the
performance of orthopaedic devices is to modify the materials out of which the devices
are made. Whilst modifying the composition of the materials can affect the mechanical
properties, modification of the material surface can allow for an increase in implant
performance whilst retaining the advantageous mechanical properties (Logan and Brett,
2013). Ideally, if the surface of an implant can be modified to promote an environment
that can stimulate an enhanced osteogenic response, this should lead to a faster rate of
bone deposition and increased levels of osseointegration. In turn, this could result in faster
healing times and prevent failure mechanisms such as micromotion. Bioinert materials
such as the cobalt alloy vitallium, rely heavily on surface modification, such as bioactive
coatings to stimulate an osteoconductive and osteoinductive microenvironment post

implantation.
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1.3.1. CALCIUM PHOSPHATE BASED SURFACE MODIFICATION

One of the most effective and widely used surface treatments for CoCrMo orthopaedic
devices in industry is hydroxyapatite. The material does not exhibit the mechanical
properties required to be used as a bulk material in orthopaedic and dental devices,
although the bioactive ceramic has excellent potential for use as a coating, considering
that it mimics the natural composition of bone (Surmenev et al., 2014). The first and one
of the most common methods of depositing hydroxyapatite onto orthopaedic biomaterials
is plasma spraying (De Groot et al., 1987), although a variety of deposition techniques
can be used, such as pulsed laser deposition (Komath et al., 2011, Koch et al., 2007), ion
beam assisted deposition (Choi et al., 2000, Cui et al., 1997) and radio frequency
magnetron sputtering (Yamashita et al., 1994, Wolke et al., 1994). It is thought that
hydroxyapatite coatings can stimulate an osteoconductive response in the local
microenvironment following implantation, depicted below in figure ??. The theory, first
described by (Rahbek et al., 2000), states that a change in the surrounding pH levels
causes the dissolution of calcium and phosphate ions, which then reprecipitate onto the
surface and incorporate into apatite crystals which can stimulate chemotaxis. This
increase in cellular response has been observed in in vitro biological trials using a variety
of osteogenic cells, which have shown enhanced cell adhesion, proliferation and
differentiation when on hydroxyapatite based films (Junker et al., 2009, Sima et al., 2010,
Hong et al., 2010, Sato et al., 2008, Dimitrievska et al., 2011).
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Figure 3 Potential method of osteoconduction stimulated by hydroxyapatite based
coatings in orthopaedic applications. Image taken from (Surmenev et al., 2014).
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However, despite the beneficial performance of hydroxyapatite based coatings in vitro,
the performance of implants in in vivo clinical studies has been inconsistent.
Hydroxyapatite coatings on THA devices have shown good rates of survival with a rate
of 97% after 11 years (Geesink, 2002), although several recent orthopaedic clinical
studies have shown that there is no clear benefit to using hydroxyapatite coatings in either
acetabular cups or femoral stems of THR devices (Lazarinis et al., 2011, Lazarinis et al.,
2010, Camazzola et al., 2009, Gandhi et al., 2009, Stilling et al., 2009). Furthermore, for
the acetabular cup specifically, those coated with hydroxyapatite have been reported to
be inferior to uncoated cups, citing that hydroxyapatite particles that dissociate from the
implant can lead to increased wear and aseptic loosening of the device (Stilling et al.,
2009). Another factor in regards to the efficacy of the coatings, particularly for plasma
sprayed hydroxyapatite, is due to variation in the dissolution rates between different
phases that comprise the coating, the coating can be at risk of delamination (Le
Guehennec et al., 2007). New coatings with increased stability and longevity may be
more suitable at improving the performance of orthopaedic devices at the bone-implant

interface.

1.3.2. TIO2 BASED SURFACE MODIFICATION

In contrast to hydroxyapatite based coatings which are advantageous due to their
similarity to natural bone, one type of surface modification which has grown in popularity
due to the beneficial properties of titanium alloys, is the use of titanium oxide (TiO>).
TiOz is the thin (3-7 nm) naturally occurring oxide layer found on the surface of titanium
and its alloys (Textor, 2001). It is understood that the advantageous properties of titanium
and its alloys can be accounted this surface oxide layer of TiO2. Consequently, efforts
have been made to thicken or deposit additional TiO2 onto titanium as well as other
biomaterials, using a wide variety of different techniques, although the majority of
methods are still in the early stages of research and not in commercial use. A number of

methods which utilise TiO2 based surface modification are detailed below.
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1.3.2.1. MICRO ARC OXIDATON

Modification of titanium substrates by way of micro-arc oxidation (MAO), also known
as plasma electrolyte oxidation, results in the formation of a porous layer of TiO2 on the
substrate surface. Application of an applied voltage over a certain threshold to a titanium
substrate submerged in an electrolyte, results in the dielectric breakdown of the surface
TiOz layer. At this moment, OH ions in the electrolyte and Ti ions from the material
move in opposite directions and rapidly reform as TiO- in a porous and well adhered layer
(Nie et al., 1999). By altering the applied voltage the characteristics of the oxide layer
can be varied, resulting in changes to the surface morphology and crystallinity (Li et al.,
2004, Chen et al., 2010a). Titanium substrates that have undergone MAO have been
shown to be biologically advantageous for osteogenic applications, via enhanced levels
of bone tissue formation in vivo (Ma et al., 2008, Zhou et al., 2014). In addition, further
modification to the implant surface can be achieved by the incorporation of Ca and P ions
into the oxide layer by controlling the composition of the electrolyte, and have shown
excellent levels of biocompatibility (Ishizawa and Ogino, 1995, Li et al., 2004, dos Santos
et al., 2014). Application of MAO TiO layers containing Ca and P onto rough
sandblasted substrates have shown improved tribo-mechanics (Szesz et al., 2014, Wang
etal., 2014a). MAO TiO: layers can also be functionalised using mircoRNAs increasing
the osteogenic activity of rat MSCs (Wu et al., 2013). Interestingly, application of MAO
is not restricted solely to titanium substrates, as the biocompatibility of cobalt chrome
was shown to be enhanced following an initial coating of Ti by electron beam deposition
and subsequent MAO treatment (Han et al., 2009).
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Figure 4 SEM images of titanium substrates modified by MAO at different voltages.
Taken from.(Li et al., 2004).

1.3.2.2. SOL GEL COATINGS

Sol gel dip coating is an effective method of producing thin film metal oxide layers on a
substrate. For TiO2 sol gel coatings, the wet chemical process involves the use of a
titanium organic precursor and an organic solvent, where controlling the temperature at
which the coating is performed can affect crystallinity and phase. The excellent corrosion
resistance of titanium can be accounted to its surface oxide layer and is potentially
transferrable to TiO2 coated materials. Using a Sol-gel dip coating method, TiO coated
CoCrMo was shown to improve the cytocompatibility of the material by preventing the
release of potentially harmful ions such as cobalt and chromium (Tsaryk et al., 2013).
Similarly, the titanium alloy Ti6Al4V, was shown to have reduced vanadium ion release
following TiO2 sol gel coating (Hoffmann et al., 2007), whilst a combination of MAO
and TiO: sol-gel coating significantly improved the corrosion resistance of magnesium
(Shi et al., 2009). By improving the cytocompatibility of biomaterials via increasing
corrosion resistance, an improvement in biological response can be observed. Sol gel

TiO> coated 316L stainless steel stimulated such a response in the form of superior cell
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morphology and proliferation, whilst also inhibiting any inflammatory response in vivo
(Marycz et al., 2014). The use of sol gel TiO2 coatings for soft tissue applications have
also been investigated, where it was found that nanoporous sol-gel coated dental implants
enhanced soft tissue attachment in both a beagle and rat model (Rossi et al., 2008, Areva
et al., 2004). Furthermore, the application of TiO2 sol gel coatings as an osteogenic
enhancer has been shown to promote superior cell response in MC3T3-E1 and MG63
cells (Advincula et al., 2006, Singh, 2011). Methods to further increase the efficacy of
sol gel coatings via functionalisation have shown that TiO> coatings that were irradiated
with UV light enhanced apatite formation (Guo et al., 2010), whilst doping the coating
with nickel stimulated a significant improvement in cell response (Dhayal et al., 2012).
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Figure 5 SEM images showing morphologies of control titanium surface above, with a 5
layer sol gel coating below. Taken from (Advincula et al., 2006).
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1.3.2.3. SPUTTER DEPOSITION

The application of thin, well adhered TiO. films can be achieved onto substrates by
sputter deposition techniques. Using molten TiO2 nanoparticles, thin films can be
deposited onto titanium substrates with thickness ranging from 300 picometres to 6.3
nanometres. These thin films of TiO. were shown to have no effect on the topography of
the titanium substrate, but significantly improved the proliferation and differentiation of
rat bone marrow derived cells (Sugita et al., 2011). Using the same deposition technique,
the TiO> coating stimulated a superior cell response in muscle skeletal cells, in the form
of increased cell proliferation, adhesion, attachment, gene expression and collagen
production (Ishizaki et al., 2011). A different method of sputter deposition is DC
magnetron coating. By using a titanium target in a gas chamber containing a ratio of O
and Ar, application of a current for a determined time can result in the formation of TiO-
on the substrate surface. Such thin films of TiO2 have been shown to be advantageous
for osteogenic applications by enhancing the formation of hydroxyapatite in simulated
body fluid and phosphate buffered saline (Kasemanankul et al., 2009, Brohede et al.,
2009). Variations in the deposition parameters, such as the Ar to O2 gas flow ratio, are
influential on the bioactivity of the TiO- layer by affecting hydroxyapatite formation and
morphology (Lilja etal., 2011). In addition to enhancing hydroxyapatite formation, these
TiO> films formed on titanium by way of DC magnetron sputtering have been reported to
be extremely well adhered to the substrate which is highly important in regards to the

longevity of implantable devices (Brohede et al., 2009).
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Figure 6 SEM images showing that nanometre thin sputter coatings do not significantly
change the morphology of acid etched substrates despite enhancing cell response. Taken
from (Ishizaki et al., 2011).

1.3.2.4. T102 NANOTUBES

One method of applying additional TiO> to the surface of titanium and its alloys whilst
also creating a unique topography with distinct and controllable features, is the use of
nanotubes. TiO2 nanotubes can be grown onto the surface of titanium by an
electrochemical anodization method, involving a titanium plate as the anode and a
platinum sheet as the cathode, with both submersed in a fluoride based electrolyte
solution. By altering the supplied voltage and duration, the system can determine the
height and diameter of the nanotubes (Brammer et al., 2012). It has been reported that
the dimensions of TiO2 nanotubes are heavily influential on cell response. Nanotubes of
diameter, 30, 50, 70 and 100 nanometres (nm) were studied and it was found that whilst
the smaller diameter tubes promoted good cell adhesion, they lacked differentiation
ability. The larger diameter nanotubes promoted cell elongation and enhanced levels of
osteogenic differentiation in MSCs (Oh et al., 2009). In a similar study, it was concluded
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that TiO2 nanotubes with smaller diameters were preferable, as low levels of
mineralisation and greater cell apoptosis was observed on large diameter nanotubes (Park
et al., 2007). Park et al went on to conclude that 15 nm was the optimal size for TiO-
diameter (Park et al., 2009). Whilst the application of nanotubes holds great potential
(Mashinchian et al., 2015), more studies need to be performed to ascertain the optimal
dimensions considering the contradictory results in the literature.  Furthermore,
functionalisation of TiO2 nanotube surfaces with BMPs have been shown to enhance cell
behaviour compared to untreated nanotubes, signifying that there is potential to improve

upon the nanotube response alone (Lai et al., 2011, Park et al., 2012).

Figure 7 Variation in TiO2 nanotube dimensions grown on titanium substrates. Image
taken from (Park et al., 2007).

1.3.2.5. CHEMICAL VAPOUR DEPOSITION

One potential method of capable of depositing thin and durable TiO2 coatings is chemical
vapour deposition (CVD). CVD can be defined as the deposition of a solid on a heated
surface from a chemical reaction in the vapour phase (Pierson, 1999). It is a method
appropriate for manufacturing coatings that can contain most metals as well as some non-
metallic compounds such as silicon or carbon. CVD is used in a number of applications,
such as in the manufacture of semiconductors, coating of tools and bearings, self-cleaning
windows, and optoelectronics, although as of yet has not been utilised as a method of
coating orthopaedic implant materials. The process of CVD includes the introduction of
gaseous compounds into heated chamber, where a reaction occurs and due to the transfer

of energy, a solid is deposited onto the target, whilst simultaneously creating gas by-
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products. This resultant solid is the desired coating and its composition is dependent on
the gaseous compounds used during the reaction. For example, to create a TiO> solid
film, the compounds would include titanium tetrachloride and ethyl acetate (Cross et al.,
2012). By selecting the appropriate input gaseous compounds, the resultant coating can
be controlled to contain desired elements and compositions (Pierson, 1999). This degree
of control over the composition of the coating could be highly advantageous if the process
were to be applied for orthopaedic applications, as compounds beneficial to the
osteogenesis process could be applied. Another advantageous property of the CVD
process, which merits its potential use in the field of orthopaedics, is the process is not
restricted to a line of sight deposition like most coating techniques, such as sputter
coating. CVD technology allows for complicated 3-dimensional configurations with
deep recesses and holes to be coated with relative ease. In the field of orthopaedics, where
implants are complex shapes commonly modified with sophisticated surface
topographies, the CVD method of surface modification could be extremely useful,
ensuring that the entire implant receives a sufficient coated. Further advantages of the
CVD process include a high deposition rate, and no requirement for expensive vacuum
equipment as the process can be performed at atmospheric pressure, which ultimately

reduces time, cost and complexity.
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Figure 8 A image of an atmospheric pressure CVD system, containing a quartz tube as
the reaction chamber and bubbles to heat the individual gaseous compounds before
deposition.

52



1.3.3. TOPOGRAHICAL SURFACE MODIFICATION

One of the most influential and commonly used methods of improving implant
performance is topographical surface modification. There are many widely used physical
methods of creating surface morphologies that are capable of improving bone response,
as it is believed that osteogenic cells are more favourable to roughened surfaces compared
to smooth (Brett et al.,, 2004). The commercial sandblasted acid-etched (SLA)
topography created by Straumann (Walderberg, Switzerland) is one of the best and most
widely used topographies on titanium dental implants. Created by a combination of
sandblasting using large grit aluminium oxide particles, followed by acid etching using a
mixture of HCI and H>SOg4, the topography has features on both the micro and nano scale.
The SLA surface is moderately rough (Ra approximately 1.5 um) which is within the
range described as optimal for enhancing bone formation (Wennerberg and Albrektsson,
2009). Mirco-rough implant surfaces, such as SLA, are thought to stimulate osteoblasts
to create a osteogenic microenvironment (Boyan et al., 2003), which can lead to increased
bone to implant contact, when compared to smooth surfaces in vivo (Shalabi et al., 2006).
Due to the surface properties of SLA having the potential to enhance bone formation,
healing times from implant placement to implant loading can be significantly reduced.
The successful use of SLA implants in early loading clinical long term studies has been
widely demonstrated (Cochran et al., 2011, Cochran et al., 2007, Gallini et al., 2004,
Bornstein et al., 2005, Roccuzzo et al., 2008). Furthermore, in large, 10 year follow up
studies, the long term reliability of the SLA surface was demonstrated by high survival
rates in patients, ranging from 95.1% to 100% (Buser et al., 2012, Fischer and Stenberg,
2012, Roccuzzo et al., 2014). The application of topographies, such as the SLA surface,
onto bioinert orthopaedic materials like CoCrMo, may potentially be a method of

improving the osteoconductive and osteoinductive properties of the material.
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Figure 9 Example of the surface morphology of SLA titanium. Scale bar =10 um.
Image taken at the Eastman Dental Institute
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1.4. AIM AND HYPOTHESES

The aim of this thesis is to develop surface modification strategies, including CVD
coatings, functionalisation of CVD coatings, and surface topographies, for the
orthopaedic implant material CoCrMo that have the potential to enhance the adhesion and
rate of osteogenic differentiation in human MSCs. These approaches could be applied to
CoCrMo orthopaedic devices used in total knee and hip replacement surgeries where
enhanced bone formation is desirable to improve implant stability and reduce healing

times post-surgery.
The hypotheses explored in this thesis are:

1. The addition of a CVD TiO> coating onto the surface of smooth CoCrMo would
improve cellular markers of osteogenic differentiation and adhesion in human
MSCs when compared to uncoated CoCrMo.

2. UV photofunctionalization of the TiO> coated CoCrMo would increase cell
adhesion, proliferation and ostoegenic differentiation in human MSCs when
compared to non-UV TiO; coated CoCrMo.

3. The application of a SLA topography onto CoCrMo would stimulate increased
calcium and hydroxyapatite formation from human MSCs when compared to
smooth CoCrMo.

4. Coating the surface of SLA CoCrMo in a layer of TiO2 using CVD would increase
cellular markers of osteogenic differentiation and adhesion in human MSCs when

compared to uncoated SLA CoCrMo.
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CHAPTER TWO:

MESENCHYMAL STEM CELL
RESPONSE TO TiO, COATED
COBALT CHROMIUM
MOLYBDENUM
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2. INTRODUCTION

Advances in diagnostic and therapeutic techniques have resulted in a growing elderly
population within the UK and other countries (Murray et al., 2013). As a result of this,
the number of TJA procedures performed is predicted to rise significantly by the year
2030 (Kurtz et al., 2007a), which will have a substantial impact on the health industry
both clinically and economically (Kurtz et al., 2007b). To counter this situation, current
generation orthopaedic devices must be improved and developed to increase longevity

and reduce healing times following surgery.

The current material of choice for both orthopaedic and dental applications is titanium
alloy (Geetha et al., 2009). This is due to the materials many desirable properties which
include, mechanical strength, resistance to corrosion and wear, and its ability to promote
osseointegration (Branemark, 1983). Despite these advantageous properties, titanium
alloy cannot always be used and other more mechanically strong materials such as
CoCrMo are often preferred. For example, CoCrMo is used widely in TKA as its
excellent resistance to wear allows the material to be used as a bearing surface. Whilst
CoCrMo may be mechanically strong it does not have the same level of biocompatibility
as titanium alloy (Sinha et al., 1994).

Following the implantation of an orthopaedic device, the surrounding tissues and cells do
not come into contact with the bulk material of the implant, but are instead mediated by
its surface. Titanium oxide (TiO2) is a naturally occurring oxide layer found on the
surface of titanium and its alloys. At approximately 3-7 nm thin, this self-repairing,
durable oxide layer could play an important role in bone healing, by mediating the events
that take place at the cell-implant interface, such as protein adsorption, cell adhesion and
differentiation (Textor, 2001).

This section of the project aimed to investigate whether coating the bio inert material,
CoCrMo, in a layer of anatase TiO2 by way of atmospheric CVD, could improve the
bioactivity of the material. Human MSCs isolated from the bone marrow of the iliac crest
were used for the investigation. MSCs are multipotent cells which have the capability to
differentiate into adipocytes, chondrocytes and osteoblasts (Pittenger et al., 1999). It is
widely accepted that following orthopaedic implantation, MSCs are one of the first cell
types recruited to such sites, where they can then colonise onto the surrounding surfaces
and differentiate into osteoblasts capable of facilitating in bone formation and healing
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(Davies, 1998, Davies, 2003). Markers of cell proliferation, adhesion and differentiation
were studied to assess the osteogenic capability of uncoated CoCrMo, TiO> coated
CoCrMo (CCMT) and titanium discs (Ti). Surface characterisation of all the substrates

was also performed which included surface wettability, topography and SEM analysis.
The hypothesis explored in this chapter is:

1. The addition of an anatase TiO> layer created by CVD onto the surface of CoCrMo
can generate the increased osteogenic differentiation of human MSCs, to a

comparable level as that observed on a titanium positive control surface.
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2.1. MATERIALS AND METHODS

2.1.1. SAMPLE PREPARATION

Discs formed of CoCrMo (Cr 26-30, Mo 5-7) were supplied by Corin Ltd (Cirencester,
UK). Each disc had a machined finished (Figure 10 A) and dimensions of 15 mm @,
1mm thickness. To create a smooth surface on the discs, free of any influence of surface
topography, the discs were ground and polished to a mirror finish (Figure 10 B).
Individual discs were mounted and fixed on resin bases (SpeciFix-20, Struers, 40200048)
using araldite rapid for 30 minutes (Figure 10 C). Once the discs were securely fixed in
place, the exposed surface was manually ground to remove the machined finish using a
LaboForce-1 grinding machine (Struers) with silicon carbide (SiC) #1000 grit paper
(Struers, 40400011) at 300 revolutions per minute (rpm) lubricated with H,O. The discs
were rinsed using ¢qH20, transferred to a RotoForce-1 polishing machine (Struers) and
polished for 4.5 minutes at a force of 30 Newtons (N) using MD Dac (Struers, 40500071)
with DP-Suspension P 3um (Struers, 40600251). The discs were lubricated during the
polishing procedure using DP-Lubricant Blue (Struers, 40700006). Following this, discs
were mechanically removed from the resin bases, sonicated for 15 minutes in isopropanol
followed by 4¢sH20 at room temperature (RT) and air dried. Commercially pure Ti (Cp-
Ti) discs were provided by Institut Straumann AG (Walderberg, Switzerland). A detailed
description of the Straumann manufacturing process can be found in (Rupp et al., 2006).
In brief, Ti discs were punched out of sheets of commercially pure titanium and were

ground using diamond paste in oil and SiO2 suspension.

2.1.2. SAMPLE PASSIVATION AND STERILISATION

Before discs were used for cell culture experiments they underwent a sterilisation
procedure. CoCrMo, CCMT and Ti discs were immersed in nitric acid (0.1 N, BDH,
19088 5E) for 10 minutes as a passivation step in order to clean and reduce the effect of
external environment factors. The procedure can thicken the protective outer oxide layer
and reduce corrosion and the release of potentially harmful ions from the surface (Brune
etal., 1984). Lastly, substrates were washed in ¢aH20, air dried in a sterile environment

59



and then irradiated with UV light for 20 minutes on each side prior to use (BONMAY,
BR-506).

Figure 10 CoCrMo discs supplied with a machined finish (A), and a smooth, mirrored
finish following grinding/polishing procedure (B). (C) shows how each disc was
individually mounted on a resin base.

2.1.3. CHEMICAL VAPOUR DEPOSITION
*Performed by Alison J Cross, Department of Chemistry, UCL.

Atmospheric pressure CVD was used to create a thin coating of TiO2 on smooth CoCrMo
discs. Titanium tetrachloride (TiCls) and ethyl acetate were used in the procedure,
previously developed to coat steel substrates and glass (Cross et al., 2012, Hyett et al.,
2010). The TiCls bubbler was heated to 68°C, whilst the ethyl acetate was heated to 40°C,
with all gas lines heated to above 150°C. Around 30 CoCrMo discs were placed inside
the deposition chamber which was heated to a temperature of 500°C. Discs were
positioned near the gas inlet of the chamber to ensure complete coverage of the substrate
surface. The deposition was carried out for 60 seconds with flow rates of 1.32 litres/min
for TiCls, 0.3 litres/min for ethyl acetate, 3 litres/min for plain 1 and 1.85 litres/min for

plain 2.
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Figure 11 A polished CoCrMo disc before (A) and after (B) coating with TiO2. (C) shows
the variation in the appearance of the TiO. coating on 25 CoCrMo discs coated together
in the same batch.

2.1.4. SUBSTRATE CHARACTERISATION
*Raman & XRD performed by Alison J Cross, Department of Chemistry, UCL.

The presence of anatase TiO> on the surface of coated CoCrMo discs was examined by
Raman spectroscopy and x-ray diffraction (XRD) methods. Surface topography of the
substrates was analysed by obtaining Ra values through laser profilometry scans
(Scantron, Proscan 1000). Ra is the arithmetic average of the absolute values of a
roughness profile. Substrates were loaded onto the testing rig, fixed in place and brought
into focus of the laser. An area of 6.25 mm? was then examined (n = 5) and Ra values
obtained using Proscan software. Scanning electron microscopy (SEM) of the substrate
surface was also performed. CoCrMo, CCMT and Ti discs were fixed onto mounts
(G301, Agar Scientific) overnight using araldite ultra. Images of both low and high
magnification were taken by SEM (Philips, XL30 FEGSEM) using a beam energy of 5
keV and spot size of 3. The wettability of the substrates was analysed by static contact
angle measurements, using an optical contact angle meter (KSV Instruments LTD, CAM
200) with 2 ul drops of 4¢H20 (n = 6). The thickness of the TiO> coating on each disc of

each batch was analysed using filmetrics (F20) using FILMeasure software.
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2.1.5. MSC ISOLATION
*Performed by the Tulane Center for Gene Therapy, US.

Bone marrow aspirate was drawn from the iliac crest of three individuals; two male aged
22 and 24, and a female aged 37. Using density centrifugation, the mononuclear cells
were first separated and then plated onto tissue culture plastic (TCP) to obtain the
adherent MSCs. The culture media consisted of minimum essential media — o (MEM-a)
containing 16.5% foetal bovine serum (FBS). When the MSCs reached 60-80%
confluence they were harvested as passage 0, re-expanded and harvested again, and then
either frozen or re-expanded for characterisation testing as passage 1. Freezing media
consisted of MEM-a containing 30% FBS and 5% dimethyl sulfoxide (DMSO).

Characterisation of the MSCs was performed on cells ranging from passage 2 up to
passage 4. Using flow cytometry, MSCs of passage 2 were tested for markers known to
be expressed by MSCs, and were positive (> 95 %) for CD147, CD166, CD90, CD49c,
CD29, CD105, CD73a, CD59, CD146. MSCs were also negative (< 2 %) for blood cell
markers CD14, CD79a, CD45, CD11b, CD19 and CD34. To determine cell growth and
differentiation, MSCS were analysed over three passages (2-4), and shown to have
sufficient fold increase in cell numbers and were capable of differentiating into bone,

cartilage and fat.

Vials containing the MSCs at a concentration of 1 x 10° cells/ml/vial, were delivered to
the Eastman Dental Institute in liquid nitrogen, where they were then transferred to a

permanent liquid nitrogen storage container, until required.

Table 2 Summary of the surface markers analysed for expression in MSCs. Information
supplied by Tulane Centrer for Gene Therapy, US.

SURFACE MARKER ROLE/FUNCTION EXPRESSION
CD11b Mediates adhesion  to | Negative
substrates
CD14 Monocyte differentiation | Negative
antigen
CD19 Regulates B cells | Negative
development,  activation
and differentiation
CD29 Fibronectin receptor Positive
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CD34

Cell-cell adhesion molecule
and cell surface

glycoprotein

Negative

CD45

Leucocyte common antigen

Negative

CD49c

Receptor  for  laminin,
collagen, fibronectin,

thrombospondin

Positive

CD59

Regulates complement
mediated cell lysis by
inhibiting  formation  of

membrane attack complex

Positive

CD73a

Catalyses

dephosphorylation of ribo-
and deoxyribonucleotides.
Protect against vascular

inflammation

Positive

CD79a

Encodes Ig-alpha protein
on the B cell antigen

receptor

Negative

CD90

Thy-1

Positive

CD105

Mediates cellular response
to TGF-B 1

Positive

CD146

Cell surface glycoprotein

Positive

CD147

ECM metalloproteinase

inducer

Positive

CD166

Cell adhesion molecule

Positive

2.1.6. CELL CULTURE

MSCs were resuscitated by half submerging the passage 1 cryovials in a water bath set to
37°C (Grant, Y28 GD100) until thawed. Cells were defrosted as quickly as possible to
prevent damage to the cells from DMSO.
laminar flow hood to minimise the risk of contamination.

protocols were performed in a laminar flood hood, unless otherwise stated. The MSCs
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were seeded on TCP at a density of 833 cells cm™ and expanded in complete growth
medium (GM) that comprised of MEM-a (Gibco, 22571-020) containing 10% FBS
(Gibco, 10270-106) and 1% penicillin-streptomycin (Sigma-Aldrich, P0781). Both FBS
and penicillin-streptomycin were filter sterilised before being added to the media bottle
(Millipore, SLGPM33RS). All media was pre-warmed for a minimum time of 30 minutes
in a 37°C water bath. MSCs were incubated at standard culture conditions of 37 °C/5%
COz in a humidified atmosphere with media changed every 3 or 4 days. MSCs were then
harvested by treatment of trypsin (0.025%)/elthylenediaminetetraactic acid (EDTA)
(0.01%) (Gibco, R-001-100) when they reached 80% confluence. To help ensure the
integrity of the results in the study, only cells of low passage (<5) were used for
experiments. Osteogenic media consisted of Dulbecco’s Modified Eagle’s Medium
(DMEM) low glucose pyruvate (Gibco, 31885-023), containing 10% FBS, 1% penicillin-
streptomycin, with the addition of osteogenic supplements in the following
concentrations; 10mM p-glycerol phosphate (Sigma-Aldrich, G9891), 50ug/ml L-
ascorbic acid 2-phosphate (Sigma-Aldrich, A8960) and 10nM dexamethasone (Sigma-
Aldrich, D9402).

2.1.6.1. SUB-CULTURE

As previously mentioned dissociation of the cells was performed using trypsin/EDTA.
Firstly, MSCs were washed twice using Dulbecco’s phosphate buffer saline (PBS) and
then incubated at 37 °C for 5 minutes with pre-warmed trypsin/EDTA at a volume of 1
mL per 25 cm?. Following this, cell dissociation was confirmed using an inverted optical
microscope (Olympus, CXK31) and trypsin/EDTA was deactivated by added a 1 : 1 ratio
of GM. The suspension was then pelleted by centrifugation at 5000 rpm for 5 minutes
(Sorvall, Legend RT). The media containing trypsin was then aspirated off and replaced
with fresh GM. Cells were then resuspended, counted and sub-cultured at known

densities.
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2.1.6.2. CRYOPRESERVATION

Following culture, MSCs were pelleted, re-suspended and counted in freezing media
which consisted of 70% GM, 20% FBS and 10% DMSO (Sigma-Aldrich, D2650). 1
millilitre (mL) of MSCs was then aliquoted into individual cryovials at a density between
0.5 — 1 x 10° cells per mL. Vials were then brought down to -80 °C at a rate of 1 °C per
minute using a freezing container in a -80 °C freezer. After 24 hours, vials were
transferred to cryogenic storage tanks containing liquid nitrogen (Taylor Wharton,
LS3000).

2.1.7. PROLIFERATION

AlamarBlue (AbD Serotec, BUF012A) was used to assess the cellular proliferation of the
human MSCs. AlamarBlue is an indicator of the metabolic activity of cells, working as
an oxidation reduction reagent. The indicator dye both fluoresces and changes colour in
response to the chemical reduction of growth media resulting from cell growth and can

be used to quantitatively measure the proliferation of cells.

MSCs were seeded onto CoCrMo, CCMT and Ti using a 24 well plate at a density of
2x103 cells per well (n = 3) and were incubated at 37°C, 5% CO; in a humidified
atmosphere. Individual plates were setup for both GM and OM, and the media was
changed on each day of analysis. 100 ul of dye was added to each well containing 1 ml
of either GM or OM, and incubated at standard culture conditions for 4 hours. Thereafter,
two 100 ul aliquots of supernatant were taken from each well and transferred to a 96 well
plate for analysis. The level of oxidation reduction was then assessed using a fluorescence
plate reader (Biotek, FLX800) with an excitation wavelength of 530 nm and emission
wavelength of 590 nm. The amounts of cells was calculated via interpolating from a

standard curve.
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Proliferation Standard Curve
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Figure 12 Standard curve data for the proliferation study. Each point represents the mean
+1SD (n = 6).

2.1.8. CELL MORPHOLOGY - INTERNAL

Confocal laser microscopy was used to analyse the morphology of MSCs on the three
substrates. Specifically, fluorescent markers for both cell nuclei and f-actin were used.
Labelling the cell nuclei allows for easy cell identification, whilst f-actin is one of the
abundant proteins expressed in the cytoskeletal structure of the MSCs, hence allowing for

the visualisation of the internal cellular structure.

A total of 12.5 x 10° MSCs were seeded on each CoCrMo and CCMT disc (n = 3) using
OM. Cultures were incubated at standard culture conditions of 37°C, 5% CO2 in a
humidified atmosphere and had the media replaced after 3 days. Following 24 hours and
7 days incubation, the MSCs were washed twice using 1 ml of PBS (Lonza, 17-512F).
500 ul of 4% paraformaldehyde (PFA, Sigma-Aldrich, P6148) was used as a fixative for
15 minutes at RT. Following 3 washes with 1 ml PBS, the MSCs were treated with 500
ul 0.15% Triton X-100 (BDH, 30632 4N) in PBS for 4 minutes to permeabilise the
cellular membrane. After three further washes in 1 ml of PBS, the f-actin was labelled
using 200 pl Alexa fluor 488 phalloidin in PBS (Life Technologies, A12379, 2.5:100) for
20 minutes at room temperature in the dark. After 3 washes with 1ml PBS, whilst
protected from light, the cultures were then counterstained to label the nuclei using 200
pl propidium iodide (PI) in PBS for 10 minutes (Life Technologies, P3566, 4 pg/ml).

Cells were then washed three times in 1ml of PBS and suspended in 3 ml of PBS in for
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viewing. MSCs were analysed using a X40 wet lens connected to a Radiance 2100 Laser

Scanning System.

2.1.9. CALCIUM ASSAY

The amount of calcium produced by cells can be used to monitor different bone diseases
or calcium related disorders. As MSCs differentiate into osteoblasts and form new bone
tissue, one of the stages of this process is the deposition of an ECM rich in calcium.
Therefore the same practice used to monitor bone diseases, can be applied to measure the
rate of osteogenic differentiation occurring in cell culture. The QuantiChrom Calcium
Assay kit (Bio Assay Systems, DICA-900) was used to measure the amount of calcium
produced. The kit is designed to measure calcium directly in biological samples without
the need for pre-treatment, through the use of a phenolsulphonephthalein dye which forms
a stable blue coloured complex with free calcium. The intensity of the colour is directly

related to the calcium concentration of the sample and is measured at 612 nm.

MSCs from three donors were seeded at a density of 12.5 x 10° cells per well in OM,
incubated at 37°C, 5% CO> in a humidified atmosphere with media changes every 3-4
days. After 7, 14 and 21 days the cultures were examined. Prior to performing the
QuantiChrom calcium assay, to normalise the data, the amounts of cells were assessed
using AlamarBlue, as previously described in 2.1.7 PROLIFERATION - (Page 62).
Following 2 washes with 1 ml of PBS, calcium content was measured as per the
manufacturer’s instructions. The cell monolayer was homogenised by incubation with
500 pl 1M hydrochloric acid (HCI, Sigma-Aldrich, 258148) for 60 minutes at room
temperature on a rocking plate. 5 pl aliquots were then taken from each sample and
transferred to a clear 96 well plate and combined with 200 ul assay reagent. Calcium
levels were then measured (A = 620 nm, Tecan M200) and concentrations calculated with

use of known concentration standards.
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Calcium Standard Curve

1.01
0.8+
g 0.6-
N
g 0.4
o) E
y =0.0362x +0.0372
0.2- Re = 0.9945
00 T T 1 1
0 5 10 15 20

Calcium (mg/dL)

Figure 13 Standard curve data for calcium assay. Each point represents the mean £ 1SD
(n=3).

2.1.10.HYDROXYAPATITE NODULE FORMATION

In addition to calcium ion content, the osteogenic differentiation of MSCs can also be
shown by the formation of mineralised nodules of hydroxyapatite. Inorganic
hydroxyapatite (Ca10(PO4)s(OH)2) and type I collagen make up the matrix of bone tissue,
with more mineralised bone tissue having abundant hydroxyapatite throughout. The
Osteolmage Mineralisation Assay (Lonza, PA-1503) was used to assess the
hydroxyapatite content. Unlike better established in vitro mineralisation techniques such
as von Kossa and alizarin red, Osteolmage binds specifically to the hydroxyapatite
portion of bone nodules formed by MSCs, allowing for them to be visualised under a
fluorescent microscope fitted with the correct filters (Excitation = 492nm, emission =
520nm).

MSCs were seeded on CoCrMo, CCMT and Ti at 12.5 x 10° cells per well in OM (n = 3),
incubated at 37°C, 5% CO- in a humidified atmosphere and underwent media changes
every 3-4 days. Hydroxyapatite staining was performed using the Osteolmage kit as per
the manufacturer’s instructions after 7, 14 and 21 days. MSCs were washed twice with
1 ml of PBS and fixed for 15 minutes using 500 ul of 4% PFA. Using 1 ml of Osteolmage
diluted wash buffer, cultures were washed twice and then incubated with 500 pl of
staining reagent (1:100 Staining reagent in staining reagent dilution buffer) for 30 minutes

at room temperature, protected from light. After incubation, the staining reagent was
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removed and the cultures were washed a further 3 times with wash buffer (5 minutes per
wash), before having images taken using a fluorescent microscope fitted with the
appropriate filters (Leica DMIRB). Image analysis was performed using a pixel based
method as described in section 2.1.11 IMAGE QUANTITATION — (Page 66).

2.1.11. IMAGE QUANTITATION

To obtain semi-quantitative data from qualitative images, a protocol was employed to
calculate the total area of the subject of interest, by way of converting raw images to
binary images and computing the total amount of pixels. Firstly, using freeware ImageJ
software (Windows version 1.49), raw images were converted to 8-bit binary using the
threshold tool, only highlighting the areas of interest. The measurements to be analysed
were redirected to the chosen image and selected using the set measurements tool, which
included area, perimeter and Feret’s diameter. The analyse particles tool was then used
to quantify the selected measurements of all objects highlighted using the threshold tool.
This action created a duplicate image that labelled all objects that were analysed and
opened a complimentary worksheet that summarised the previously selected set
measurements for all objects. When conversion of pixels to micrometres was used, this

was calculated using the Leica DMIRB pixel-micrometre conversion sheet.

2.1.12. TYPE | COLLAGEN DEPOSITION

The formation of healthy bone tissue is not solely reliant on having abundant amounts of
mineral but is subject to a careful balance of inorganic mineral and collagenous material
(Viguet Carrin et al., 2006). Achieving the correct balance of mineral-collagen in the
bone tissue deposited by MSCs is vital, hence the inclusion of type I collagen formation
in the present study. A fluorescent microscopy protocol was developed to allow for
external type | collagen to be visualised and imaged, and from this data, quantitative

analysis could be performed by converting the images into binary data.

MSCs were seeded on CoCrMo, CCMT and Ti at 12.5 x 10° cells per well in OM (n = 3),
incubated at 37°C, 5% CO2 in a humidified atmosphere and underwent media changes

every 3-4 days. After 7 and 14 days the MSCs were prepared for analysis. MSCs were
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washed twice with 1 ml of PBS and fixed using 500 ul of 4% PFA for 15 minutes.
Following 3 further washes with PBS, the cells were incubated with 500 ul of 10% goat
serum (Sigma-Aldrich, G9023) in PBS for 30 minutes at room temperature to prevent any
unspecific antibody binding. Primary antibody incubation was then performed overnight
a 4°C using anti-type I collagen antibody (Sigma-Aldrich, C2456, 1:1000) diluted in 300
ul of 1.5% skim milk in PBS. Following 3 washes with PBS, the MSCs were incubated
for 60 minutes at room temperature in the dark with alexa fluor 488 goat anti-mouse (Life
Technologies, A11001, 2.5:100), diluted in 250 ul of 1.5% skim milk in PBS. The MSCs
were then washed in PBS and counterstained with 400ul of 4',6-Diamidino-2-
phenylindole dihydrochloride (DAPI: Sigma-Aldrich, D9542, 10 pg/ml) in PBS for 40
minutes at room temperature protected from light. Lastly after one final wash in PBS the
samples were mounted on microscope slides and viewed using a fluorescent microscope
fitted with the appropriate filters (Leica DMIRB). Images were taken and quantifiable
analysis was performed via a pixel based method using ImageJ software as described in
section 2.1.11 IMAGE QUANTIFICATION — (Page 66).

2.1.13. VINCULIN EXPRESSION

Following implant surgery the ability for the implant surface to promote the
differentiation of MSCs into osteoblasts capable of forming new healthy bone tissue is
extremely important, although for this to take place, the successful attachment and
colonisation of the MSC population must first occur (Anselme, 2000). The attachment
of MSCs to the surface of such implants involves the combination of a number of
adhesion and structural molecules found on the exterior and interior of the cells
(Humphries et al., 2007). One such molecule is the focal adhesion protein vinculin, which
congregates at complexes known as focal adhesions. Vinculin was studied using the
established fluorescent microscopy protocol, and quantitative analysis was performed on

a randomised group of single cells of similar size on each substrate.

MSCs were seeded on CoCrMo, CCMT and Ti at 5 x 10° cells per well (n = 3) in OM at
standard culture conditions for 24 hours and 7 days. The media was changed after 3 days.
The MSCs were washed twice with 1 ml of PBS then fixed for 15 minutes at room
temperature with 500 ul of 4% PFA. Following three further washes with PBS, to

permeabilise the cellular membrane, the substrates were incubated with 500 ul of 0.15%
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Triton X-100 in PBS for 4 minutes, then washed an additional 3 times with PBS. The
substrates were then incubated overnight at 4°C with 300 pl of the primary antibody
solution composed of the mouse anti-vinculin antibody (Abcam, ab18058, 1:200) diluted
in 1.5% skim milk in PBS. After three additional washes in PBS the substrates were then
incubated for 60 minutes at room temperature in the dark with the alexa fluor 568 goat
anti-mouse secondary antibody (Life Technologies, A11031, 2.5:100) diluted in 1.5%
skim milk in PBS. After a final wash in PBS the substrates were then suspended in 3 ml
of PBS and viewed under a x40 wet lens connected to a Radiance 2100 Laser Scanning
System. Images of individual cells were taken and vinculin expression was quantified as
a pixel based method using ImageJ software as described in section 2.1.11 IMAGE
QUANTIFICATION - (Page 66).

2.1.14. SINGLE CELL ADHESION
*Performed by Anas Sherif, Eastman Dental Institute, UCL.

Whereas vinculin fluorescent microscopy analysis can give a qualitative indication of the
adhesion strength a single cell possesses, recent novel advances in how atomic force
microscopy (AFM) is utilised can now allow for real time quantitative adhesion

measurements to be taken on live single cells.

A total of 1 x103 MSCs were transferred to a 35 mm petri dish containing CGM with one
disc of CoCrMo, CCMT and Ti. The substrates were then transferred into the heated
chamber located on the NanoWizard AFM stage (JPK-Berlin) to maintain the MSCs at
37°C. The CGM was replaced with long lasting CO2 serum free media (Sigma Aldrich,
14571C). AFM non-conductive silicon nitride tip-less cantilevers (Bruker, NP-010) were
modified with glass beads (10-30 microns, Polysciences, 07666) which had been coated
with concanavalin A (Con A) biomolecules as previously described (Weder et al., 2009).
The modified AFM cantilever was then approached to a single free moving MSC, with a
maximum load varying between 400 and 900 pN, to ensure contact adhesion between the
cell and the con A coated glass bead. This load was also low enough to prevent any
compressive damage to the cell. The cantilever was then retracted and left undisturbed
for 15 minutes to ensure that the cell had adhered strongly to the con A coated glass bead.
Following completion of these preparation steps, adhesion measurements were then taken
between the modified cantilever/bead/cell and the substrates by performing force-
distance curves using the AFM. An initial load of 4.5 nN, a dwell time of 1 second and
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a retraction loading rate of 0.5 um/sec were the experimental parameters. At all times the
sample and cell were kept in physiologically relevant conditions and confirmation of the
MSC attachment to the con A coated glass bead was performed by SEM and the AFM

camera.

2.1.15. STATISTICAL ANALYSIS

For each experiment, samples were performed in triplicate (n = 3) except for surface
characterisation analysis which used a sample size of n = 6 for contact angle and n =5
for roughness. Quantification of vinculin expression was performed using 10 cells (n =
10). GraphPad Prism software was used to examine the statistical significance between
groups with p < 0.05 to be considered significant. A one-way ANOVA followed by
Bonferroni’s multiple comparison test was used to analyse characterisation and AFM
data, whereas the two-way ANOVA followed by the Bonferroni post-test was used to
analyse calcium, collagen, hydroxyapatite and vinculin data sets. A post-hoc power
calculator was used to confirm the statistical power of significant results observed in the

study.
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2.2. RESULTS

2.2.1. SUBSTRATE CHARACTERISATION

2.2.1.1. RAMAN SPECTROSCOPY
*Performed by Alison J Cross, Department of Chemistry, UCL.
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Figure 14 A Raman spectra of CCMT. A shows a full scan, whereas for B the scan stops
at 1000cm™* allowing for more clear identification of the TiO, anatase peaks.
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Raman spectroscopy of the CCMT substrate confirmed the presence of TiO; in its anatase
form by the strong peaks present at 143, 392, 515, 625 cm™ (Turkovic et al., 1991). Each
coated disc underwent Raman analysis to confirm that the deposition of the coating was
successful. A small proportion of the samples were shown to have a minute trace of rutile
TiOo..

2.2.1.2. XRD
*Performed by Alison J Cross, Department of Chemistry, UCL.
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Figure 15 XRD data for CCMT discs 1-22 of batch AJC248.

XRD analysis was performed to confirm the presence of anatase TiO2 on the substrate
surface. Shown above in figure 15, is an example of the data, with each coloured spectra
representing an individual disc of batch AJC248. The data supports that found during
Raman analysis, confirming the presence of anatase TiO with peaks at theoretical anatase

points.
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2.2.1.3. CONTACT ANGLE
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Figure 16 Contact angle results; CoCrMo surface is significantly more hydrophobic than
Ti, with the CCMT surface ranging in the middle of the two. Each bar represents the
mean £ 1SD (n = 6), *=p<0.05 material vs. one surface, #=p<0.05 material vs. both
surfaces.

Contact angle data can give a measure of the wettability of a surface, with most materials
commonly referred to as either hydrophobic (>65°) or hydrophilic (<65°). Using 4¢H20,
the contact angle on all three materials fell into the hydrophobic range, with CoCrMo
shown to be the most hydrophobic (97 £ 7°), followed by CCMT (84.3° £ 13.5°) and lastly
Ti (82.5+5.4°).
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2.2.1.4. SURFACE ROUGHNESS
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Figure 17 Surface roughness results; a significantly greater level of roughness was
observed on the Ti surface, compared to both CoCrMo and CCMT. In addition, the
CCMT surface was significantly rougher compared to CoCrMo. Each bar represents the
mean £ 1SD (n = 5), *=p<0.05 material vs. one surface, #=p<0.05 material vs. both

surfaces.

Laser profilometry of the substrate surface showed that Ti (0.56 um) was significantly
rougher (p<0.0001) than both CoCrMo (0.07 um) and CCMT (0.17 um). Despite this
increase in surface roughness on Ti, all three substrates can still be referred to as smooth
as they fall within the range listed as smooth in a recent review (Wennerberg and
Albrektsson, 2009). A slight increase in surface roughness was also observed on the

CCMT substrate compared to CoCrMo (p<0.05).
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2.2.15. T102 COATING THICKNESS

TiO5 Thickness - Batch Variation

1000-
.
__ 800-
E F'y i.' ”
=~ 600{® = *
7 - g,
g ‘ vY O
£ 400- By
2 4 -
— g 2 @
200- v @
0 L ) ) L ) ) L} ) )
N B T TR B R
Gq,'{b de 90‘3 de ?>'b de de ?>'b )db

Sample population

Figure 18 Filmetrics data displaying the thickness of the TiO2 coating on CCMT discs
within individual groups and between all batches. The red line shows the mean of each

group.
To ascertain a measure of the thickness of the TiO> coating, filmetrics measurements were
performed on each disc of every batch of coated discs. As shown in figure 18, the first
couple of batches of TiO> were moderately thicker than more recent batches such as
AJC260 and AJC261, with the exception of AJC256 which was slightly thicker than
anticipated.
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2.2.1.6. SEM
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Figure 19 SEM images of surface topography on CCM, CCMT and Ti taken at low (A-
C) and high magnification (D-F). A-C scale bar =1 mm, E-F scale bar = 10 um.

SEM analysis at low magnification (Figure 20 A-C) showed a similar, featureless, smooth
topography on all three substrates. Under higher magnification (Figure 20 — D-F) the
differences between the surfaces became evident, where an increase in surface roughness
on CCMT and Ti compared to CoCrMo was observed, in the form of indentations on the
material surface. As previously mentioned, despite this variation in topography, all three
substrates can still be described as smooth.
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2.2.2. PROLIFERAION
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Figure 20 Proliferation data for all three substrates in both growth media (A) and
osteogenic media (B). Cultures were allowed to proliferate for 18 days. Each bar
represents the mean + 1SD (n = 3) (N = 3).

The proliferation of human MSCs on the three substrates was studied using both GM and
OM. The trend of proliferation was similar between all three substrates in GM although
MSCs reached confluence on CoCrMo and Ti after 10 days, whilst CCMT took 14 days.
The numbers of cells on each surface was similar after 14 days in culture. The
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proliferation of MSCs in OM showed a minor increase in cell proliferation up to day 7,
which after this point either levelled out or began to decrease. CoCrMo was shown to

have increased cell numbers up to day 10 compared to CCMT and Ti.

2.2.3. CELL MORPHOLOGY - INTERNAL

Figure 21 Confocal images showing f-actin (Green) counterstained with Pl (Red). Images
A-C show MSCs culture in OM on CoCrMo, with cell aggregates at day 1 (A), single
cells at day 1 (B) and single cells at day 7 (C). MSCs on CCMT (D-F), cell aggregates
(D), single cell at day 1(E) and lastly single cell at day 7 (F). Cell morphology at day 1
is noticeably different in both aggregates and on the single cell level. Aggregates on
CoCrMo appear to be have ordered, elongated, parallel stress fibres, in comparison to the
more robust criss-cross fibres found on the CCMT surface. Scale bar = 50 pum.

The morphology of human MSCs was analysed on CoCrMo and CCMT after 24 hours
and 7 days in OM, by fluorescent microscopy. MSCs were labelled with phalloidin to
visualise the f-actin and counterstained with Pl which allows the cell nucleus to be
observed. As shown above, the morphology of the MSC was clearly different on each
surface after 24 hours in culture, as cell aggregates found on the CoCrMo substrate were
shown to have cells with elongated actin fibres, ordered in parallel to one another (Figure
21 A), which when compared to aggregates found on CCMT, the cells were disorganised

with robust actin fibres in a criss-cross pattern (Figure 22 D). This variation between to
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the two substrates was also present on a single cell level with MSCs on CoCrMo being
fibroblastic in appearance (Figure 22 B), compared to the more spread cells found on
CCMT which had protrusions in the form of lamellipodia (Figure 22 E). By 7 days in
culture variation between the two substrates was not clear, as MSCs had differentiated
along their osteogenic linage, shown by the formation of thick bundles of f-actin around

the periphery of the cells, which is a marker of this process.

2.2.4. CALCIUM ASSAY
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Figure 22 Calcium deposition per cell over a three week time course. At two weeks there
is a significant increase in the amount of calcium present on CCMT compared to
CoCrMo, suggesting a greater level of osteogenesis is occurring at this time point on the
CCMT surface, to a similar level as that found on Ti. At three weeks there is still greater
calcium content on CCMT although this is not statistically significant. Each bar
represents the mean £ 1SD (n = 3) (N = 3), *=p<0.05 material vs. CoCrMo.

The amounts of calcium in cultures can be a measure of the extent of osteogenic
differentiation occurring as MSCs undergo osteogenesis and form mineralised tissue. It
was found that significantly more calcium per cell was present on the CCMT surface
compared to CoCrMo after 2 weeks in osteogenic culture (p<0.05). There was a slight
drop in calcium content on CCMT after 3 weeks although this is a consequence of an
increase in cell proliferation at this time point. In addition, Ti was shown to have

significantly more calcium per cell compared to CoCrMo after 2 and 3 weeks (p<0.05).
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2.2.5. HYDROXYAPATITE NODULE FORMATION
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Figure 23 Data showing hydroxyapatite nodule formation. Greater hydroxyapatite
content was found on CCMT (B) and Ti (C) in comparison to CoCrMo (A) after 21 days
in culture. Quantification analysis was performed using ImageJ software (D). HA shown
as green (A-C), scale bar = 200um. Each bar represents the mean = 1SD (n = 10),
*=p<0.05 material vs. CoCrMo, #=p<0.05 material vs. both surfaces.

In addition to calcium content, the level of ostegenic differentiation was also analysed by
hydroxyapatite formation. Following fluorescent micrscopy analysis, images were
converted into quantitative data and plotted above in figure 23 D. Ti was shown to
promote the greatest amount of hydroxyapatite at all three time points. After three weeks
in osteogenic culture it was found that CCMT had significantly more hydroxyapatite
nodule formation compared to CoCrMo (p<0.05) implying that there was superior
mineralisation occuring on CCMT.
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2.2.6. TYPE | COLLAGEN DEPOSITION
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Figure 24 Fluorescent images and quantification analysis for type | collagen after 7 days
in culture (A-D). Type I collagen deposition was enhanced on the CoCrMo surface (A),
shown by the formation of dense collagen fibrils (Green), which were not present on
either CCMT (B) or Ti (C). Cultures were counterstained with the nucleic acid stain
DAPI (Blue). Scale bar = 100 um. Image quantification analysis was performed using
ImageJ software (D). Each bar represents the mean + 1SD (n = 8), *=p<0.05 material vs.
one surface, #=p<0.05 material vs. both surfaces.

Type 1 collagen plays an important role in bone formation as it acts as a scaffold for
calcium nucleation sites (Davies, 1998). In addition, the ratio of collagen to mineral is
an important factor in the properties of new bone. Using fluorescent microscopy the
amounts of type | collagen was ascertained on all three substrates after 1 and 2 weeks in
culture. It was found that significantly more collagen was present on the CoCrMo over
both CCMT and Ti at both time points (p<0.05). This is due to the presence of thick
bundles of type | collagen (Figure 25 A) which were not present on Ti or CCMT. After

two weeks there was significantly more collagen on CCMT compared to Ti (p<0.05).
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2.2.7. VINCULIN EXPRESSION
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Figure 25 Vinculin expression in MSCs on CoCrMo (A), CCMT (B) and Ti (C) after 24
hours in culture. Fluorescent images show vinculin expression throughout the cell with
concentrated regions thought to represent focal adhesions. Quantification of vinculin
expression in individual cells (D) was performed using ImageJ software where it was
found Ti had greater vinculin present in comparison to CoCrMo, with CCMT ranging in
the middle. Each bar represents the mean = 1SD n=10, *=p<0.05 material vs. CoCrMo.
Scale bar = 50 pm

The expression of the focal adhesion protein vinculin was analysed by fluorescent
microscopy after 3 and 24 hours in osteogenic culture. For both time points it was found
that MSCs on the CoCrMo substrate had the least vinculin, Ti had the greatestand CCMT
fell in the middle. Ti had significantly more vinculin expression per cell compared to

CoCrMo after 24 hours in culture (p<0.05).

84



2.2.8. SINGLE CELL ADHESION
*Performed by Anas Sherif, Eastman Dental Institute, UCL.
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Figure 26 Graphical representation of the adhesion forces required to detach a single MSC
from CoCrMo, CCMT and Ti, after a one second dwell time on the surface of each
material. The single MSC had been attached the AFM cantilever prior to the
measurement via a Con-A coated glass bead. CoCrMo had the lowest detachment force
of the three materials with Ti promoting the greatest force. Each bar represents the mean
+ 1SD n=75, *=p<0.0001 material vs. all other materials.

The adhesive forces of a single cell following a 1 second dwell time on the substrate
surface agreed with the vinculin data. The greatest force to remove the cell from the
substrate surface was found using Ti. CoCrMo required the least force to remove the
MSC, with CCMT requiring significantly more force than CoCrMo (p<0.0001), although

not to the same level as found on Ti.
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2.3. DISCUSSION

In this section of the thesis, a study was performed to find out if the biocompatibility of
CoCrMo could be increased by coating the material in a thin layer of TiO2, the same
naturally occurring oxide layer as found on titanium and its alloys (Textor, 2001). When
a device is implanted into the body, the cells that colonise onto the surface of the implant
do not interact with the bulk of the material, but instead are mediated by the surface, or
in this case the surface oxide layer. Therefore by coating the surface of CoCrMo in a
layer of TiOg, the cells should recognise the material as titanium and as a consequence,

increase their osteogenic activity and improve bone formation.

Firstly, characterisation of the TiO2 layer was performed before undergoing any cell
culture experiments. After coatings were completed on CoCrMo discs using atmospheric
pressure CVD, the phase of the TiO2 was assessed via Raman spectroscopy (Figure 15)
and XRD (Figure 16). The majority of the samples were pure anatase TiO although
some discs had some traces of rutile. This was probably due to temperature fluctuations
that may have arisen in different locations of the reaction chamber during the deposition.
In addition to traces of rutile, a small number of discs had minute traces of the brookite
phase which is fairly uncommon. A proliferation experiment was performed to check if
the brookite phase of the TiO2 had any effect on cell behaviour and it was found that cells
were able to proliferate on both phases of TiO.. Despite this, only anatase TiO> discs

were used for the experiments to help make the study more reproducible.

Cell behaviour can be influenced by many factors including the wettability (Zhao et al.,
2005, Khan et al., 2012) and topography of the surface (Dalby et al., 2007). In the present
study, wettability was tested via measuring static water contact angle of 4qH>O, where it
was found that CoCrMo was the most hydrophobic surface and Ti the most hydrophilic
(Figure 17). Interestingly, the CCMT surface fell in the middle of the two controls,
implying that the TiO coating is having some effect on the wettability of the substrate,
but may not completely be blocking out the bulk properties of the underlying CoCrMo.
It should also be pointed out that the standard deviation was greatest for the CCMT group,
suggesting that the coating technique does not deposit an entirely uniform layer of TiO>

on the surface of the disc.

The topography of the substrates was studied by laser profilometry (Figure 18) and SEM.
Low magnification SEM images showed a similar smooth topography on all substrates
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with no evident surface features. Under higher magnification the variation between the
substrates was more apparent with small pits being observed on CCMT and Ti (Figure
19). It was found that the control Ti substrate had a significantly greater Ra value than
both CoCrMo and CCMT. Despite this, all three substrates were referred to as smooth
when taken into account Wennerberg et al’s review, which studied the influence of
surface topography on bone integration and concluded that substrates with a S, of less
than 0.5 um could be described as smooth (Wennerberg and Albrektsson, 2009). Ti was
found to have a R, value of 0.56um which was on the extreme limit of this range and
because of this, may have been a contributing factor to the increased calcium and
hydroxyapatite deposition observed on the Ti substrate. In addition, the CCMT substrate
was found to have a Ra value 0.1 um greater than that found on CoCrMo. This is likely
to be a result of fluctuations in the thickness of the coating that occurred during the
deposition process. Despite attempts to create a TiO2 coating as uniform as possible,
variation in the thickness of the coating in different regions on the surface of the disc is
likely and this may have affected the topography. The thickness of the coating on each
of the discs was analysed by filmetrics. As shown in figure 19, the first three batches
were thicker than those that followed. It was found that a slightly thinner deposition was
less prone to adherence issues and more uniform in appearance. From batches AJC523
through to AJC621 the TiO: thickness was approximately 300 nm. Variation in the
thickness of TiO2 coatings may be influential in how the cells respond to the coating, but
at this stage of the project the complete coverage and reproducibility of the coating on the

CoCrMo surface was priority.

In regards to cell culture data, the level of cellular proliferation in both GM and OM was
similar between all substrates. After 14 days culture in GM, all substrates had reached
confluence, which showed good levels of cytocompatibility. The first difference in how
the MSCs behaved on CoCrMo compared to CCMT, was evident whilst analysing cell
morphology and shape via confocal microscopy. MSCs were labelled to display f-actin
and it was found that those on CoCrMo were fibroblastic in appearance after 24 hours in
OM, compared to the more spread cells found on CCMT, which had developed
protrusions in the form of lamellipodia (Figure 22 E). Cell shape is thought to play an
important role in the differentiation process (Kilian et al., 2010, McBeath et al., 2004).
This observation suggests that the MSCs on CCMT are differentiating at a faster rate than
those on CoCrMo, as cytoskeletal changes occur during the differentiation process

(Yourek et al., 2007), in the form of changing from fibroblastic to a more spherical-star
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shape (Rodriguez et al., 2004). This effect was again present in cell aggregates (figure
22 D). MSC aggregates on CoCrMo appeared to have actin fibres that were elongated and
ordered, compared to the more robust, criss-crossed fibres seen on the CCMT surface,
which has been previously observed in MSCs undergoing osteogenesis (Yourek et al.,
2007). This data suggests that the CCMT surface is promoting an accelerated early
osteogenic response. By day 7 no noticeable difference was observed between the two
substrates, with both showing MSCs in the later stages of the osteogenic differentiation
process, indicated by thick bundles of f-actin around the edges of the cells (Rodriguez et
al., 2004).

As MSCs differentiate along their osteogenic linage, they deposit an extracellular matrix
(ECM) rich in calcium and collagen as well as changing shape. The rate of osteogenic
differentiation occurring in MSCs on CoCrMo, CCMT and Ti was analysed by a number
of techniques, which included calcium content, hydroxyapatite nodule formation and type
I collagen deposition. An increased amount of mineral was deposited on CCMT and Ti
substrates when compared to CoCrMo, as shown by enhanced calcium deposition per cell
after 14 days (Figure 23) and superior hydroxyapatite nodule formation at 14 and 21 days
(Figure 24 D). In addition to the amounts of mineral deposited, type | collagen was shown
to be significantly different between CoCrMo, and CCMT and Ti. The formation of dense
fibrils of type I collagen was observed on CoCrMo at both 7 and 14 days (Figure 25)
which was not evident on either CCMT or Ti. There was a slight increase in the amount
of collagen present on CCMT by day 14, but not to the same extent as found on CoCrMo.
When combined with the calcium and hydroxyapatite data, this implies that the deposited
matrix on the CoCrMo substrate may be over collagenous and mechanically weak
compared to that found on CCMT and Ti (Khan et al., 2012). Whilst fluorescent
microscopy and calcium assays are valid approaches of identifying mineralisation, there
are other methods of assessing the rate of osteogenic differentiation that were not explored
in this thesis, such as gene expression. One particular gene of interest which would’ve
interesting to study is Runx2, also known as Cbfal, as it is widely accepted that Runx2 is
master switch for osteogenesis. The importance of the gene to the osteogenesis process
was highlighted in a study analysing Runx2 knockout mice. It was found that in the
Runx2 knockout mice, ossification was completed absent due to the maturational arrest
of osteoblasts (Komori et al., 1997). Despite the importance of Runx2, it is not the only
gene crucial to the osteogenic differentiation process. Runx2 plays an important role in

differentiating MSCs into preosteoblasts, although Osterix is required to push these cells
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into becoming mature osteoblasts. Markers of a mature osteoblast can include
osteocalcin, osteonectin, osteopontin and bone sialoprotein (Cohen, 2006), all of which
were not expressed in Osterix knockout mice, highlighting the importance of this gene in
the osteogenesis process. The level of expression of Runx2 and Osterix in human MSCs
can be assessed by quantitative polymerase chain reaction (qQPCR). If test samples were
not so limited throughout this study, it would’ve been advantageous to analyse the
expression of Runx2 and Osterix in human MSCs seeded on the three substrates at
different time points. This data would’ve eluded if there was any early or late up
regulation in these osteogenic associated genes occurring on the CCMT or Ti surface
compared to CoCrMo, which would ultimately support the increased hydroxyapatite and
calcium deposition observed after 14-21 days in culture. Another option of assessing
osteogenic differentiation, rather than looking at the master switch genes, would’ve been
to analyse the different signalling pathways known to be involved in osteogenesis. One
of the central signalling pathways involved in osteogenesis is BMP signalling. BMPs are
extracellular cytokines that are members of the transforming growth factor-p (TGF-pB)
superfamily, that induce osteogenic differentiation by working in combination with
Osterix, using both autocrine and paracrine pathways. BMPs bind to surface BMP
ligands, initiating downstream signalling elements including MAP kinase, c-Jun N-
terminal kinase and Smad1/5/8 (James, 2013). BMP-2,-4,-6,-7 and 9 have been shown
to promote osteogenesis (Kang et al., 2009) and therefore would be ideal markers to use
in this study if sample limitations were not an issue. Another signalling pathway
important to osteogenesis is wingless-type MMTYV integration site (Whnt) signalling.
Extracellular Wnt ligands bind to frizzled receptors found on the cell surface and initiate
a P-catenin dependent pathway, inducing a complex formation with low density
lipoprotein receptor 5/6, as well as proteins of the dishevelled family. Through additional
downstream signalling, glycogen synthase kinase 3, which promotes p-catenin
degradation, is inhibited, resulting in the accumulation of B-catenin in the cell nucleus
(James, 2013). Once there, B-catenin plays an important role in MSC osteogenic
differentiation, with inhibitors of the Wnt/B-catenin pathway shown to disrupt
osteogenesis (Holmen et al., 2005). Enzyme linked immunosorbent assays (ELISA) are
a potential method of measuring the amounts of these osteogenic proteins found in cell
culture media. As previously stated, if the limitations regarding the number of CoCrMo
test samples available were not a factor, it would’ve been extremely beneficial to perform
ELISAs, assessing the quantities of osteogenic proteins, such as BMPs, in the culture

media, following 7, 14 and 21 days in culture.
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As important as the osteogenic differentiation process is to bone formation, for this to
occur successfully, the substrate must first promote a sufficient level of cell adhesion to
allow for the colonisation and attachment of cells capable of participating in bone healing.
Numerous proteins from both the ECM and internal structure of the cells are altered by
the cell-material interactions that occur during the adhesion process (Anselme, 2000).
Vinculin is a protein that plays a role in the adhesion process by forming complexes
known as focal adhesions and interacting with the cytoskeletal proteins actin and talin
(Humphries et al., 2007). Focal adhesions are ordinarily found around the periphery of
the cell and are assemblies of proteins that connect f-actin to the substrate and convey
mechanical signals and forces. An increase in vinculin was observed on both CCMT and
Ti compared to CoCrMo (Figure 25). This data suggests that there are more focal
adhesions formed on CCMT and Ti which has been highlighted as an important factor for
osteogenesis, in comparison to adipogenesis and chondrogenesis that prefer fewer focal
adhesions (Mathieu and Loboa, 2012). In addition to the visual analysis of vinculin,
quantitative data of cell adhesion was performed using AFM. The technique is commonly
used for imaging surfaces and objects on the nanoscale, but was recently highlighted as a
possible tool to measure various force interactions between objects, such as between cells
and biomolecules (Francis et al., 2010). Following a one second dwell time, it was found
that MSCs on both CCMT and Ti required significantly more force to be removed from
the substrate compared to CoCrMo (Figure 26). This data supports the vinculin
observations and implies that the CCMT and Ti surfaces would promote stronger cell

adhesion compared to CoCrMo.

In this section of the thesis it has been shown that coating the surface of CoCrMo in a thin
layer of TiO2 by atmospheric pressure CVD can enhance various markers of cell adhesion
and osteogenic differentiation in human MSCs in vitro. The use of TiO2 as a means of
improving the biocompatibility of a material has not been extensively researched but may
hold great potential. TiO. sol-gel dip coatings on CoCrMo were recently shown to
improve cell cytocompatibility by reducing the expression of genes involved in
inflammation and oxidative stress response in human endothelial cells (Tsaryk et al.,
2013). The effect was attributed to the coatings ability to reduce the leaching of metallic
ions such as Co?" (Hoffmann et al., 2007). Despite the potential to transfer the
biocompatibility of TiO. onto other less bioactive materials, the majority of studies have
focused on coating titanium substrates in an additional layer of TiO2 using a variety of

techniques, such as deposition of molten TiO> particles (Sugita et al., 2011, Ishizaki et
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al., 2011), sputter coating (Kubo et al., 2009, Tsukimura et al., 2008), micro arc oxidation
(Chen et al., 2010a, Ma et al., 2008) and sol-gel dip coating (Singh, 2011, Rossi et al.,
2008, Arevaetal., 2004). TiO> coated titanium has been shown to be superior to uncoated
controls by enhancing osteogenic response (Sugita etal., 2011, Ishizaki et al., 2011, Kubo
et al., 2009, Tsukimura et al., 2008, Singh, 2011, Chen et al., 2010a, Ma et al., 2008). In
addition, soft tissue attachment for dental applications have been shown to be improved
on TiO. coated samples (Rossi et al., 2008, Areva et al., 2004). Despite the numerous
positive conclusions drawn from these studies the focus has been on improving titanium
rather than applying TiO> to materials that lack biocompatibility. Furthermore, coating
CoCrMo in a layer of TiO: is relatively simple surface modification, compared to other
attempts which have included the formation of nanophase topographies and BMP peptide
immobilisation (Webster and Ejiofor, 2004, Poh et al., 2011). These techniques may be
difficult to upscale effectively, in comparison to TiO2 coatings which is already

industrialised.

2.4. CONCLUSION

This section of the thesis analysed cellular markers of human MSCs on CoCrMo, CCMT
and Ti to ascertain whether coating CoCrMo in a layer of TiO2 by atmospheric pressure
CVD enhanced the bioactivity of the material to a comparable level as found on titanium.
The results indicated that both markers of adhesion and osteogenic differentiation were
enhanced on CCMT compared to CoCrMo, implying that TiO2 coatings may have the
potential in the future to improve the efficacy of orthopaedic implants formed of non-
bioactive materials such as CoCrMo.
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CHAPTER THREE:

THE EFFECT OF UV-
PHOTOFUNCTIONALIZATION ON
T102, COATED COBALT CHROMIUM
MOLYBDENUM
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3. INTRODUCTION

It has been shown that coating the surface of CoCrMo in a layer of TiO2 can improve the
osteogenic differentiation and adhesion of MSCs in vitro (Logan et al., 2014b). Despite
these improvements to cellular behaviour, it may be possible to further enhance this

response by utilising the photo reactivity of the TiO- layer.

TiO2 is highly photoreactive and upon irradiation with UV light transitions from a
hydrophobic state to super-hydrophilic (Contact angle < 5°) (Wang et al., 1997). It is
proposed that the mechanism behind this phenomenon is the creation of surface oxygen
vacancies at bridging sites, where Ti*" sites are converted to Ti3* sites which are more
favourable for dissociative water adsorption (Carp et al., 2004). This unique property of
TiO> allows for its application in self-cleaning windows, as the UV irradiation from
sunlight is sufficient enough that hydrophilic or oleophilic contaminants are removed by
rain (Wang et al., 1997).

In addition, the photo reactivity of TiO> has been investigated as a potential tool for
functionalising the surface of titanium and TiO. surfaces for biomedical application.
Known as ‘UV photofunctionalization’, preliminary studies have reported an
enhancement in osteogenic response (Aita et al., 2009b, Ueno et al., 2010, Sawase et al.,
2008, Yamada et al., 2010, Iwasa et al., 2010, Lan et al., 2015, Yamazaki et al., 2015).
Using human MSCs, markers of cell differentiation, adhesion, proliferation, attachment
and migration have been shown to be enhanced on UV photofunctionalized titanium
surfaces compared to their non UV exposed counterparts (Aita et al., 2009a). In addition
to improving the bioactivity of titanium and TiO> substrates, UV photofunctionalization
has been shown to be capable of restoring materials from the recently discovered time
dependant degradation of biomaterial osteoconductivity (Att et al., 2009, Hori et al.,
2010b).

This part of the project aimed to investigate if UV photofunctionalization could be applied
to CCMT as a means of improving the bioactivity of the material. Markers of cell
attachment, proliferation, adhesion, differentiation and migration were studied using
human MSCs on UV treated CCMT and substrates which had not undergone UV
photofunctionalization. Characterisation of the substrates was also performed including

a wettability study and Fourier transform infrared spectroscopy (FTIR).
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The hypothesis explored in this chapter is:

1. UV photofunctionalization of the CCMT surface would generate increased cell
proliferation, migration, attachment, retention and osteogenic differentiation in
human MSCs, when compared to the control CCMT surface, which had not

undergone the UV functionalization protocol.
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3.1. MATERIALS AND METHODS

3.1.1. SAMPLE PREPARATION
*CVD, Raman spectroscopy and XRD was performed by Alison J Cross,

Department of Chemistry, UCL.

Discs of CoCrMo were prepared to a smooth finish as previously described in section
2.1.1 SAMPLE PREPARATION — (Page 59). Following this, a layer of anatase TiO>
was deposited onto the surface of all the samples by atmospheric pressure CVD, as
previous described in section 2.1.3 CHEMICAL VAPOUR DEPOSITION - (Page 60).
All coated samples underwent Raman Spectroscopy, XRD and filmetrics analysis to
confirm the presence of anatase TiO> as previously described in section 2.1.4 SURFACE
CHARACTERISATION — (Page 61). All CCMT samples were then split into two groups
known as non-UV and UV treated. UV treated CCMT discs were irradiated for 24 hours
using UVC light (BONMAY, BR-506), whereas non-UV discs were only irradiated for
20 minutes, then left for 48 hours in a sterile environment to allow recovery of the surface
to a hydrophobic state. UV treated substrates were used for cell culture experiments
immediately after the 24 hour irradiation period.

3.1.2. CELL CULTURE

Human MSCs were prepared and cultured as previously described in section 2.1.6 CELL
CULTURE — (Page 63).

3.1.3. WATER CONTACT ANGLE

The wettability of non UV and UV treated substrates was studied via measuring water
contact angle over a time course. Contact angle measurements were performed (n = 5)
using an optical contact angle meter (KSV Instruments LTD, CAM 200) with 2 ul drops
of 4gH20O. Measurements were taken over a time course up to 24 hours UV irradiation
and 48 hours immediately post irradiation. Following irradiation all samples remained in
the dark. Images were also recorded.
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3.1.4. FOURIER TRANSFORM INFRARED SPECTROSCOPY

FTIR is an analytical technique used to measure infrared data in a wide spectral range.
One such application is to measure hydrocarbon content in samples, which result in a
change in the degree of absorbance in relation to the concentration of hydrocarbon
(Perston, 2011).

To ascertain if any reduction in hydrocarbon content had occurred due to UV
photofunctionalization, FTIR analysis was performed on substrates both before and after
UV irradiation. CCMT substrates were loaded onto the FTIR (Perkin Elmar, System
2000) and spectra were taken in the range of 3100 — 2700 cm™ using an average of 16
scans per sample. CCMT substrates were then transferred to the UVC cabinet and
irradiation for 24 hours, then immediately scanned again using the same parameters.

3.1.5. PROLIFERATION

MSCs from three donors (N = 3) were seeded on non UV and UV treated CCMT
substrates at a density of 2 x 10° cells per well (n = 3) in a 24 well plate. Plates for both
GM and OM were setup individually and cultured at 37°C, 5% CO; in a humidified
atmosphere with media changes performed on each day of analysis. Cellular proliferation
was then analysed as previously described in section 2.1.7 PROLIFERATION - (Page
65).

3.1.6. ATTACHMENT

A total of 3 x 10* MSCs from three donors were seeded on non UV and UV treated
substrates (n = 3) in GM in 24 well plates. After 24 hours in culture conditions of 37°C,
5% COz in a humidified atmosphere, the media was replaced with fresh GM and cells
were counted as previously described in section 2.1.7 PROLIFERATION — (Page 65) to

gain a measure of cell attachment on each substrate.
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3.1.7. RETENTION

To gain a measure of how well adhered each population of MSCs was to both UV treated
and non UV CCMT substrates, cell retention to the surface following three mechanical
washes was studied. A total of 3.5 x 10* MSCs from three donors were seeded on each
substrate (n = 3) in GM and incubated at standard culture conditions of 37°C, 5% CO:in
a humidified atmosphere. After 3 and 24 hours in culture, MSCs were washed three times
in 1 ml of PBS on an orbital shaker (60 seconds at 60 revolutions per minute) and then
using the same method as described in section 2.1.6 PROLIFERATION - (Page 65), the

remaining cells were quantified via AlamarBlue assay.

3.1.8. MIGRATION

How cells move and migrate is important in regards to bone healing, as implant surfaces
must stimulate the colonisation of cells capable of facilitating bone formation.
Chemotaxis is the movement of a cell in response to a stimuli usually in the form of a
chemical or growth factor and is assessed through use of migration or invasion assays.
The functionalisation of an implant surface may have the same potential to enhance the
migration of cell populations. A cell migration assay (Cultrex, 3465-024-K) was used to
determine if UV photofunctionalization had the capability to influence MSC migration.
The cultrex assay consisted of a number of chambers, each fitted with a polyethylene
terephthalate membrane that contained 8 um pores to allow cell transition. Following the
incubation period, the number of cells that migrated through the chamber could be
measured via calcein acetomehtylester (AM). Calcein AM is internalised by MSCs and
intercellular esterases dissociate the AM moiety. This leaves only free calcein which

fluoresces at 485 nm excitation, 520 nm emission.

MSCs from three donors were serum starved for 24 hours prior to performing the assay
to allow for a more robust migratory response. The MSCs were then seeded at 7.5 x 10*
cells per well (n = 3) into the top chamber of the assay inserts which were placed over
non UV and UV treated substrates in a 24 well plate. 500 ul of GM was transferred to

the bottom chamber of the insert and the cells were incubated at standard culture
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conditions for 4.5 hours. Following this, the inserts were then washed three times using
wash buffer and incubated with cell dissociation solution containing calcein AM for a
further 60 minutes at 37°C, 5% CO». Two 100 ul aliquots were then taken from each well
and the fluorescent intensity measured using a fluorescent plate reader (Biotek, FLX800).
The remaining cells were then calculated via interpolation through use of a standard

curve.

Migration Standard Curve
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Figure 28 Standard curve data for the migration study. Each point represents the mean +
1SD (n = 6).

3.1.9. CELL MORPHOLOGY - INTERNAL

The adhesion protein vinculin and cytoskeletal protein f-actin were studied by
fluorescence microscopy. A total of 5 x 10> MSCs per well were seeded in OM on non
UV and UV treated substrates (n = 3) in a 24 well plate. Following 24 hours in culture
the MSCs were fixed using 4% PFA for 15 minutes at room temperature. Cultures were
then washed three times with 1 ml of PBS before being incubated with 0.15% Triton-X-
100 (BDH, 30632 4N) in PBS for 4 minutes at room temperature to permeabilise the
cellular membranes. Following three additional washes in 1 ml of PBS, the MSCs were
blocked using 10% goat serum in PBS for 30 minutes to prevent any unspecific binding.
Primary antibody incubation was performed overnight at 4°C using anti-vinculin
antibody (Abcam, ab18015, 1:200). The cultures were then washed three times using 1
ml of PBS then incubated with alexa fluor 568 goat anti-mouse antibody (Life
Technologies, A11031, 2.5:100) for 60 minutes at room temperature in the dark. All
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antibodies were diluted in 1.5% skim milk in PBS to further reduce potential unspecific
binding. Cultures were then washed using PBS and counterstained with alexa fluor 488
phalloidin in PBS (Life Technologies, A12379, 2.5:100). Substrates were mounted and
viewed using a fluorescence microscope (Leica, DMIRB) fitted with the appropriate
filters. Image analysis was performed via a pixel based method using ImageJ software as
described in section 2.1.11 IMAGE QUANTIFICATION — (Page 69).

3.1.10. MINERALISATION

To determine whether UV photofunctionalization had any effect on the osteogenic
differentiation of human MSCs, markers of both early and late stages of the differentiation
process were studied. Alkaline phosphatase (ALP) was analysed after 6 days in culture,
whilst calcium content and hydroxyapatite formation was studied after 21 days. MSCs
from three donors were seeded at 2 x 10* cells per well (n = 3) in OM on non UV and UV

treated substrates in a 24 well plate.

The amount of ALP was normalised by counting the number of cells prior to performing
the assay, as previously described in detail in section 2.1.7 PROLIFERATION - (Page
65). The activity of ALP was assessed through use of a colorimetric assay (Abcam,
ab83369) following the manufacturer’s instructions. Following 6 days in osteogenic
culture, the MSCs were washed twice using PBS and dissociated from the substrate
through use of 0.5ml of trypsin/EDTA. 0.5ml of GM was added to the wells after 5
minutes incubation at standard culture conditions to cancel the dissociative reagent. The
suspension was then centrifuged at 13,000 rpm for 6 minutes to form a pellet, before
being re-suspended in 200 pl of buffer by use of a vortex. The samples were then left for
15 minutes at room temperature to allow the buffer to effectively lyse the cells. 80 pl
was then taken from each sample and combined with 50 pl of 5 mM p-nitrophenyl
phosphate (pNPP) in a clear 96 well plate. Following 60 minutes incubation at room
temperature in the dark, 20 pl of stop solution was added to all samples and the optical
density was measured at 405 nm (Tecan, M200). Concentrations of ALP were calculated

through use of a standard curve.
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ALP Standard Curve
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Figure 29 Standard curve data for ALP assay. Each point represents the mean £ 1SD (n
=3).
After 21 days in culture, calcium ion content was analysed using the QuantiChrom

calcium assay using the same method that has been described in detail in section 2.1.9
CALCIUM ASSAY - (Page 67).

Hydroxyapatite formation was studied after 21 days in osteogenic culture and analysed
by both fluorescence microscopy and fluorescence plate reader. The Osteolmage
mineralisation Kit (Lonza, PA-1503) was again used as previously described in section
2.1.10 HYDROXYAPATITE NODULE FORMATION — (Page 68). Before microscopy
images were taken, the substrates were analysed using fluorescence plate reader (Biotek,
FLX800, excitation = 492 nm, emission = 520 nm).

3.1.11. STATITICAL ANALYSIS

For this study human MSCs from three donors (N = 3) were used in triplicate (n = 3).
Contact angle studies were performed at n = 5, and cytomorphometric analysis was
performed at n = 13. Statistical analysis was carried out using the student’s t test in
GraphPad Prism software (v5.04), with p < 0.05 deemed to be statistically significant. A
post-hoc power calculator was used to confirm the statistical power of significant results
observed in the study. In addition, when no statistical significance was observed between
two groups where a statistically significant result was expected, a sample size calculator
was used to ascertain if the sample size was sufficient for the study.
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3.2. RESULTS

3.2.1. WATER CONTACT ANGLE

A Contact angle during UV exposure
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Figure 30 Time course displaying the reduction in contact angle of ¢sH>0O on CCMT
irradiated with UV light (A). Images of water contact angle at time of analysis (B). Error

bars represent £ 1 SD (n = 5).

o
=3

The photo-reactivity of CCMT was studied by monitoring the contact angle of ¢H20
whilst the substrate was exposed to UV light over time. The wettability of the surface
can be ascertained using this method, with the more hydrophobic materials having a
greater contact angle. Time zero (TO) contact angle of CCMT substrates was 61.62° +
8.70° which decreased to 9.44° + 6.21° after 60 minutes of UV light exposure. This
decreased further to 5.10° £ 0.98° and then ultimately became super-hydrophilic (< 5%)

after 24 hours which can be seen in figure 31.
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A Contact angle following UV exposure
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Figure 31 Time course representing contact angle recovery of ¢qH>O following the
immediate removal of the CCMT substrates from UV exposure (A). Images of water
contact angle at time of analysis (B). Error bars represent £ 1 SD (n = 5).

The recovery of the CCMT substrate to its original TO contact angle was ascertained using
the same method. Once the CCMT substrates had been removed from the UV chamber
the contact angle increased from~0° to 12.17° + 4.85° after 30 minutes. The contact angle
continued to rise, reaching 40.45° = 9.82° by 4 hours. After 48 hours the original TO value

was recorded and the substrates had recovered to their original level of wettability as

shown in figure 32.

103



3.2.2. FTIR
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Figure 32 FTIR spectra of methylene hydrocarbon groups on CCMT before and after 24
hours UV exposure.

No significant reduction in hydrocarbon peaks was able to be observed following UV
photofunctionalization of CCMT, as shown in figure 33.
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3.2.3. PROLIFERATION
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Figure 33 Proliferation of human MSCs in GM assessed by AlamarBlue until 21 days.
UV treatment of CCMT prior to seeding the MSCs did not have an effect on the
proliferative ability of the cells. Each line represents the mean+1SD,N=3,n=3.

UV photofunctionalization of CCMT did not affect the proliferation of MSCs in GM.
Both non UV and UV treated substrates successfully stimulated proliferation at a

comparable rate over 21 days as shown in figure 34.
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Figure 34 Proliferation of human MSCs in osteogenic media assessed by AlamarBlue
over 21 days. No difference was observed between UV treated and non UV substrates.
Each line represents the mean + 1 SD, N =3,n=3.
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Proliferation in OM was examined over 21 days as shown in figure 35. No significant
difference was observed between non UV and UV treated CCMT. Both substrates
stimulated a slow rate of proliferation for 7 days which was then followed by a minor
decrease in cell numbers, which was possibly due to contact inhibition or apoptosis
triggered during the differentiation process. An equivalent number of cells was found at

day 21 compared to day 1.

3.2.4. ATTACHMENT
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Figure 35 Evaluation of cell attachment after 24 hours in culture. No difference between
UV treated and non-UV CCMT substrates was observed. Each column represents the
mean+1SD,N=3,n=3.

After 24 hours in culture there was no significant difference in the number of attached
cells between non UV (19518 + 6051) and UV treated (19460 + 4802) CCMT.
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3.2.5. RETENTION
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Figure 36 Evaluation of cell retention, displaying the remaining cell population following
three washes in PBS after 3 and 24 hours incubation. The UV treated substrate was shown
to have a greater remaining cell population. Each column represents the mean =1 SD, N
=3,n=3. *=p<0.05.

Cell retention was analysed to gain a measure of how well adhered each population of
MSCs was to the substrate surface. Following 3 and 24 hours in culture, MSCs were
mechanically washed three times and the remaining cells quantified. Significantly more
cells remained on the UV treated substrate (8183 + 1382) after 3 hours compared to non
UV CCMT (7017 £ 1194). This effect was again present at 24 hours where significantly
more cells were found on the UV treated substrate (18333 £ 5745) compared to non UV

(15250 * 2557), as shown in figure 37.
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3.2.6. MIGRATION
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Figure 37 Evaluation of cell migration, displaying the migratory cell populations after a
4.5 hour incubation period. There was no difference between UV treated and non-UV
CCMT substrates. Each column represents the mean+1SD,N=3,n=3.

The use of UV photofunctionalization as a chemotactic factor that could influence cell
invasion and migration was analysed through use of a migration assay. It was found that
after 4.5 hours incubation, there was no significant difference in the number of cells that
had colonised UV treated (12847 £+ 4419) and non UV (13681 + 4370) CCMT substrates

(Figure 38).
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3.2.7. CELL MORPHOLOGY - INTERNAL

Figure 38 Fluorescent microscopy images displaying the cytoskeletal organisation of
MSCs on non-UV (A, C, E) and UV-treated (B, D, F) CCMT substrates after incubation
for 24 hours in OM. MSCs are noticeably larger on UV treated CCMT, with more
developed actin fibres. Green depicts f-actin (A B), whilst red shows vinculin expression
(C D). Images were taken at X 40. Scale bar =50 um.

After 24 hours in osteogenic culture there was some clearly discernible differences in the

morphology of the MSCs found on the two substrates. MSCs found on the UV treated
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CCMT substrate appeared larger and more spread than those on non UV CCMT (Figure
39). Non UV CCMT did promote some cytoskeletal restructuring in the form of
protrusions in the form of lamellipodia although the cells were clearly smaller than those
found on UV treated CCMT. F-actin fibres appeared to be more developed and robust in
MSCs on UV treated CCMT compared to MSCs on non UV substrates (Figure 39 A &
B). Furthermore, the increased size of MSCs on the UV treated substrate resulted in
greater expression of vinculin throughout the cell and as a consequence the formation of

a greater number of FAs (Figure 39 D).
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Figure 39 Cytomorphometric analysis of actin (A), vinculin (B), cell perimeter (C) and
ferets diameter (D) of human MSCs after 24 hours culture in OM. Each column
represents the mean = 1SD, n = 13. *=p < 0.05.

110



Cytomorphology was carried out on MSCs on both substrates. MSCs on UV treated
CCMT were larger and as a result, had significantly greater cell perimeter (p < 0.05) than
those found on non UV CCMT (Figure 40 C). Interestingly, the ferets diameter, which
can be described as the measure of an object along a specific direction, was similar in
MSCs on both substrates and showed no significant difference (Figure 40 D). Both f-
actin and vinculin were shown to be more widely expressed to a significant level in MSCs
found on the UV treated CCMT substrate (Figure 40 A & B).
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3.2.8. MINERALISATION
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Figure 40 Markers of mineralisation were studied, showing ALP activity (A), calcium ion
content (B) and hydroxyapatite formation (C). No significant difference was observed
between UV treated and non-UV substrates for all markers. Each column represents the

mean + 1SD, N=3,n = 3.
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ALP plays a role in the early stage of osteogenesis (Golub and Boesze-Battaglia, 2007),
whilst calcium and hydroxyapatite formation are widely recognised as late markers of the
process. There was no significant difference between UV treated and non UV CCMT for

amounts of ALP, calcium or hydroxyapatite (Figure 41 A-C).

Figure 41 Fluorescent microscopy analysis of hydroxyapatite was also performed and
showed no apparent difference in deposition between non UV (A) and UV treated CCMT
(B). Scale bar =200 um.

In addition to the assays performed in the study, the amount of hydroxyapatite
mineralisation was also assessed by fluorescence microscopy. Both substrates stimulated
the formation of a mineral rich matrix. No clear and discernible difference could be

observed between the two substrates as shown in figure 42.

3.2.9. SAMPLE SIZE

A previous publication where UV photofunctionalized titanium promoted significant
improvements in cell migration, attachment, proliferation and differentiation in human
MSCs was used as a reference for sample size (Aita et al., 2009a). In Aita et al’s study
experiments were performed in triplicate (n = 3) and statistically significant results were
obtained using student’s t test and two-way ANOVAs when appropriate. In this chapter
of the thesis, the student’s t test, the same as in Aita et al s study, was utilised to ascertain
significance between UV treated and non-UV substrates. A sample size calculator was

used to determine if the sample size used in the proliferation, migration and osteogenic
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differentiation data sets was large enough to determine statistically significant results.
When using Aita et al’s data as a reference to estimate expected means and standard
deviations, the result was a required total sample size of 8 (4 per group). As the sample
size used per group was 9 per group, the data should therefore be sufficient to show
significance and therefore it can be determined that the lack of any significant results in
proliferation, migration and osteogenic differentiation datasets is not due to a small

sample size.
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3.3. DISCUSSION

Coating the surface of CoCrMo in a thin layer of TiO> has been shown to improve the
osteogenic differentiation and adhesion of mesenchymal stem cells in vitro (Logan et al.,
2014b, Logan et al., 2015). As the surface oxide layer found on titanium and its alloys,
TiO2 has a unique ability that makes it advantageous as a surface coating; TiO; is highly
photoreactive and upon irradiation with UV light transitions from hydrophobic to
superhydrophilic. This useful ability has resulted in the application of TiO> coated glass
self-cleaning windows, as UV light from the sun is capable of generating this reaction
and can remove surface contaminants (Wang et al., 1997). The photo reactivity of TiO:
is not limited to industrial applications and is currently being investigated as a means of
increasing the efficacy of orthopaedic devices and is known as UV

photofunctionalization.

In this section of the thesis, a study was performed to assess UV photofunctionalization
of CCMT. The photo reactivity of CCMT was investigated by obtaining water contact
angle measurements during UVC exposure over a time course of up to 24 hours (Figure
31). The CCMT surface successfully converted from hydrophobic to superhydrophilic,
confirming the photo reactivity of the anatase TiO> layer. This change in wettability has
been reported numerous times and is one of the traits of UV photofunctionalization on
bulk titanium and TiO> films (Aita et al., 2009b, Att et al., 2009, Miyauchi et al., 2010,
Aitaetal., 2009a, Hori et al., 2010b, Ueno et al., 2010, Yamada et al., 2010, Minamikawa
etal., 2013, Terriza et al., 2013). The recovery of the UV treated CCMT substrate to its
original hydrophobic state was assessed using the same method. It was found that CCMT
substrates returned to their original levels of wettability after 48 hours storage in the dark
(Figure 31). Interestingly, recovery following UV photofunctionalization has not been
widely reported. Aita et al reported a recovery time of between 16 days for one titanium
surface and another failed to return to its original level of surface energy after 32 days
analysis (Aita etal., 2009b). This is significantly different to the recovery times observed
in the present study, which only took a total of 48 hours. This difference may be due to
variation in how UV photofunctionalization affects bulk titanium substrates and TiO>
coated materials such as CCMT. Dissimilarities between bulk titanium and sputter coated
titanium on glass has previously been reported using MC3T3-EL1 cells, where it was found

that bulk titanium was superior to the titanium coating (Oya et al., 2010).
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Following confirmation of the change in surface wettability on CCMT by UV
photofunctionalization, FTIR was used to try and gain an understanding of the mechanism
behind this phenomenon. In particular, wavenumbers of specific hydrocarbons were
studied both before and after UV irradiation, as hydrocarbon removal or decomposition
is thought to be one of the main mechanisms behind UV photofunctionalization (Aita et
al., 2009b, Att et al., 2009, Miyauchi et al., 2010, Ueno et al., 2010, Yamada et al., 2010).
Vibration bands of C-H bonds at 2853, 2923 and 2957 cm, which account to stretching
modes of CH2 and CHzwere measured (Charpentier et al., 2012). No significant reduction
in hydrocarbon content was observed on CCMT substrates following UV
photofunctionalization (Figure 33). This result did not coincide with a previous
publication where a reduction in hydrocarbon content was observed on UV irradiated
TiO> coated silicon (Takeuchi et al., 2005). It may be that the UVC light source used in
the present study was not powerful enough to generate the decomposition of surface
hydrocarbons, although a secondary UVC light source was tested and also failed to
generate any hydrocarbon reduction, which makes the UVC light source unlikely to be
the cause of the variation, but it should not be ruled out entirely. In addition, it may be
that the FTIR equipment did not have a suitable degree of sensitivity to detect these
minute changes in hydrocarbon content. A lack of significant hydrocarbon removal
following UV photofunctionalization has also been reported on TiO: thin films deposited
by plasma enhanced CVD (Terriza et al., 2013). When compared to the results of the
present study, it may be that UV photofunctionalization of CVD TiO; coatings is not an
effective way of reducing hydrocarbon content. In addition, Gao et al studied cellular
response on substrates treated with UVC and UVA light. The amount of hydrocarbon
removal was comparable between the two light sources although UVC was superior in
various cell markers, which implies that hydrocarbon decomposition may not be the main

mechanism behind UV photofunctionalization (Gao et al., 2013).

To test the effectiveness of UV photofunctionalization as means of increasing the efficacy
and osteoconductivity of CCMT, numerous markers of cell behaviour were studied using
a variety of cell culture techniques. Cellular proliferation in both GM and OM was
studied using Alamar blue assay. No difference in cell proliferation was observed
between UV treated and non UV substrates in both GM (Figure 34) and OM (Figure 35).
This data did not concur with a number of other publications where proliferation has been
shown to be enhanced on UV photofunctionalized titanium (Att et al., 2009, Aita et al.,
2009a, Ueno et al., 2010) and TiO2 coated materials (Miyauchi et al., 2010, Sawase et

116



al., 2008). This difference in cell response may be due to dissimilarities between the
present study and those that observed enhanced proliferation, including cell type (Att et
al., 2009, Sawase et al., 2008, Miyauchi et al., 2010, Ueno et al., 2010), surface
topography (Att et al., 2009, Sawase et al., 2008, Aita et al., 2009a, Ueno et al., 2010)
and the bulk material tested (Miyauchi et al., 2010, Aita et al., 2009a, Sawase et al., 2008,
Att et al., 2009, Ueno et al., 2010).

Cellular proliferation was not the only marker to be unaffected by UV
photofunctionalization. Cell attachment (Figure 36), migration (Figure 38) and various
markers of osteogenic differentiation (Figure 41) were shown to be similar on UV treated
and non UV CCMT substrates. This data doesn’t coincide with many publications where
cell attachment has been reported to be enhanced on UV treated substrates (Att et al.,
2009, Miyauchi et al., 2010, Sawase et al., 2008, Hori et al., 2010b, Aita et al., 20093,
Yamada et al., 2010). Cell migration (Aita et al., 2009a, Hori et al., 2011), osteogenic
differentiation (Att et al., 2009, Miyauchi et al., 2010, Hori et al., 2010b, Aita et al.,
2009a) and in vivo osteogenic response (Sawase et al., 2008, Ueno et al., 2010) have also
all been reported to be improved on UV photofunctionalized substrates. As with the
difference observed for cell proliferation, the lack of an enhanced cell response for these
factors may be due to differences in the experimental parameters used between studies,
although the number of factors which were not affected suggests that this may not be the
case and that UV photofunctionalization may not be as effective on CVD TiO> coatings

on CoCrMo compared to Ti.

Whilst numerous factors were not affected by UV photofunctionalization, a significant
difference was observed for cell retention to the substrate surface. After both 3 and 24
hours in culture, a larger population of MSCs remained on UV treated CCMT following
three mechanical washes with PBS (Figure 37). This data indicates that cells found on
the UV treated substrate were better adhered to the surface and less likely to be dislodged
from external forces. Increased cell adhesion strength on UV photofunctionalization
substrates has been reported in the literature (Miyauchi et al., 2010, Yamada et al., 2010,
Iwasa et al., 2010). Miyauchi et al and Yamada et al both used a more sophisticated
technique to study the adhesion strength of individual cells using AFM and found that
cells on UV treated substrates had both a significantly greater shear strength value and
total detachment energy (Miyauchi et al., 2010, Yamada et al., 2010). Iwasa et al studied
the adhesion strength of a population of cells as a whole, using a similar mechanical

detachment method to that in the present study, and found that significantly more cells
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remained on the UV treated substrates following the process (Iwasa et al., 2010). An
enzymatic detachment method was also studied and UV photofunctionalized substrates
were again shown to have a significantly larger remaining cell population to non UV
substrates (Iwasa et al., 2010). The observed enhancement in cell adhesion strength
following UV photofunctionalization does not seem to be affected by whether the
substrate is bulk titanium or a TiO> photoreactive coating. lwasa et al (Iwasa et al., 2010)
and Yamada et al (Yamada et al., 2010) used bulk titanium as there experimental
substrate, whereas Miyauchi et al used TiO. coated glass plate (Miyauchi et al., 2010),
which is comparable to the CCMT used in the present study. This data suggests that
whilst the UV photofunctionalization process seems to be considerably less effective on
CCMT compared to bulk titanium (Att et al., 2009, Aita et al., 2009a, Hori et al., 2010b,
Sawase et al., 2008, Yamada et al., 2010) or sputter coated TiO2 (Miyauchi et al., 2010),

the functionalisation process is still have an effect on the cells to a certain degree.

To gain an understanding of what may be behind the increased cell retention observed on
UV treated CCMT, fluorescent microscopy was used to assess the cellular morphology
of the MSCs after 24 hours in culture. During the cell-substrate adhesion process the
structure of the cell can change and various proteins have their expression changed
(Anselme, 2000). In particular, the adhesion protein vinculin was studied as it is known
to play a role in forming focal adhesion complexes which integrate with the cytoskeletal
structure of the cell through talin and actin (Humphries et al., 2007). Focal adhesions can
be influential to the differential process with osteogenesis requiring a large number of
focal adhesions compared to chondrogenesis and adipogenesis which discourage focal
adhesion attachment (Mathieu and Loboa, 2012). The expression of vinculin within the
cells was noticeably different between MSCs on UV treated and non UV CCMT. MSCs
on UV treated CCMT were more spread and had more focal adhesions than those found
on the non UV substrate (Figure 39 C & D). This observation was confirmed by
guantitative image analysis which showed that there was significantly more vinculin per
cell on UV treated CCMT (Figure 40 B). In addition to vinculin, the cytoskeletal protein,
f-actin was assessed simultaneously and it was found that MSCs on the UV treated
substrate had superior actin fibre development to those found on non UV substrates
(Figure 39 A & B). More robust f-actin fibres has been shown to increase cellular
stiffness which may be mechanically advantageous for attached cells (Yamada et al.,
2010). As with vinculin expression, quantitative image analysis was performed and

significantly more actin was present per cell in MSCs found on UV treated CCMT
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compared to non UV substrates (Figure 40 A). Superior vinculin and actin expression in
cells on UV photofunctionalized substrates has been widely reported in other studies (Att
et al., 2009, Miyauchi et al., 2010, Aita et al., 2009a, Hori et al., 2010b, Yamada et al.,
2010, lwasa et al., 2010, Minamikawa et al., 2013). The combination of more widespread
focal adhesion complexes and superior cytoskeletal f-actin development should result in

stiffer, better adhered cells.

3.4. CONCLUSION

The process of UV photofunctionalization has been shown to have little or no effect on
cell proliferation, attachment, migration or osteogenic differentiation, although the
significant enhancement to cell adhesion markers may prove highly advantageous for
orthopaedic applications (Logan et al., 2014a). Following surgery, the surface of an
orthopaedic device is exposed to multiple forces capable of dislodging attached cells,
such as blood flow, micro motion and fluid forces (Cross, 2008a). UV
photofunctionalized CCMT was shown to stimulate significantly superior cell retention
to the substrate surface by enhancing vinculin and actin development. By enhancing these
adhesion molecules, a larger population of cells with osteogenic potential should be able
to colonise and remain on the surface of an implantable device, therefore accelerating the

healing time post-surgery.

UV Photofunctionalization

Superior Cell Adhesion

Human MSCs

Figure 42 Graphical conclusion — chapter three.
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CHAPTER FOUR:

MESENCHYMAL STEM CELL
RESPONSE TO TOPOGRAPHICALLY
MODIFIED COBALT CHROMIUM
MOLYBDENUM
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4. INTRODUCTION

An effective and widely used method of improving implant performance is topographical
modification of the implant surface. Such methods have been shown to enhance cell
response, promoting superior levels of bone to implant contact and bone formation around
the implant (Shalabi et al., 2006).

One of the most widely used surface modification techniques for titanium dental implants
is the sand blasted acid etched surface. Referred to as SLA, the process involves sand
blasting the material surface with 250 pum aluminium oxide (Al.O3) particles, and then
hot acid etching using a combination of chemicals. The two step procedure results in the
formation of both a micro and nano topography on the implant surface. Both the in vitro
and in vivo performance of implants modified with the SLA surface have shown an
improved osteogenic response compared to smooth and machined surfaces (Cochran et
al., 2011, Mendonca et al., 2010, Khan et al., 2012, Wall et al., 2009).

Despite the excellent performance of the SLA surface in dental implants, studies looking
into whether the same surface modification procedure can be applied to other materials

for orthopaedic application have not been fully investigated.

This part of the project aimed to investigate whether the SLA surface, used widely on
titanium dental implants, could be replicated onto CoCrMo in an effort to enhance the
biological performance of the material for orthopaedic application. Four topographies
were created on CoCrMo with the aim of generating a variety of different surfaces,
ranging from smooth to moderately rough. These included two SLA surfaces; one blasted
using 50um Al>Osz and the other using 250um Al>Oz particles. In addition to studying
SLA surfaces, CoCrMo that had only undergone the acid etching process was also
included to study the effect of acid etching alone. Lastly, a CoCrMo surface polished to
a mirror finish was included as a smooth control. Cellular markers for proliferation,
attachment, viability, adhesion and differentiation were studied using human MSCs,
which are known to be highly sensitive to topographical features present on a material
surface (Dalby et al., 2007, Logan and Brett, 2013). Surface characterisation of all
substrates was also performed, including profilometry, wettability, scanning electron

microscopy and elemental analysis.
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The hypothesis explored in the chapter is:

1. The addition of an SLA topography onto the surface of CoCrMo would generate
increased cellular retention and osteogenic differentiation in human MSCs when
compared to the smooth CoCrMo control.

4.1. MATERIALS AND METHODS

4.1.1. SAMPLE PREPARATION

Discs of CoCrMo were prepared to a smooth finish as previously described in section
2.1.1 SAMPLE PREPARATION — (Page 59) and throughout this chapter are referred to
as SMO. Three additional topographies were created from SMO discs; acid etched (AE),
sand blasted acid etched using 50pum Al2Os grit (SLA50), and sand blasted acid etched
using 250um Al>Os grit (SLA250). Acid etching to create AE substrates and etch sand
blasted substrates was performed based on a previously reported protocol (Durual et al.,
2013). To create AE substrates, SMO discs were immersed in HCI 7.4% and H2SO4 76%
for 6 minutes at 100°C, rinsed under H20O and then immersed in HNO3 30% for 5 minutes
at 60°C. Substrates were again rinsed under H>O and then sonicated in isopropanol for
15 minutes at 30°C (Sigma-Aldrich, 190764), followed by ¢sH20 for 10 minutes at RT.
To create sandblasted substrates, SMO discs were secured on a mount and subsequently
blasted with either 50um or 250um Al>Os grit at a pressure of 95 Psi, approximately 5
centimetres from the blasting tip (Vaniman, Sandstorm 2, 80301). 250um Al.Oz was
used as the blasting media for SLA250 substrates (Renfert, Cobra, 15851005), whilst
50pm Al203 media was used for SLAS0 (Renfert, Cobra, 15941205). SLA substrates
were then removed from the mount and sonicated in isopropanol for 15 minutes at 30°C,
followed by ¢4H>0O for 10 minutes at RT. Following this, SLA substrates underwent the
same acid etching process as AE. Before discs were used for cell culture experiments all
discs were washed in ¢¢H20, air dried and sterilised using UV light irradiation for 20
minutes on each side (BONMAY, BR-506).
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Figure 43 Photograph of sand blasting equipment setup showing Sandstorm 2 sandblaster
(A), dust extraction (B), air compressor (C) and air filter (D).

4.1.2. CELL CULTURE

Human MSCs were prepared and cultured as previously described in section 2.1.6 CELL
CULTURE — (Page 63).

4.1.3. SUBSTRATE CHARACTERISATION

The wettability of each substrate was studied by measuring the water contact angle (n =
10) as previously described in section 2.1.4 SUBSTRATE CHARACTERISATION —
(Page 61). In addition to wettability, the surface features of the substrates were profiled
using laser profilometry (n = 3). Ra values were then calculated as previously described
in section 2.1.4 SUBSTRATE CHARACTERISATION - (Page 61). SEM was
performed simultaneously with energy dispersive x-ray analysis (EDX) to visually assess
the surface topography and quantify its elemental composition. Substrates were mounted
on stubs using araldite ultra and had images taken at low and high magnifications using
a beam energy of 5 keV and spot size of 3. For EDX measurements the SEM was setup
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to X500 magnification, with a beam energy of 20 keV and a spot size of 5. Acquisitions
were performed at five locations for 30 seconds on each substrate to obtain quantitative
elemental data. Elemental maps were also obtained to observe the distribution of each

element on the substrate surface. Acquisition time for each map was 300 seconds.

4.1.4. VIABILITY

MSCs are highly sensitive to topographical features found on a materials surface (Dalby
et al., 2007). This considering, it is important to test cell viability to ensure that there is
no cytotoxic affect induced on the cells due to the surface topography. The Live/Dead
Cell Imaging kit (Life technologies, R37601) was used to determine viability and
cytotoxicity. The principle of the assay works by exposing the cells to two components.
Live cells are distinguished by enzymatically converting the first component of non-
fluorescent calcein AM to the highly fluorescent calcein which is retained within live
cells and fluoresces green. The second component is impermeant to cells and will only
enter cells with damaged membranes where the component actively binds to DNA and

fluoresces red.

MSCs were seeded at 3.5 x 10* cells per well onto SMO, AE, SLA50 and SLA250
substrates in a 24 well plate (n = 3) in GM. Following 24 hours incubation at standard
culture conditions of 37°C, 5% CO: in a humidified atmosphere, MSCs were washed
twice using 1 ml of PBS. The MSCs were then incubated in the dark for a period of 15
minutes at RT with 300 ul of Live/Dead reagent which was prepared asa 1 : 1 ratio of kit
components A and B. Substrates were then viewed using a fluorescence microscope fitted
with the appropriate filters (Leica, DMIRB).

4.1.5. PROLIFERATION

MSCs from three donors (N = 3) were seeded on SMO, AE, SLA50 and SLA250
substrates at a density of 2 x 10° cells per well (n = 3) in a 24 well plate. Plates for both
GM and OM were setup individually and cultured at 37°C, 5% CO: in a humidified
atmosphere with media changes performed on each day of analysis. Cellular proliferation

was then analysed as previously described in section 2.1.7 PROLIFEATION — (Page 65).
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4.1.6. ATTACHMENT

MSCs from three donors (N = 3) were seeded on SMO, AE, SLA50 and SLA250 at a
density of 4 x 10* cells per substrate in 24 well plates in GM (n = 3). After 24 hours in
culture at conditions of 37°C, 5% CO.in a humidified atmosphere, the attachment on each
substrate was analysed as previously described in section 3.1.6 ATTACHMENT — (Page
97).

4.1.7. CELL MORPHOLOGY - EXTERNAL

The morphology of MSCs on the substrate surface was analysed using SEM to study the
cell integration into the topographical features present on the material surface.

MSCs were seeded at a density of 7 x 10% cells onto SMO, AE, SLA50 and SLA250
substrates in GM in a 24 well plate. Following 24 hours incubation at standard culture
conditions of 37°C, 5% CO2 in a humidified atmosphere, the cells were washed using 1
ml of ¢aH20 and fixed with 300 pl of 4% PFA in PBS for 15 minutes at RT. MSCs were
then dehydrated sequentially using alcohol at concentrations of 50%, 70%, 90% and
100% x 2 for 10 minutes each. Substrates were then immersed in hexamethyldisilazane
(Sigma-Aldrich, 379212) for 2 minutes, air dried and mounted on aluminium stubs using
conductive carbon tape. Lastly, substrates were sputter coated in gold using a deposition
chamber (Polaron, E5000) for a period of 90 seconds before being transferred to the SEM
for analysis. Images were taken at high and low magnifications using a beam energy of
5 keV and spot size of 3.
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4.1.8. RETENTION

A total of 3.5 x 10* MSCs from three donors were seeded on SMO, AE, SLA50 and
SLA250 (n = 3) in GM and incubated at standard culture conditions of 37°C, 5% COzin
a humidified atmosphere. After 24 hours in culture, cell retention to the substrate surface
was analysed as previously described in section 3.1.7 RETENTION — (Page 98).

4.1.9. CELL MORPHOLOGY - INTERNAL

A total of 5 x 102 cells per substrate were seeded on SMO, AE, SLA50 and SLA250 in a
24 well plate using OM (n = 3). After 24 hours at standard culture conditions, analysis
of both the cytoskeletal protein f-actin and adhesion protein vinculin were studied as
previously described in section 3.1.9 CELL MORPHOLOGY — INTERNAL — (Page 99)
although quantitative image analysis was omitted. In addition, MSCs were
counterstained with 400 pl of DAPI (10 pg/ml) in PBS for 20 minutes at RT in the dark
to allow for cell identification.

4.1.10. OSTEOGENIC MARKERS

Markers of the early and late stages of the osteogenic differentiation process were studied.
ALP was analysed after 5 days in culture, whilst hydroxyapatite and calcium content were
tested after 21 days (N = 3)(n = 3). For ALP, 2 x 10 cells were seeded on SMO, AE,
SLA50 and SLA250 substrates in OM, whilst 125 x 10% cells were used for
hydroxyapatite and calcium assays. The level of each osteogenic marker was collected
as previously described in section 3.1.10 MINERALISATION — (Page 100).
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4.1.11. STATISTICAL ANALYSIS

Human MSCs from three donors (N = 3) were used in triplicate (n = 3). SEM EDX scans
were performed at n = 8, contact angle analysis was performed at n = 10 and profilometry
scans were completed at n = 3. Statistical analysis was primarily carried out using a one-
way ANOVA followed by the Bonferroni post-test in GraphPad Prism software (v5.04)
with p < 0.05 deemed to be statistically significant. The student’s t test was used to
analyse total Al area data. A post-hoc power calculator was used to confirm the statistical

power of significant results observed in the study
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4.2. RESULTS

4.2.1. ROUGHNESS
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Figure 44 Surface roughness results displaying Ra values; SMO had the lowest Ra which
was followed by AE. Both SLA surfaces were significantly rougher, with SLA250 having
the largest Ra value of the four. Each bar represents the mean + 1SD, n =3, * = p < 0.05
substrate verse SMO, # = p < 0.05 substrate verses AE, + = p < 0.05 substrate verses
SLASO0.

Laser profilometry was used to ascertain the surface roughness of each substrate by
obtaining Ra values. The SMO surface, which had a R, of 0.09 + 0.01 um was the
smoothest of the four surfaces. AE was rougher than SMO, with an R, of 0.15 £ 0.05
pum, whilst both SLA surfaces were significantly rougher than SMO and AE.
Additionally, SLA250 (1.02 £ 0.03 um) was found to have a significantly higher Ravalue
compared to SLA50 (0.82 £ 0.03 um), and was established to be the most rough of the

four surfaces.
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4.2.2. CONTACT ANGLE
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Figure 45 Contact angle results using ¢¢H20; SMO was the most hydrophobic of the four
surfaces. AE, SLA50 & SLA250 appeared to show a linear trend of increasing
hydrophobicity in relation to roughness values. Each bar represents the mean £1 SD, n =
10. * =p < 0.05 substrate verses AE, # = p < 0.05 substrate verses SLA50.

Contact angle measurements were performed to gain a measure of wettability on each
surface. As shown in figure 45, SMO was the most hydrophobic of the four surfaces
which a contact angle of 83.11 + 7.41°. AE (42.70 £ 11.45°) was observed to have the
lowest contact angle of all the surfaces which was followed by SLA50 (63.09 + 15.26°)
and lastly SLA250 (77.60 £ 16.05°). The change in wettability of AE, SLA50 and
SLA250 appeared to correlate with the increasing roughness parameters of each surface

shown in figure 46.
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4.2.3. SURFACE MORPHOLOGY
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Figure 46 SEM images showing the topographical features present on each surface under
X200 magnification. SMO and AE surfaces appear to have a smooth featureless
topography whilst SLA surfaces are noticeably rougher. Scale bar = 100 pm.

SEM images taken at X200 are shown in figure 47. Under low magnification, both SMO
and AE surfaces were similar in appearance without the presence of distinct topographical
features, although markings in the form of scratches did appear to be present on both
surfaces. SLA50 and SLA250 had an undoubtedly roughened topography with what
appeared to be larger and more distinct features present on the SLA250 surface.
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Figure 47 SEM images showing the four surface topographies under X2500
magnification. SMO still appears to have a featureless topography whilst on AE, lines
are now present on the surface. Both SLA surfaces show a rough surface with peaks and
valleys, which appear to be more prominent on SLA250. Scale bar = 10 um.

SEM images taken under higher magnification (X2500) are shown in figure 48 and begin
to show the differences in the topographical morphology of each surface. As with low
magnification SEM images, no clear features were present on SMO. In contrast, a pattern
in the form of a web of lines and ridges was now visible on the surface of AE. The SLA50
surface displayed a variety of sharp and wavy peaks and valleys, whilst features on the
SLA250 appeared to be more pronounced and have more height distribution due to the
occurrence of pits.
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Figure 48 SEM images of the four surface topographies under X8000 magnification.
Lines are now visible on SMO and AE although these appear to be deeper and without
order on AE. The effect of the acid etching process is now visible on both SLA surfaces
which show wavy, disordered features. Scale bar = 2 um.

As shown in figure 49, the occurrence of scratch marks on SMO was visible under X8000
magnification although they appeared to be shallow in depth. Contrarily, the boundaries
observed on AE appear to be dark, suggesting they might have some depth. In addition,
the presence of an array of lines and grooves was existent across the entirety of the surface
of AE, which supports the profilometry data shown in figure 44, were AE was
significantly rougher than SMO. Both SLA surfaces clearly had a wavy/spikey
topography formed on top of the larger surface features created from the blasting process.
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4.2.4. SURFACE ELEMENTAL COMPOSITION

\ Cr Mo Al

Figure 49 Grid showing the elemental maps of each substrate surface detected by EDX
analysis. Red = cobalt, blue = chromium, green = molybdenum & purple/violet =
aluminium. Scale bar = 100 pum.

Elemental maps were created using SEM EDX to determine the spread and location of
specific elements across the surface of each substrate. Specifically Co, Cr, Mo and Al
were studied with the results shown in figure 50. An even distribution of Co, Cr and Mo
was found on SMO and AE substrates. In comparison, holes in the maps of Co, Cr and
Mo were observed in SLA50 and SLA250 substrates which were found to correlate with
the detection of Al, confirming the presence of aluminium contamination. Interestingly
the distribution of Al on SLA50 and SLA250 was evidently different. SLA50 had a large
number of Al particles that were small in size, but were widespread across the surface.
In comparison SLA250 had clearly larger particles of Al, but as a consequence, had large
sections of the surface that were not affected by residual Al. Both quantitative data taken
from SEM EDX scans (Table 3) and image pixel analysis (Figure 51), showed SLA50 to

have a larger amount of residual Al, although not to a statistically significant level.
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Table 3 Quantitative data showing elemental composition from multiple EDX scans (n =
8)

Co Cr Mo Al Si
SMO 63.5+0.3 29.5+0.3 6.2+0.3 0 0.7+0.1
AE 63.6 £0.3 29.5+0.3 6.2+0.4 0 0.7+0.1
SLA50 58.0 + 3.7 27.8+1.9 49+0.3 8.6 5.7 0.7+0.1
SLA250 59.0+0.6 28.0 £0.5 49+0.3 74+09 0.7+0.1

Total Al Area
6000-
2 4000- —_
£
a
3
% 2000-
0 . T
& o
QX
& &

Surface treatment
Figure 50 Image analysis data comparing total area of Al coverage. A larger area of Al
was present on SLAS50 although this was not significant. Each bar represents the mean +
1SD,n=8.

Whilst more Al was found on the SLA50 surface in comparison to SLA250, this
difference was not significant.
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4.25. VIABILITY

Figure 51 Live/Dead images showing cell viability after 24 hours in culture. Green shows
live cells stained with calcein AM, whilst red nucleic staining indicates dead or dying
cells. Scale bar =130 um.

A fluorescent live/dead staining kit was used to ascertain if any of the surfaces stimulated
a cytotoxic response in the human MSCs. It was found that after 24 hours in culture, all
four substrates promoted acceptable cytocompatibility, shown by rapid uptake of the
green component. Dead cells, that stained red, were present on each substrate in low

numbers, although appeared to be most frequent on the SLA50 as shown in figure 52,
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4.2.6. PROLIFERATION
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Figure 52 Proliferation data on all four topographies in both GM (A) and OM (B). All
subjects were allowed to proliferate up to 21 days. Each line represents the mean + 1 SD,
N=3,n=3.

Cellular proliferation was studied in both GM and OM over a period of 21 days as shown
in figure 53. In GM, AE stimulated an enhanced rate of proliferation at 7 and 11 days.
In comparison, SLA50 appeared to show slowed proliferation resulting in the lowest
number of cells at day 7, 11 and 14. By day 14, cell numbers were comparable on SMO,
AE and SLA250, although whilst SMO and AE appeared to level out, SLA250 promoted

further proliferation and as a result ended up with the largest cell population by day 21.
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The rate of proliferation in OM was similar across all substrates. Interestingly, a lower
number of cells was observed on SLA substrates compared to SMO and AE after 1 day
in both GM and OM.

4.2.7. ATTACHMENT
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Figure 53 Cell attachment data after 24 hours incubation. SLA surfaces appeared to have
a lower amount of attached cells compared to SMO and AE. Each bar represents the
mean £ 1 SD, N=3,n=3. *=p <0.05 substrate verses SLA50. # = p < 0.05 substrate
verses SLA250.

Cell attachment was studied on each surface after 24 hours in culture. As shown in figure
54, the largest cell population was found on SMO with a total of 32815 + 4380, which
was closely followed by AE (30635 £ 2650). Both SLA surfaces had a significantly lower
amount of attached cells compared to SMO, whilst SLA250 (28017 + 4305) was also
found to have more remaining cells than SLA50 (25123 + 3015).
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4.2.8. CELLULAR EXTERNAL MORPHOLOGY
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Figure 54 SEM images showing cell morphology on the four substrates under X500
magnification. Cells are noticeably larger and more spread on SMO and AE compared
to the SLA substrates. Scale bar = 50 um.

The morphology of MSCs and their interaction with the surface topography on each
substrate was analysed by SEM. As can be seen in figure 55, MSCs were highly spread
on the smooth SMO and AE surfaces largely due to the lack of distinct surface features.
MSCs on both SLA50 and SLA250 were difficult to identify due to their integration
within the features of each surface. The cell shape of MSCs on the SLA surfaces appeared
to be mediated by the topographical features, as cells appeared to be elongating and found
along channels and grooves in the surface. As a result, the majority of MSCs observed
on SLA surfaces were not as spread as those found on SMO and AE. The presence of
smaller, spherical cells was also observed on SLASO0.
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Figure 55 SEM images taken at X2000 magnification showing cellular extensions over
the topographical features of each substrate. Scale bar = 10 um.

Under high magnification, cellular extensions in the form of lamellipodia and filopodia
can be observed. On the smoother surfaces, extensive protrusions in the form of filopodia
are present in MSCs on the AE substrate, which are not found to the same extent on SMO.
This same observation is also evident on SLA250, where highly pronounced, long
filopodia extensions can be observed bridging a large gap on the surface, in comparison
to SLAS50 where filopodia are not clearly observed.
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4.2.9. RETENTION
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Figure 56 Cell retention data displaying the remaining cell population following three
mechanical washes. Each bar represents the mean £+ 1 SD, N=3,n=3. * p <0.05
substrate verses SMO. # p < 0.05 substrate verses SLA5O0.

To gain a measure of how well adhered each MSC was to the substrate surface, cells were
exposed to a mechanical dissociation test using PBS washes after 24 hours in culture.
The remaining cells were counted and the results shown in figure 57. It was found that
significantly more cells remained on AE (13431 + 1827) and SLA250 (14105 + 1479),
compared to SMO (9221 + 1765) and SLA50 (10709 £ 2652).

140



4.2.10. CELL MORPHOLOGY - INTERNAL

Figure 57 Fluorescent microscopy images showing f-actin (Green), vinculin (red) and
DAPI (blue) in MSCs on all four substrates. MSCs on the SLA50 substrate appeared to
have poor actin fibre formation and no clear presence of focal adhesions. Scale bar = 130
um.

The internal cellular proteins f-actin and vinculin were assessed using fluorescent
microscopy after 24 hours culture in OM, with representative images shown in figure 58.
The cytoskeletal protein f-actin appeared to be more widely expressed in the smoother
substrates, in particular AE which promoted MSCs with clear robust internal actin fibres.
Interestingly, actin distribution within MSCs found on SLA5S0 appeared to be somewhat
inhibited as fibres were not clearly observed, implying cells on SLA50 were not
undergoing cytoskeletal reorganisation successfully. Actin was more clearly observed on
the SLA250 surface compared to SLA50. Vinculin was expressed in MSCs on all
substrates although the formation of focal adhesions was more evident in cells on SMO
and in particular, AE. Focal adhesions were not clearly observed in cells on SLA50
although some were present on SLA250 implying cells had better adhesion to the

substrate.
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4.2.11. OSTEOGENIC MARKERS
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Figure 58 Osteogenic differentiation markers, showing ALP activity (A), calcium
deposition (B) and hydroxyapatite formation (C). Each column represents the mean = 1
SD, N=3,n=3. *p<0.05 substrate verses SMO, # p < 0.05 substrate verses AE.

142



A number of osteogenic markers were studied to assess the rate of osteogenic
differentiation occurring in MSCs on each substrate, with the results shown in figure 59.
ALP, an early marker of the differentiation process was studied after 5 days in culture
although no difference was observed in the activity across all substrates. Late markers of
osteogenic differentiation included calcium deposition and hydroxyapatite formation.
Hydroxyapatite formation was found to be significantly greater on both SLA50 and
SLA250 compared to SMO and AE (p < 0.05). Furthermore, calcium deposition was
significantly greater on SLA250 compared to SMO and AE (p < 0.05). This data implies
that whilst early stage differentiation did not seem to be affect, later stage mineralisation
was significantly greater on SLA250.
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Figure 59 Hydroxyapatite fluorescent microscopy images showing nodules of
hydroxyapatite (Green) on the substrate surface. Both SLA surfaces show the formation
of widespread hydroxyapatite nodule formation. Scale bar = 800 pm.

In addition to assessing hydroxyapatite quantitatively via a fluorescent plate reader, the
presence of nodules were also assessed qualitatively using fluorescent microscopy as
shown in figure 60. Hydroxyapatite nodules were found in greater numbers on both SLA
surfaces compared to SMO and AE, a greater amount of mineralised tissue was present

on the SLA surfaces.
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4.3. DISCUSSION

The performance of implants can be influenced by multiple factors, such as the
mechanical properties of the material the implant is formed of (Simon et al., 2003) and
the surface features of the implant (Sykaras et al., 2000, Shalabi et al., 2006). Orthopaedic
materials, such as stainless steel and CoCrMo, which have the mechanical strength
required to form orthopaedic devices, are combined with a low degree of bioactivity,
resulting in an implant that is mechanically strong but has poor osseointegration ability
(Stiehler et al., 2008). Whilst efforts are ongoing to create biomaterials with increased
mechanical and bioactive properties, modification to the surface of existing implant
materials is a viable option to improve the current generation of implants which lack

bioactivity.

The performance of an implant can be improved by influencing the biological reactions
that occur at the bone implant interface to produce a desirable response (Puleo and Nanci,
1999). This can be achieved by modifying the implant surface to manipulate and partially
control cell behaviour (Logan and Brett, 2013). In regards to orthopaedic implants, a
surface that stimulates osteogenic cells to form new bone tissue whilst preventing fibrous
encapsulation is ideal. Methods of surface modification are varied and can range from
topographical (Brett et al., 2004), surface chemistry (Khan et al., 2012), functionalisation
(Aita et al., 2009a), coatings (Zhang et al., 2014) and nanotopographies (Dalby et al.,
2008).

One of the most influential factors that can stimulate a desired response in bone cells is
topographical modification. Implants can be topographically modified on the micron
scale to produce, smooth, machined, acid etched and blasted surfaces (Balloni et al.,
2009). In addition, substrates can be created with surface features on the nanoscale that
are capable of directing stem cell fate, which can vary from grooves (Zhang et al., 2012),
tubes (Oh et al., 2009), pores (Lavenus et al., 2012) and pillars (Sjostrom et al., 2009).
One of the most widely used and successful surface topographies for titanium dental
implants, utilises features on both the micron and nanoscale. Referred to as sand blasted
acid etched or SLA, the topography is produced by a 2-stage procedure of sandblasting
the surface with Al,Os grit particles, followed by hot acid etching using a combination of
HCI and H2SOg4. In both in vitro and in vivo studies, the SLA surface has been shown to

promote an increased osteogenic reponse compared to smooth and machined
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topographies (Cochran et al., 2011, Mendonca et al., 2010, Khan et al., 2012, Wall et al.,
2009).

This section of the thesis investigated whether SLA could be replicated onto the
orthopaedic alloy CoCrMo, in an effort to improve the bioactivity of the material. Laser
profilometry was performed on all four substrates to gain a measure of surface roughness.
Specifically, the arithmetic average roughness of the surface, referred to as Ra, was
measured. For implants formed of titanium, it is thought moderately rough surfaces with
an Ra between 1 — 2 um can stimulate an increase osteogenesis, compared against smooth
(Ra 0-0.5 pum), minimally rough (Ra 0.5-1 pum) and rough surfaces (Ra > 2 um)
(Wennerberg and Albrektsson, 2009). The SLA250 surface had an R, of 1.02 £ 0.03 um
which fell within the moderately rough range, implying that it may be best suited at
enhancing mineralisation compared to SMO, AE and SLA50, which were smooth and
minimally rough, respectively. Whilst the review that concluded that moderately rough
surfaces were preferable focused primarily on titanium (Wennerberg and Albrektsson,
2009), it is widely accepted that titanium and its alloys are the gold standard orthopaedic
material (Geetha et al., 2009), and surface properties that are ideal on titanium should try

to be applied to other materials of similar properties, such as CoCrMo.

Following laser profilometry testing, the wettability of each surface was assessed by
measuring the contact angle of ¢aH2O. Interestingly, AE, SLA50 and SLA250 appeared
to have a different response compared to SMO. Those samples that had undergone the
acid etching process were evidently more hydrophilic than the SMO surface. AE had the
lowest contact angle of the four, whilst both SLA50 and SLA250 showed an increase in
contact angle that correlated to surface roughness. Conversely, SMO did not follow this
trend, as it was the smoothest surface, yet was observed to be the most hydrophobic.
Treatment of CoCrMo with NHO3 has been reported to be a method of activating the
surface of the material (Paredes et al., 2014). NHO3 was shown to affect the wettability
of CoCrMo causing the surface to become more hydrophilic, due to the removal of surface
contaminants, such as hydrocarbons. It has been reported that the exposure of
hydrocarbons to osteoblasts can reduce their activity in the form of lowering ALP
expression and calcium mineralisation (Hayashi et al., 2014). This wettability data
therefore indicates that acid etching may not only be advantageous by way of modifying

the substrate topographically, but also chemically through cleansing of the surface.
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In addition to laser profilometry, the surface topography of each substrate was studied
using SEM. Low magnification images showed that both SMO and AE were similar in
appearance without the presence of distinct surface features, but under increased
magnification clear differences in the morphology of each surface became apparent. The
presence of parallel grooves was evident on SMO (Figure 49), which has been previously
reported on smooth titanium surfaces and is the result of mechanical polishing using
silicon carbide paper (Le Guehennec et al., 2008, Singh, 2011). In comparison, grooves
were also observed on AE, which was expected since AE also underwent silicon carbide
polishing, but in addition, the presence of what appeared to be grain boundaries were
observed. The surface morphology of SLA50 and SLA250 were clearly more roughened
in comparison to SMO and AE. Whilst both SLA substrates had irregular rough
morphologies, SLA250 appeared to have larger, more pronounced individual features
which are likely due to the use of larger Al2O3 grit. A similar effect was reported on the
morphologies of sandblasted titanium using small (100 pm) and large grit (300 pm),
where the small grit surface still had roughened features, but had noticeably less
verticality on its surface. (Hakki et al., 2012). Under high magnification the effect of the
acid etching procedure was clear on SLA surfaces, as the formation of small pores was
observed on top of the larger features created from the sandblasting step (Figure 49).
Sandblasted acid etched surfaces have been reported as superior compared to sandblasted
surfaces (Sader et al., 2005, Rosales-Leal et al., 2010, Le Guehennec et al., 2008). It may
be that acid etching procedure facilitates in smoothening out any overly sharp peaks on
the surface and in its place creates a network of nanopores. As native bone tissue has
surface features that range from the macro (Osteoids), micro (Mineralised structures, 0.8
— 1.4 um (Bozec et al., 2005)) and nanoscale (Collagen fibre bundles, 5 — 10 nm with 67
nm striation and hydroxyapatite crystals 225 nm (Bozec and Horton, 2006)), the
combination of micron and nano features found on the SLA surfaces may be more suited
to stimulating an enhanced osteogenic response in MSCs by replicating an in vivo

environment.

Elemental analysis was performed on each surface and it was found that SMO and AE
had an even distribution of Co, Cr and Mo across the entirety of the map (Figure 50). In
contrast, gaps/holes were present on SLA maps for the alloying elements, which
correlated with positive signalling for Al. This data confirmed the presence of residual
aluminium on the surface of both SLA substrates, which has been reported on other

engineered SLA surfaces, despite the implementation of cleaning steps (Durual et al.,
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2011). SLAS50 was shown to have a larger amount of aluminium compared to SLA250
although this was not significant (p = 0.4748). Interestingly, the distribution of
aluminium on the surface of SLA50 and SLA250 was clearly different. As shown in
figure 50, SLAS0 appeared to have a larger amount of aluminium particles that were small
in size but widely distributed over the entirety of the surface. In contrast, SLA250 had
noticeably larger particles, but were in fewer numbers and as a consequence, had large
portions of the surface that were not contaminated with aluminium. It has been reported
that high concentrations of aluminium can negatively interfere with matrix mineralisation
in osteoblasts (Canabarro et al., 2008, Hayashi et al., 2014), implying that the widespread

residual aluminium found on SLA50 may not be ideal.

The cytotoxicity of each substrate was analysed using a live/dead kit after 24 hours in
culture. All of the substrates were largely non-toxic as shown in figure 52, although of
the four, SLA50 appeared to have a greatest amount of dead cells. An increase in the
amount of apoptotic cells on SLA titanium surfaces compared against smooth has been
previously reported (Wall et al., 2009), implying that there may be a topographical
property of the SLA surface that can trigger a degree of apoptosis in some human MSCs.

As well as cytocompatibility, the ability of a biomaterial to promote cellular proliferation
is an important factor in regards to implant performance. In GM, AE promoted an
accelerated rate of proliferation compared to the other three substrates (Figure 52 A),
which has also been reported using the osteoblast like MG63 cell line (Rosales-Leal et
al., 2010). AE was shown to be the most hydrophilic substrate which may have been a
contributing factor to this observation, as hydrophilic surfaces have been reported to
stimulate superior rates of proliferation compared to their identical hydrophobic
counterparts (Att et al., 2009, Aita et al., 2009a). SLA50 appeared to slow down and
inhibit proliferation in GM. This may be a result of the widespread residual aluminium
which can reduce osteoblast proliferation (Sader et al., 2005) or an effect of the SLA
topography (Khan et al., 2012). Interestingly, SLA250 did not inhibit proliferation in GM
despite having a similar amount of aluminium residue (Table 3). SLA250 stimulated a
consistent rate of proliferation and obtained the largest amount of cells by day 21, which
may be due to the increased surface area of the substrate. It is likely that the difference
in the distribution of aluminium between the two SLA substrates is the cause of the
variation in proliferative ability. Proliferation was low in cells on all surfaces cultured in
OM, which is similar to previous publications (Khan et al., 2012). It is believed that cells

focus on differentiating into osteoblasts when exposed to OM, and as a consequence they
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do not proliferate to the same extent observed in GM. Interestingly, after 24 hours in OM
and GM, a lower amount of cells was present on both SLA surfaces compared to SMO
and AE although this recovered by day 4 (Figure 53 B).

Cell attachment was studied after 24 hours in GM with the data shown in figure 54. Both
SMO and AE appeared to promote a higher rate of attachment compared to the SLA
surfaces. In addition, SLA250 was found to have more attached cells than SLA50. When
combining this data with the cytotoxicity and proliferation data, where lower cell numbers
were observed at 24 hours on SLA, it is likely that the lower number of cells found on
SLA250 and specifically SLA50 are due to a relatively mild cytotoxic effect from the
SLA surface, which has also been observed on roughened titanium (Wall et al., 2009).

The higher number of dead cells observed in figure 52 supports this data.

How strongly adhered the cell populations were to the substrate surface was analysed
using a mechanical dissociation protocol. It was found that both AE and SLA250 had
significantly more remaining cells compared to SMO and SLA50 (Figure 56). Increased
hydrophilicity has been shown to enhance actin and vinculin formation in osteoblasts
(Yamada et al., 2010), which implies that the increased wettability found on the AE may
have contributed to its superior performance. The expression of these proteins were
studied in MSCs on all substrates and it was found that more robust actin fibres and
increased focal adhesion formation were present on AE (Figure 57). In contrast, SLA50
appeared to have no clear actin fibre development and the presence of focal adhesion
complexes could not be easily observed, implying that the surface was inhibiting factors
important to cell adhesion (Humphries et al., 2007). This was evident in the cell retention
study where significantly fewer cells were found on SLA50 compared to AE and
SLA250. In contrast to SLA50, SMO appeared to have adequate actin and vinculin
expression in MSCs located on its surface. The poor performance of SMO in the retention
study could be a result of the combination of the extremely low roughness profile and
hydrophobicity of the surface (Yamada et al., 2010). In addition to wettability, cell
adhesion has been reported to be increased on roughened sand blasted titanium (Rosales-
Leal et al., 2010). This would therefore imply that the blasted acid etched topography
formed on SLA250 may be suitable at improving cellular adhesion in MSCs. Whilst
SLAS50 was also a roughened surface, the aluminium contamination found throughout the
substrate surface may have contributed to its poor adhesive properties (Canabarro et al.,
2008, Hayashi et al., 2014). The external morphology of the MSCs was also assessed

using SEM and it was found that MSCs on both AE and SLA250 had more pronounced
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cellular extensions in the form of filopodia (Figure 55). Filopodia are thin membrane
extensions comprised of bundles of cross linked actin fibres and can be described as the
pioneers of the leading edge of the cells which act as probes to test the environment for
cues (Wood and Martin, 2002). In Kkeratinocytes it has been shown that there is a
dependence on filopodia for the formation of lamellipodia adhesion sites. In filopodia
complexes small adhesions which stained positive for adhesion markers were present
(Schéfer et al., 2009). Whilst there is little data focusing on the adhesive properties of
filopodia in MSCs, it is possible that they play some supportive role in the adhesive

process.

One of the most important factors for implant performance is the ability of the implant
surface to facilitate in the osteogenic differentiation of MSCs. Following implantation,
MSCs are believed to be the first cells recruited to such sites were they colonise and
differentiate into osteoblasts capable of forming new bone tissue (Davies, 1998, Davies,
2003). If an implant can be modified to enhance this process it should result in an
improved rate of osseointegration and ultimately a more stable device (Le Guehennec et
al., 2007). It was found that both SLA surfaces stimulated a higher rate of differentiation
in MSCs compared to SMO and AE, through the deposition of calcium (Figure 58 B) and
hydroxyapatite nodule formation (Figure 59 C). Whilst the amount of hydroxyapatite
was similar on both SLA surfaces, SLA250 had the greatest amount of mineralisation
(Figure 59). It has been reported that high amounts of aluminium residue inhibits matrix
mineralisation in osteoblasts (Canabarro et al., 2008, Hayashi et al., 2014), although this
was not observed in this study. ALP is recognised as an early marker for the
differentiation process (Golub and Boesze-Battaglia, 2007), although no difference was
observed in ALP activity between the four substrates (Figure 59 A).

The results of this section of the thesis are an early indication that modification of
CoCrMo by way of sand blasting and acid etching with 250 um Al>Oz grit, may prove to
be advantageous for orthopaedic implants by improving markers of proliferation,
adhesion and differentiation in human MSCs. The combination of surface features on
both the micro and nanoscale are a possible reason behind the improved performance of
the SLA250 surface (Mendonca et al., 2010), as CoCrMo substrates with either nano or
micro scale features have been shown to be superior compared to conventional CoCrMo
(Webster and Ejiofor, 2004, Jaeger et al., 2008). Topographical modification is highly
sensitive. In a study that looked at CoCrMo porous bead coated implants that had been

acid etched, it was found that there was no significant improvement over controls in a
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canine model (Jakobsen et al., 2010). This high degree of sensitivity was observed in the
present study where only a slight alteration in surface roughness of 0.2 pm Ra was
recorded between SLA50 and SLA250, although this resulted in significant changes in
how the MSCs responded to the substrates. It is likely that the increased surface
roughness found on SLA250, combined with the reduced aluminium residue
contamination resulted in its improved performance compared to SLA50 (Wennerberg
and Albrektsson, 2009, Sader et al., 2005, Canabarro et al., 2008, Hayashi et al., 2014).

4.4. CONCLUSION

This section of the thesis focused on assessing the response of human MSCs to four
surface topographies engineered on CoCrMo. The results indicate that SLA250 promoted
increased bioactivity as determined by the enhanced expression in markers of
proliferation, adhesion and mineralisation in human MSCs, despite the presence of low
levels of aluminium residue. The application of this surface topography onto implants
formed of CoCrMo may prove to be advantageous by enhancing bone formation, which

could result in reduced healing times and increased implant stability.
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Figure 60 Graphical conclusion - chapter four.
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S. INTRODUCTION

It has been shown that the bioactivity of CoCrMo can be improved by coating the
substrate with anatase TiO2 by way of atmospheric pressure CVD or by topographically
modifying the surface using a sandblasting acid etching technique (Logan et al., 2015).
A combination of the two techniques may prove to be an even more beneficial method of

improving the bioactivity of the material.

This part of the project aimed to investigate if the application of a TiO2 coating by CVD
onto SLA250 topographically modified CoCrMo could stimulate an enhanced osteogenic
response in human MSCs compared to SLA250 CoCrMo. In addition to studying these
two surfaces, a third SLA substrate formed of pure titanium was created to replicate the
SLA surface widely used on titanium implants by Institut Straumann AG (Walderberg,

Switzerland).

Cellular markers of proliferation, viability, morphology, adhesion and osteogenic
differentiation were studied. Characterisation of the substrates included wettability,

roughness, morphology, elemental analysis and Raman spectroscopy.
The hypothesis explored in this chapter is:

1. The addition of an anatase TiO layer created by CVD onto the surface of
SLA250 CoCrMo, would generate increased osteogenic differentiation in human
MSCs to a comparable level as that observed on the titanium SLA control

surface.
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5.1. MATERIALS AND METHODS

5.1.1. SAMPLE PREPARATION

CoCrMo discs (Cr 26-30, Mo 5-7) supplied by Corin Ltd (Cirencester, UK) were
engineered to achieve the SLA250 topography as previously described in section 4.1.1
SAMPLE PREPARATION — (Page 122). These discs were referred to as CoCrMo.
CoCrMo discs were then coated in TiO: as described below in section 5.1.2 CHEMICAL
VAPOUR DEPOSITION — (Page 154) and referred to as CCMT. Before the CVD
protocol was finalised, a preliminary test which assessed the effect of chamber position
on the thickness/phase of the TiO. coating was performed using Raman spectroscopy
with the results shown in section 7 Appendix A — TiO2 Coating Chamber Position Testing
(Page 210). Discs formed of SLA titanium were used as a control and referred to as Ti.
Firstly, Ti discs were ground using SiC paper decreasing in roughness from #220, #500
to #1000. Following this, discs were removed from their resin bases and sonicated in
isopropanol for 15 minutes at 30°C, followed by 4qH20 for 10 minutes at RT. Ti discs
were then mounted on a block and underwent sand blasting using 250 um Al>Os grit
(Renfert, Cobra, 15851005), at a distance of approximately 5 centimetres, at a pressure
of 72.5 Psi (Vaniman, Sandstorm 2, 80301). Ti discs were then removed from the mount
and subsequently sonicated in isopropanol for 15 minutes at 30°C, followed by ¢qaH20 for
10 minutes at RT. Once the discs had air dried they were etched in a combination of HCI
7.4% and H2SO4 76% for 8 minutes at 100°C. Lastly, the Ti samples were rinsed under
H20 before being sonicated in isopropanol for 15 minutes at 30°C, followed by 44H20 for
10 minutes. Before being used for cell culture experiments all samples were sterilised
and passivated as described in section 2.1.2 SAMPLE PASSIVATION AND
STERILISATION — (Page 59).

5.1.2. CHEMICAL VAPOUR DEPOSITION
*Performed by Carlos Sotelo-Vasquez, Department of Chemistry, UCL.

The substrate CoCrMo discs were placed on top of the graphite block with separating
glass sheet to avoid carbon contamination from the graphite block. Titanium tetrachloride
(99%) and ethyl acetate (99.8%), both from Sigma-Aldrich, were used as metal and

oxygen sources, respectively. All the components of the CVD apparatus were kept at
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high temperature (200 °C). The precursors were heated independently in stainless steel
bubblers and carried under controlled flows using pre-heated nitrogen gas (Supplied by
BOC). The precursors were mixed in a stainless steel chamber (250 °C) before accessing
the CVD reactor and then plain nitrogen flow dragged the gas precursor mixture through
a triple baffel manifold to generate a wide laminar flow. The deposition of TiO, was
controlled by heating up the stainless steel bubblers of titanium tetrachloride and ethyl
acetate to 70 °C and 40 °C, respectively. The mass flow conditions for metal and oxygen
precursors were 6.7 x 107 and 3.1 x 10 g min™, respectively. The deposition time used
to coat the CoCrMo discs was 30 seconds, whilst the reaction chamber was at a
temperature of 500 °C. This deposition time was found optimum in order to achieved
discs coated with a uniform TiO layer without compromising the morphology of the
discs. All coated discs were chemical stable in air. The coated materials showed no pin-

hole defects and no particulates were observed in the exhaust gas.

5.1.3. CELL CULTURE

Human MSCs were prepared and cultured as previously described in section 2.1.6 CELL
CULTURE - (Page 63).

5.1.4. SUBSTRATE CHARACTERISATION

The wettability of CoCrMo, CCMT and Ti was assessed by water contact angle as
previously described in section 2.1.4 SUBSTRATE CHARACTERISATION - (Page
61). Further, the roughness of each substrate was analysed by laser profilometry as
previously described in section 2.1.4 SUBSTRATE CHARACTERISATION - (Page
61). SEM and EDX were also performed on CoCrMo and CCMT to assess the coverage
of the TiO: layer on the substrate surface. This microscopy analysis was performed as
previously stated in section 4.1.3 SUBSTRATE CHARACTERISATION — (Page 123).
In addition, SEM was performed on engineered Ti created in the laboratory and SLA
discs obtained from Institut Straumann AG (Walderberg, Switzerland) to compare the
morphology of each surface with the results shown in section 7 APPENDIX B — TI SLA
MORPHOLOGY - (Page 213). Raman spectroscopy was used to assess the phase of the
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TiOz layer on CoCrMo using a LabRam Micro-Raman Spectrometer (Horiba Jobin-Yvon
HR300) fitted with an optical microscope and 50x objective lens for a total magnification
of 500x. Excitation of the Raman signal was achieved using a 632.8 nm helium/neon ion
laser. The spectral array comprised of a 4 x 4 grid with an accumulation number of 16.
This improved the quality of the spectra by allowing an average of the signals and by

mapping multiple locations.

5.1.5. VIABILITY

Human MSCs were seeded in GM at a density of 3.3 x 10* cells per well on CoCrMo,
CCMT and Ti using a 24 well plate (n = 3). They were incubated at standard culture
conditions of 37°C, 5% CO: in a humidified atmosphere. After 24 hours in culture, cells
were taken for LIVE/DEAD imaging analysis as previously described in section 4.1.4
VIABILITY — (Page 124).

5.1.6. PROLIFERATION

MSCs from three donors (N = 3) were seeded on CoCrMo, CCMT and Ti at a density of
2 x 10% cells per well (n = 3). A separate 24 well plate was used for GM and OM. Cells
were then incubated at standard culture conditions and proliferation was studied as
previously described in section 2.1.7 PROLIFEATION — (Page 65).

5.1.7. RETENTION

Human MSCs from three donors (N = 3) were seeded in GM at a density of 3.5 x 104
cells per well on CoCrMo, CCMT and Ti using a 24 well plate (n = 3). Following 24
hours incubation at standard culture conditions, cell retention was assessed as previously
described in section 3.1.7 RETENTION — (Page 98).
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5.1.8. CELL MORPHOLOGY - INTERNAL

A total of 7 x 103 cells were seeded on CoCrMo, CCMT and Ti in OM using a 24 well
plate (n = 3). Following 24 hours incubation at standard culture conditions of 37°C, 5%
CO2 in a humidified atmosphere, MSCs were assessed by fluorescent microscopy for
expression of f-actin as previously described in section 2.1.8 CELL MORPHOLOGY -
INTERNAL — (Page 66), although the nucleic stain DAPI was used in place of PI. In
addition, the adhesion protein vinculin was also studied as previously described in section
3.1.9 CELL MORPHOLOGY - INTERNAL - (Page 99).

5.1.9. TYPE | COLLAGEN DEPOSITION

MSCs were seeded at 5 x 10* cells per well on CoCrMo, CCMT & Ti in OM using a 24
well plate (n = 3). Following 17 days in culture at standard conditions of 37°C, 5% CQO2
in a humid atmosphere, MSCs were taken for type | collagen analysis using fluorescent
microscopy as previously described in section 2.1.12 TYPE | COLLAGEN
DEPOSITION — (Page 69), although image quantitation was not performed.

5.1.10. OSTEOGENIC MARKERS

A total of 12.5 x 102 cells from three donors (N = 3) were seeded on CoCrMo, CCMT
and Ti in OM using a 24 well plate (n = 3). After 21 days in osteogenic culture, MSCs
were harvested to analyse the osteogenic markers of calcium ion content and
hydroxyapatite nodule formation as previously described in section 2.1.9 CALCIUM
ASSAY - (Page 647 and 3.2.10 MINERALISATION - (Page 100), respectively.
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5.1.11. STATISTICAL ANALYSIS

Human MSCs from three donors (N = 3) were used in triplicate (n = 3). Contact angle
analysis was performed at n = 12 and profilometry scans were completed at n = 6.
Statistical analysis was primarily carried out using a one-way ANOVA followed by the
Bonferroni post-test in GraphPad Prism software (v5.04) with p < 0.05 deemed to be
statistically significant. A post-hoc power calculator was used to confirm the statistical

power of significant results observed in the study
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5.2. RESULTS

5.2.1. CONTACT ANGLE
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Figure 61 Wettability data showing contact angle of ddH2O on each substrate. CCMT
appeared to be the most hydrophilic of the three. Each bar represents the mean + 1 SD,
n=12. *=p <0.05 substrate verses CCMT.

It was found that CCMT had the lowest contact angle of the three substrates (46.42 +
9.12°). Both CoCrMo (81.78 + 10.05°) and Ti (73.64 + 12.16°) were significantly more
hydrophobic compared to CCMT (p < 0.05).
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5.2.2. ROUGHNESS

Roughness

Material

Figure 62 Laser profilometry data showing surface roughness on each substrate in the
form of Ra. CCMT was found to have the greatest Ra value of the three whilst CoCrMo
had the lowest. Each bar represents the mean £1 SD, n=6. * = p < 0.05 substrate verses
CoCrMo. # =p <0.05 substrate verses Ti.

Of the three substrates CCMT (2.01 £ 0.27 um) had the greatest Ra value which was
significantly larger than both CoCrMo (1.04 = 0.05 um) and Ti (1.66 £ 0.15 um) (p <
0.05). It was also found that Ti was significantly rougher compared to CoCrMo (p <
0.05).
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5.2.3. SEM -EDX

Figure 63 Low magnification SEM and elemental maps showing the presence of a
titanium layer on CCMT. Scale bar = 100 um.

SEM combined with EDX was used to assess the morphology of each surface as well as

the elemental composition. Each surface was irregular and roughened although no
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obvious difference could be observed between the surface features found on CoCrMo and
CCMT despite the different Ra values obtained in profilometry scans. Both of the
substrates showed abundant Co, Cr and Mo although CCMT also showed comprehensive
coverage of Ti on the materials surface. Interestingly Al residue was observed on
CoCrMo although not found on CCMT.
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CoCrMo CCMT

Figure 64 High magnification SEM and elemental maps of CoCrMo and CCMT. The
presence of titanium is still found on CCMT although both substrates show some
aluminium residue. Scale bar =7 um.

Under higher magnification CCMT did appear to have a somewhat rougher surface and
Co, Cr and Mo were again widely expressed on each substrate. As with the low

magnification images in figure 64, Ti was again found over the entirety of the scan. In
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contrast to the low magnification images Al was found on the surface of CCMT under

higher magnification (Figure 65).

5.2.4. RAMAN SPECTROSCOPY
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Figure 65 Raman spectra of CCMT showing predominantly anatase TiOx.

Raman spectroscopy was used to confirm the presence of TiO2 on the surface of CCMT.
Peaks at 198, 394, 514 and 634, which correlate to the anatase phase of TiO, (Turkovic
et al., 1991) were observed although additional peaks were also present. These additional
peaks appeared to correlate with the uncoated CoCrMo control sample and possibly the
rutile phase of TiO2. The CoCrMo control spectra can be found in section 7 APPENDIX
A - TI02 CHAMBER POSITION TESTING - (Page 210).
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5.2.5. VIABILITY

Figure 66 Live/dead fluorescent images showing cell viability on each substrate. Green
shows live cells stained with calcein AM, whilst red shows dead cells that have a
compromised cellular membrane. Scale bar = 100 um.

Live/dead fluorescent staining was used to gain a measure of the toxicity of each substrate
with results shown in figure 67. It was found that each substrate promoted an acceptable
level of cytocompatibility as the majority of cells expressed the live green component of
the kit. A small portion of dead cells that expressed the red component were found on

each substrate although this was to be expected for SLA topographies.
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5.2.6. PROLIFERATION
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Figure 67 Proliferation data. Each point represents the mean £1 SD, N =3, n = 3.

The proliferation in OM was assessed using AlamarBlue and no clear difference was
observed between the three substrates. Cell numbers appeared to be lower on CCMT

compared to CoCrMo and Ti from day 11 onwards.
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5.2.7. RETENTION
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Figure 68 Cell retention data showing the remaining cell populations found on each
substrate after three mechanical washes. No difference was observed between the three
materials. Each bar represents the mean 1 SD, N=3,n=3.

The adhesion of MSCs to each substrate was studied by counting the remaining cells after
24 hours incubation and three mechanical washes. No significant difference was
observed between CoCrMo (12208 + 2912), CCMT (12533 £ 2870) and Ti (11316 +
1716) as shown in figure 69.
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5.2.8. CELL MORPHOLOGY - INTERNAL

5.2.8.1. ACTIN

Figure 69 Fluorescent microscopy images showing the cytoskeletal protein f-actin in
MSCs on each substrate. Green - f-actin. Blue — nucleic stain DAPI. Scale bar = 100

pm.
The cytoskeletal structure of MSCs on each substrate was analysed after 24 hours culture
in OM with images shown in figure 70. The morphology of MSCs on each surface was
similar, although it was clear that cells with different cytoskeletal structures were present
on each surface. MSCs were either small in size and partly spread, or in contrast, highly
elongated and narrow. It’s likely that the roughened features of each surface are the cause
of these differences in cell morphology. Narrow and elongated MSCs are likely being
extended across peaks on the surface, whilst the smaller more spread cells may be located

in the pits between peaks which would facilitate cell spreading.
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5.2.8.2. VINCULIN

Figure 70 Fluorescent microscopy images showing the expression of the adhesion protein
vinculin in MSCs on each substrate. Red - vinculin. Scale bar = 100 um.

The adhesion protein vinculin was assessed using fluorescent microscopy after 24 hours
culture in OM. As shown in figure 71, vinculin was expressed in MSCs on all three
substrates although no clear difference between the surfaces was evident. This correlates
with the retention data shown in section 5.2.7 RETENTION — (Page 166) which showed

no significant difference in MSC adhesion between the substrates.
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5.2.9. TYPE | COLLAGEN DEPOSITION

CoCrMo

Figure 71 Fluorescent microscopy images showing type | collagen deposition on each
substrate. CoCrMo appeared to show a greater amount of collagen deposition compared
to CCMT and Ti. Green - type I collagen, blue - nucleic stain DAPI. Scale bar = 200

um.

As MSCs differentiate into osteoblasts they deposit an ECM rich in mineral and collagen.
Type | collagen plays an important role in bone formation as it acts as a scaffold for
calcium nucleation sites (Davies, 1998). The deposition of type I collagen was assessed
using fluorescent microscopy and it was observed that CoCrMo had a greater amount of
collagen bundles/fibrils compared to Ti and CCMT (Figure 72). Type | collagen was
observed on CCMT and Ti although to a lesser extent than that seen on CoCrMo.
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5.2.10. OSTEOGENIC MARKERS
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Figure 72 A- Hydroxyapatite formation. B - Calcium deposition. Each bar represents the
mean £ 1 SD, N=3,n=3. *p<0.05 substrate verses CoCrMo.

Late markers of osteogenic differentiation were studied in the form of hydroxyapatite
formation and calcium content with the results shown in figure 73. Both osteogenic

markers showed that CCMT and Ti had significantly greater amounts of mineralisation
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occurring, with this change deemed significant for calcium content (p < 0.05) suggesting
that there was a greater amount of osteogenic differentiation occurring on these surfaces
compared to CoCrMo.
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5.3. DISCUSSION

The surface of an orthopaedic implant is highly influential in whether a device can
promote the formation of new healthy bone tissue or stimulate an inflammatory response
that can lead to the failure of the device. The surface of the implant should ideally
stimulate an environment that facilitates nearby osteoblasts to deposit ECM rich in
mineral, whilst also promoting the colonisation and differentiation of cells with
osteogenic potential to the implant, such a MSCs (Davies, 1998, Davies, 2003).

The material of choice for orthopaedic applications is titanium alloy based primarily due
to its ability to stimulate osseointegration (Geetha et al., 2009). As discussed in previous
sections of this thesis, titanium alloys cannot always be used for all orthopaedic
applications and other materials that are mechanically superior, such as CoCrMo, are
often preferred in devices in TKA. CoCrMo is accepted as having a lower degree of
bioactivity compared to Ti and methods to improve its biological response have been
investigated. These have included coating the material in TiO2 (Logan et al., 2014b,
Tsaryk et al., 2013), topographically modifying the surface (Jakobsen et al., 2010, Logan
et al., 2015), functionalisation of surface coatings (Logan et al., 2014a, Miyauchi et al.,
2010) and immobilisation of the surface with BMPs (Poh et al., 2011, Tan et al., 2013b,
Tan et al., 2013a).

In this section of the thesis, a study was performed to investigate whether two of the
previously reported methods of enhancing the bioactivity of CoCrMo could be combined
to produce an implant surface that would further improve the bioactivity of the material.
Specifically, topographical modification of the surface to form the SLA250 topography
and coating the surface with TiO, by atmospheric CVD were chosen, both of which
individually, were shown to enhance the mineralisation of MSCs (Logan et al., 2015,
Logan et al., 2014b).

Characterisation of the three SLA surfaces was performed by assessing the surface
wettability, roughness, morphology and elemental composition. Using water contact
angle, it was found that CCMT was the most hydrophilic of the three substrates (Figure
62). It has been reported that materials with increased hydrophilicity promote a superior
cell response over complimentary hydrophobic samples (Zhao et al., 2005, Khan et al.,
2012). By significantly reducing the water contact angle on CCMT, it would imply that
the surface would be more advantageous for cell-surface interaction compared to
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CoCrMo. Interestingly, the water contact found on Ti was also significantly greater than
that found on CCMT. Seeing as a layer of TiO2 was present on the surface of both CCMT
and Ti, the change in wettability between the substrates would imply that the properties
of the oxide layer on each substrate were different. A study which looked at the
osteogenic MC3T3-E1 cell line on bulk titanium and sputter coated titanium on glass,
found that the cells behaved differently between the two materials (Oya et al., 2010).
Bulk titanium samples promoted a superior level of mineralisation compared to sputter
coated titanium, which suggested that despite the elemental composition being similar on
each surface, the properties and cell response can be significantly different, possibly due

to the crystal structure of the material.

The roughness of each substrate was analysed by laser profilometry (Figure 63). The
hypothesis was that coating the surface of CoCrMo in a thin layer of TiO2 would act as
sheet, filling up any of the nano features on the surface, such as the pits created from the
etching process. It was predicted that ultimately this sheet of TiO2> would smoothen the
surface. Conversely, it was found that CCMT had the largest Ra value of the three
substrates (2.01 £ 0.27 um), with a value significantly more than both CoCrMo (1.04 +
0.05 um) and Ti (1.66 = 0.15 um). On titanium alloy substrates it has been reported that
a moderately rough surfaces with an Ra value between 1 — 2 um are ideal (Wennerberg
and Albrektsson, 2009). CCMT is arguably at the upper limit of this range. To ascertain
why the deposition of TiO2 onto the surface of CoCrMo significantly increased the Ra
value and to check the distribution of TiO. over the substrate, SEM and EDX were
performed. SEM analysis showed a rough, irregular morphology on the surface of both
CCMT and CoCrMo, although it was challenging to confirm any clear dissimilarities
between the two, despite CCMT appearing to have a slightly rougher appearance (Figure
64). The presence of titanium was confirmed on CCMT by EDX maps and was evenly
distributed across the entirety of the surface. Under higher magnification, the presence
of titanium on the jagged peaks and pits of the surface was assessed and comprehensive
coverage was again observed (Figure 65). Whilst EDX scans confirmed titanium
coverage, the technique is not entirely capable of distinguishing how much of the element
is present at each point. Considering this, it is possible that the increased Ra value
observed on CCMT may be due to a denser deposition of the TiO> coating on the peaks
of the irregular surface morphology compared to the pits, and as a consequence, this may

have amplified the roughness profile.
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The phase and precursor chemistry of CVD TiO2 has been reported to be influential to
osteogenic cell behaviour (Altmayer et al., 2013). On TiO: films created by magnetron
sputtering, it was found that the anatase phase stimulated a greater osteogeni response in
osteoblasts compared against rutile and amorphous phase TiO2 (He et al., 2008). Markers
of proliferation, morphology and mineralisation were enhanced. The phase of TiO2 on
CCMT was assessed by Raman spectroscopy and strong peaks for anatase TiO2 were
observed (Figure 66). Additional peaks were observed in the spectra which were thought
to be background from the CoCrMo sample largely due to the thin nature of the TiO>
coating. This effect can occur due to penetration of the Raman laser through the TiO2

into the sample.

To assess the bioactivity of the substrates human MSCs were used a model. Firstly, cell
viability was studied by fluorescence microscopy using a live/dead kit and all three
substrates were found to be relatively non cytotoxic as shown in figure 67. The presence
of dead cells, which were detected by the uptake of the red component of the kit due to
the compromised cellular membrane of dead or apoptotic cells, was observed on all three
materials. It has been previously reported on titanium, that an increase in cell death can
occur on SLA substrates compared to smooth (Wall et al., 2009), although this effect has
been largely overlooked due to the excellent mineralising properties of the surface
(Cochran et al., 2011, Khan et al., 2012).

Following cell viability, a number of cellular processes were studied, which included
proliferation, retention and morphology. It was found that there was no significant
difference in cell proliferation (Figure 68) or retention (Figure 69) between the three
substrates. In addition, the internal morphology of the MSCs was assessed, specifically
for the cytoskeletal protein f-actin and the adhesion protein vinculin. As before, no clear
difference in the morphology of the MSCs and their distribution of the internal proteins
was evident. Vinculin plays an active role in cell adhesion by forming focal adhesions
that link the cell to the substrate surface. These focal adhesion complexes can mediate
signals directly to the structural components of the cells such as f-actin and talin
(Humphries et al., 2007). The expression of vinculin within MSCs on the three surfaces
was similar, supporting the cell retention data which showed no significant difference in
cell adhesion between the three materials (Figure 71). Interestingly, despite the
morphology of cells remaining similar on all materials, there appeared to be two
populations of cells on each surface, which are most clearly seen in the f-actin microscopy

images (Figure 70). MSCs were both highly elongated and narrow, or in contrast, smaller
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in size but more spread. It’s possible that cell attachment and distribution over the
irregular morphology of the SLA surfaces is stimulating this change in cell shape. MSCs
that colonise in the pits are likely to spread over that immediate surface area, whilst those
that are elongated and narrow, may be extended across different peaks, or be stretched
along narrow channels on the surface. Cell shape and f-actin distribution are known to
play a role in the regulation of MSC fate (Mathieu and Loboa, 2012), which implies that
the MSCs found in different areas on the surface may have different biological properties

and activities.

One of the most important properties of an orthopaedic implant surface is the materials
ability to promote an environment that stimulates the formation of new bone tissue.
Surfaces with rough microtopographies have been reported to generate osteogenic
microenvironments comprised of ECM rich in mineral and collagen (Boyan et al., 2003).
Significantly more calcium was present on CCMT compared to CoCrMo, signifying that
MSCs were differentiating a faster rate and ultimately deposited a greater amount of
mineral on CCMT (Figure 73). In addition to the level of mineral content, type I collagen,
which acts a scaffold for calcium nucleation sites (Davies, 1998), was assessed using
fluorescence microscopy. It was found that CoCrMo promoted a greater rate of collagen
fibril formation compared to CCMT and Ti (Figure 72). Therefore, in comparison to
CCMT and Ti, CoCrMo stimulated a lower concentration of total mineral whilst
simultaneously promoting a higher rate of collagen deposition. This data would suggest
that bone tissue formed on the CoCrMo surface may be over collagenous and not have
the mechanical strength of tissue found on CCMT, which owns a significantly higher

mineral content.

The use of TiO2 as a coating on a roughened SLA surface formed of CoCrMo was shown
to improve the osteogenic differentiation ability of human MSCs, compared to uncoated
CoCrMo. This same effect was observed on smooth CoCrMo (Logan et al., 2014b). In
a comparable SLA study, the use of titanium nitride oxide (TiINO) as a coating on
roughened CoCrMo substrates was investigated as a means of improving the
biocompatibility of the material (Durual et al., 2013). Similarly to the present
investigation, CoCrMo was engineered to create an SLA topography. Following this, a
TiINO coating was applied to the SLA CoCrMo by means of plasma vapour deposition,
implants were implanted into the jawbone of miniature pigs and BIC was measured. After
two weeks, a greater BIC was observed on TINO CoCrMo compared to Ti SLA control.

A similar enhancement in osteoconduction was observed on TiO> coated substrates in the
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present study, highlighting the potential of titanium oxide based coatings for implant
applications. In a related study, a TiNO coating on titanium enhanced proliferation in
human osteoblasts (Durual et al., 2011). A separate study that also utilised both a titanium
coating and roughening of the surface was performed by Han et al. In contrast to the
present study and previously cited TINO SLA projects (Durual et al., 2011, Durual et al.,
2013), Han et al enhanced the biocompatibility of Co-Cr by firstly placing a titanium
layer on the substrate surface by electron beam deposition and then subsequently
roughening the surface using micro arc oxidation (Han et al., 2009). The process
thickened and roughened the surface TiO> layer and consequently resulted in

improvements in cell viability and ALP activity in MC3T3-E1 cells.

5.4. CONCLUSION

In this section of the thesis it was shown that coating the surface of roughened SLA
CoCrMo with TiO2 can enhance cellular markers related to mineralisation in human
MSCs in vitro. When compared to CoCrMo SLA, CCMT SLA was shown to have greater
bioactivity by demonstrating comparable levels of mineralisation as found on SLA
titanium. By altering the response of these markers, such as calcium deposition and type
I collagen formation, it would suggest that implants that have been modified using the
SLA topography and TiO2> CVD coating, may promote a higher rate of osteoinduction
and osteoconduction in cells with osteogenic capacity. This in turn may ultimately lead

to increased implant stability and reduced healing times following surgery.
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CHAPTER SIX:

GENERAL DISCUSSION

178



6. GENERAL DISCUSSION

The average life expectancy in the UK has risen 4.2 years in the past two decades largely
due to improvements in diagnostic and therapeutic techniques (Murray et al., 2013). One
consequence of this situation is a growing demand on healthcare services. Included in
this situation is TJA, as UK databases have seen a 7.5% and 7.3% increase in the total
amount of procedures performed between 2011 and 2012 for THA and TKA,
respectively. This amounts to an increase of 6,174 THA procedures and 6,189 TKA
procedures over a 12 month period (Borroff et al., 2014). Considering the cost of TJA
procedures can range from £7,137 - £14,444 (Jenkins et al., 2013), this puts significant
pressure on the healthcare industry in an economic climate where budget cuts are
prevalent. Whilst the national joint registry database does not cover the entire UK, the
trend of an increasing demand for TJA is evident. A similar situation has been reported
in the USA, which expect to see an increase of 363,000 for THA and 3,031,000 for TKA
procedures between 2005 and 2030 (Kurtz et al., 2007a). Furthermore, in an international
study assessing the procedure rate for both primary and revision TKA surgeries, there
was a global trend showing an increase in the demand for TKA (Kurtz et al., 2011).
Whilst there is no immediate solution to the increasing demand for TJA, the current
situation highlights the importance of improving current generation implants so that they
have increased longevity and reduced healing times. The current material of choice for
creating orthopaedic implants is titanium and its alloys, primarily due to its ability to
stimulate osseointegration (Geetha et al., 2009, Branemark, 1983). Despite the popularity
of titanium alloys, they cannot always be used and other materials, such as the cobalt
alloy CoCrMo, are often preferred due to their greater mechanical strength and resistance
to wear. CoCrMo is widely used in TKA devices as its mechanical strength can withstand
the immense load of the joint whilst its wear resistance allows for its application as a
bearing surface. Despite these advantages CoCrMo does not have the biocompatibility
of titanium alloys, and as a consequence, is less effective at stimulating bone healing

following implantation.

The aim of this project was to develop and assess several strategies aimed at improving
the bioactivity of CoCrMo in an attempt to improve its performance when used in
orthopaedic applications. The main application of this approach would be in THR and

TKRs where CoCrMo, used primarily as the bulk material of components, could have the
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surface modified to promote a more beneficial environment for new bone formation and

ultimately lead to improved levels of osseointegration.

Chapter 2 describes the investigation of the use of TiO, coatings as a method of enhancing
the bioactivity of CoCrMo. The basis of this initial study revolved around the
understanding that the TiO> layer would act as a mask and in doing so, would block out
the underling CoCrMo surface. In theory, cells that colonise the surface of the material
would not “see” the CoCrMo, but would interact with the TiO layer, the same oxide layer
as found on native titanium (Textor, 2001). Therefore, this first surface modification
technique was assessed by comparing the TiO> coated sample with uncoated CoCrMo,
and titanium as a positive control. To study the bioactivity of the surface, an appropriate
cell type had to be chosen for in vitro cell analysis. Osteoblasts were the obvious choice,
but relatively low numbers are yielded after the dissociation of tissue and their expansion
rate in vitro is low (Salgado et al., 2004). The ideal cell candidate was human MSCs,
which are undifferentiated, multipotent cells capable of self-renewal. Specifically,
human MSCs isolated from bone marrow of the iliac crest were used, which have the
potential to differentiate into osteoblasts, as well as other mesenchymal linages, such as
adipocytes and chondrocytes (Pittenger et al., 1999).

Before the study could begin, the development of a mechanical polishing protocol was
required to remove the machined topography present on CoCrMo discs supplied by Corin
Ltd. MSCs are highly sensitive to topographical cues on material surfaces (Dalby et al.,
2007, Logan and Brett, 2013, Wennerberg and Albrektsson, 2009, Sykaras et al., 2000),
and due to the primary aim of this chapter being the investigation of the oxide coating,
topographical influence on the results was not desired. A polishing protocol for cobalt
was supplied by Struers, although in its initial form the process was unrefined, time
consuming and had poor reproducibility in samples. Over an extensive period of time,
the polishing protocol was refined by changing variables such as SiC papers, polishing
force, sample fixation method and manual rotation in place of automatic. The final
protocol was able to produce a high number of CoCrMo samples with a reproducible
mirror finish. Whilst still fairly time consuming, the protocol was much more efficient

than the original.

Once the topographical finish of the CoCrMo had been finalised, substrates were coated
with anatase TiO2 using atmospheric pressure CVD. The anatase phase of TiO> was
chosen due to its photo-reactivity and it had been reported to promote a better response
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in osteogenic cells compared to rutile and amorphous phases of TiO. (He et al., 2008).
The coating was characterised using Raman spectroscopy and XRD. One of the variables
of surface coatings is the thickness, which for CVD is correlated to the deposition time.
Considering the CoCrMo discs were coated in batches of approximately 30, a 60 second
deposition time was selected to ensure coverage of all the discs in the chamber, therefore
some variation between the thicknesses of the coating was observed. As the project
progressed, the oxide thickness became fairly consistent, averaging at around 300 — 400
nm per batch. Deposition of a uniform coating on each disc of every batch would have

been ideal, but the complete coverage of the discs in TiO2 was the priority.

When in vitro cell culture studies were completed, an enhancement in the rate of
mineralisation was observed on CCMT compared to CoCrMo. This observation was in
the form of a larger amount of calcium and hydroxyapatite deposition, whilst concurrently
promoting less type | collagen formation in the form of dense fibrils.  The calcium to
collagen ratio was a concept proposed by Khan et al, where it was stated that biomaterial
surfaces that promote greater mineral content, whilst simultaneously stimulating lower
amounts of collagen deposition, would result in bone tissue that had greater mechanical
properties (Khan et al., 2012). Khan et al studied titanium in both smooth and roughened
forms, specifically SLA and SLActive topographies and concluded that the roughened
surfaces were preferable against smooth. They were able to draw conclusions from their
in vitro study, by comparing it to in vivo results in the literature, where SLA and SLActive
implants were superior compared to polished/machined (Cochran et al., 2011, Abron et
al., 2001, Buser et al., 1991). By observing a greater amount of mineral deposition
coupled with lower collagen formation, they concluded that this result may be related to
the SLA in vivo performance in the literature. Although it’s difficult to compare in vitro
and in vivo studies, the data in chapter 2 would suggest that there is a similar effect
occurring and considering the calcium/collagen ratio, the properties of bone tissue
deposited on the CCMT surface was concluded to be preferable compared to that found
on CoCrMo.

The potential applications of TiO> coatings generated by atmospheric pressure CVD go
beyond improving the osteogenic performance of CoCrMo orthopaedic implants, as such
oxide based coatings can be doped with additional elements. This system can be used to
enhance the osteogenic performance of coatings, demonstrated by the inclusion of silicon
in a TiO2 coating which improved the response of osteoblasts (Wang et al., 2012a, Wang

et al., 2012b, Wang et al., 2014b). Furthermore, inclusion of other elements, such as
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calcium, in TiO> coatings may help facilitate bone formation by transporting calcium to
the direct location of osseointegration. Conversely, inclusion of other elements, such as
silver, could support alternative applications for the coating; Silver nanoparticles applied
as a monolayer on material surfaces have gained significant interest as an anti-infective
strategy due to its antimicrobial properties. Monolayers of silver nanoparticles have been
shown to inhibit biofilm formation in strains of bacteria, such as Pseudomonas
aeruginosa and Staphylococcus epidermidis (Taglietti et al., 2014, Ansari et al., 2014),
whilst application of silver can restrict the adhesion of Streptococcus mutans and marine
bacteria (Espinosa-Cristobal et al., 2013, Liu et al., 2012). The potential application of
silver doped TiO> coatings could include dental implants, which are prone to bacterial
infection due to bacteria colonising in gaps located in the implant. Peri-implantitis is a
result of such bacterial infection and is a destructive inflammatory process that affects
hard and soft tissues around the implant, ultimately resulting in bone loss (Mombelli,
2002). Therefore, silver doped TiO> coatings applied onto dental implants may prove to
be an advantageous strategy for inhibiting peri-implantitis. Interestingly, studies which
have examined the addition of TiO> onto titanium substrates via a number of techniques,
have reported positive responses (Ma et al., 2008, Chiang et al., 2009, Drnovsek et al.,
2012, Tsukimura et al., 2008), indicating that dental implants which are formed primarily
of titanium, may also benefit from an improvement in their osteogenic ability as well the
antimicrobial effect. In a very recent publication, titanium-silver coatings created by a
one-step magnetron sputtering process have shown favourable antimicrobial and

osseointegration ability (Bai et al., 2015).

To follow on from chapter 2, the second results chapter investigated a method of
functionalising the surface TiO. layer on CoCrMo by utilising the unique photo-reactive
properties of TiOz. In its anatase form, TiOz is highly photoreactive and transitions from
hydrophobic to super-hydrophilic upon irradiation with UV light (Wang et al., 1997).
Exposure to sunlight can activate this effect, causing the removal of hydrophilic or
oleophilic contaminants by rainfall, allowing for TiO2 to be applied in self-cleaning
windows (Wang et al., 1997). The photo-reactivity of anatase TiOz is not limited to self-
cleaning window applications, but has also been investigated as a method of enhancing
the performance of metallic implants. Used specifically on titanium and TiO2 coated
materials; the method is referred to as ‘UV photofunctionalization’. Numerous studies
have reported enhancements both in vitro and in vivo on UV photofunctionalized

materials compared to untreated substrates (Sawase et al., 2008, Aita et al., 2009b, Ueno
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etal., 2010, Yamada et al., 2010, Iwasa et al., 2010, Yamazaki et al., 2015). Furthermore,
the application of UV light on biomaterials has been shown to be capable of restoring
materials from the recently discovered time dependant degradation of material
osteoconductivity (Att et al., 2009, Hori et al., 2010b). These advantageous results in the
literature justified the assessment of UV photofunctionalization on CCMT as a means of

further enhancing the bioactivity of the material.

The wettability of CCMT was measured using water contact angle and it was found that
the surface successfully transitioned from hydrophobic to superhydrophilic after 24 hours
exposure to UV light. This reduction in water contact angle is one of the main traits of
UV photofunctionalization and has been reported widely in the literature (Sawase et al.,
2008, Iwasa et al., 2011, Tsukimuraetal., 2011, Hori et al., 2010b, Hori etal., 2011, Ueno
et al., 2010, Yamada et al., 2010, Minamikawa et al., 2013). Following this, the carbon
content of the surface was assessed using FTIR, as a reduction in surface contaminants is
thought to be one of the main mechanisms of UV photofunctionalization. Surprisingly
there was no reduction in the peaks that correlate with C-H bonds. This result was
attributed to the equipment not having the sensitivity to detect these minute changes in
carbon. Ideally, analysis of this concept would have been tested using X-ray
photoelectron spectroscopy (XPS) if it had been available, as the technique would be
more suited to detecting the small changes in the surface hydrocarbon content.
Conversely, it may have been that reduction in carbon content was not occurring, as the
mechanisms behind UV photofunctionalization is a topic which is continuously debated
in the literature. The reduction of surface hydrocarbons has been widely proposed (Att
et al., 2009, Yamada et al., 2010, Miyauchi et al., 2010, Ueno et al., 2010, Aita et al.,
2009b) although another study found no significant hydrocarbon reduction following UV
photofunctionalization (Terriza et al., 2013). Furthermore, in a study which assessed
different wavelengths of UV light, it was found that whilst both UVA and UVC promoted
a similar amount of carbon decomposition, UVC stimulated a superior cell response,
calling into question hydrocarbon removal as the main mechanism of UV
photofunctionalization (Gao et al., 2013). It has also been proposed that there is an
electrostatic ~ effect occurring on the substrate surface following UV
photofunctionalization, that results in enhanced protein adsorption and eventually
improved osteoblast adhesion (Hori et al., 2010a, Iwasa et al., 2010). Whilst the
mechanisms behind UV photofunctionalization is an interesting topic and needs to be

further investigated, a considerable amount of time and resources would need to be used
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to determine the exact mechanism. Considering that super-hydrophilicity was achieved
on CCMT following UV irradiation, it was decided that a cell culture study should be
completed to ascertain its effect on cell behaviour.

Consulting the literature found that UV photofunctionalization had a significant effect on
the behaviour of osteogenic cells. Specifically for human MSCs, Aita et al found that UV
photofunctionalized titanium enhanced markers of proliferation, adhesion, migration,
retention and osteogenic differentiation (Aita et al., 2009a). In addition, Lan et al found
that markers of cell adhesion, morphology and osteogenic differentiation were enhanced
on UV treated titanium substrates (Lan et al., 2015). Considering this, it was surprising
that the majority of cellular markers studied in chapter 3 were not affected by CCMT UV
photofunctionalization. Only cell adhesion was enhanced by the procedure, which
resulted in greater cell retention to the material surface following mechanical dissociation.
This effect was attributed to the MSCs on UV treated CCMT having greater spread, with
increased actin and vinculin expression, which has been reported in the literature in
several studies (Iwasa et al., 2011, Tsukimura et al., 2011, Hori et al., 2011, Hori et al.,
2010b, Yamada et al., 2010, Minamikawa et al., 2013, lwasa et al., 2010). It may be that
the difference in cell behaviour is again related to how cells behave differently on bulk
titanium substrates compared to titanium coated materials (Oya et al., 2010). Despite the
aim of chapter 3 being to significantly build upon the improvements shown in chapter 2,
the enhancement to cell adhesion alone is still an important step forward in enhancing the
bioactivity of CoCrMo. Although improving osseointegration is a priority for
orthopaedic implants, the surface must also stimulate the colonisation of osteogenic cells
and promote an environment that allows them to remain on the surface. UV
photofunctionalization is an effective means of achieving this and builds upon early

improvements shown in chapter 2.

Whilst the first half of the thesis focused on TiO2 coating and its functionalisation using
UV irradiation, the aim of chapter 4 was to assess a different surface modification
technique in the form of topographical modification. The surface topographies used in
chapter 2 and 3 could be described as smooth surfaces, with an Ra within the range of
0.07 — 0.17 um, which are not ideal for bone formation, but were chosen to remove any
topographical influence from the results (Wennerberg and Albrektsson, 2009). It has
been reported that moderately rough surfaces with an Ra between 1 —2 um show stronger
bone responses than rough surfaces (Ra > 2 um) (Wennerberg and Albrektsson, 2009).

Therefore the aim of chapter 3 was to develop a unique surface topography on CoCrMo
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within the moderately rough range, which was capable of creating a microenvironment
that would be advantageous for bone growth and osseointegration (Boyan et al., 2003).
Several methods are widely used to roughen implant materials (Wennerberg and
Albrektsson, 2010). Plasma spraying is a method of roughening an implant surface and
is commonly used to apply titanium or hydroxyapatite (Sykaras et al., 2000). Although
this is popular technique, the roughened topography is formed by the addition of a
bioactive layer, which when considering that the future work for the project would
involve coating the topography with the TiO> layer studied in chapters 2 and 3, the
application of an additional layer to create the topography would not be ideal, as this
would result in another interface, which could lead to possible mechanical and
delamination issues. Considering this, the creation of the surface topography via removal
of surface constituents was preferable. One of the most popular surface finishes created
in this manner and used extensively on titanium dental implants is the SLA topography.
SLA has been shown to be superior both in vitro and in vivo when compared to smooth
or machined surfaces (Khan et al., 2012, Wall et al., 2009, Mendonca et al., 2010,
Cochran et al., 2011). It is not commonly used in orthopaedic applications, therefore the
development of a primarily dental associated topography onto an orthopaedic biomaterial

was an interesting project considering the similarities between the two fields.

To create SLA required a two-step process of firstly sand blasting using Al>Oz particles
following by acid etching. A comprehensive literature search found only one article that
created SLA on CoCrMo and this was used a reference (Durual et al., 2013). Numerous
variables were altered to try and obtain a surface roughness within the 1 — 2 um
moderately rough range, although the majority of early attempts resulted in surfaces that
were minimally rough (0.5 — 1 um). The roughness was found to increase when the
blasting pressure was set to its maximum and a surface with a R, of 1.02 um was produced
using 250 pum Al2Os grit (SLA250). To broaden the study, a number of other surface
topographies were created, which included SLA using small Al2Os grit (50 um, SLA50),
a surface that only underwent acid etching (AE) and lastly, a mirror finish smooth control
(SMO).

During wettability analysis, it was found that those samples that had undergone acid
etching, appeared to be more hydrophilic compared to the smooth control, which was
hydrophobic. It was found that treatment with NHO3 can activate the surface of CoCrMo
by removing surface hydrocarbons (Paredes et al., 2014). High concentrations of

hydrocarbons have been reported reduce mineralisation activity in osteoblasts (Hayashi
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et al., 2014), suggesting that the acid etching process may be advantageous not only by

modifying surface topography, but also by removing surface contaminants.

When cell culture experiments were performed it was found that the hypothesis, that
stated that the SLA250 topography would promote increased osteogenic differentiation
in human MSCs, was mostly correct. Cellular markers related to osteogenesis were found
to be enhanced on the SLA250 surface, which included calcium concentration and
hydroxyapatite formation. The other SLA surface, created using 50 um Al,O3 promoted
adequate levels of mineralisation, although interestingly inhibited other important cellular
activities such as proliferation and adhesion. Elemental analysis found the presence of
residual aluminium contamination spread throughout the surface which was not present
to the same extent on SLA250. Aluminium in high concentrations has been reported to
have inhibitory effects on cell performance, indicating that the residual particles found on
SLA50 may have been accountable for its poor performance compared to SLA250 (Sader
et al., 2005, Le Guehennec et al., 2008). A number of other cellular processes were
investigated such as proliferation, adhesion, attachment, morphology and viability.
Proliferation and cell attachment were found to be slightly enhanced on the smooth
topographies which has been previously reported in the literature (Khan et al., 2012), as
the absence of pronounced surface features on smooth topographies promotes an
advantageous environment for proliferation. In contrast, a topography with features on
the micron scale is preferred for mineralisation which is what was observed in this chapter
(Boyan et al., 2003). The enhanced mineralisation observed on roughened topographies
has been investigated by Harle et al, who found differences in the genetic expression in
alveolar bone cells cultured on smooth and rough titanium substrates (Harle et al., 2004).
A number of genes were up regulated on roughened titanium, including neurotrophin 4,
which is associated with increased expression of ALP and osteopontin. Therefore, the
surface roughness has a profound effect on the genetic expression of osteogenic cells by
modulating specific genes referred to as “Roughness response genes” (Brett et al., 2004).
These cell-material interactions are influential in why roughened titanium implants are
superior in vivo compared to those with a smooth or machined finish (Buser et al., 1991,
Cochran et al., 2011, Abron et al., 2001). These studies are comparable to the results
recorded in this chapter of the thesis, where roughened CoCrMo surfaces promoted
superior levels of mineralisation in human MSCs compared to those found on smooth
substrates. It was concluded that the SLA250 surface was the most advantageous surface

for orthopaedic applications due to its ability to enhance osteogenic differentiation

186



markers, stimulate a consistent rate of cell proliferation and promote better levels of cell

retention.

In the final results chapter of the thesis, the aim was to connect the previous research
chapters by applying two of the methods together to produce a CoCrMo surface that
would stimulate the largest enhancement in performance. The aim was to coat the
SLAZ250 surface developed in chapter 4 with the TiO2 coating from chapter 2. Whilst it
would’ve been ideal to also assess UV photofunctionalization in this final chapter,
limitations to the resources and time available prevented this option. In theory, by
creating the SLA topography on CoCrMo and coating the surface with TiO2, the same
oxide layer as found on the surface of titanium (Textor, 2001), the coated surface on
CoCrMo should be extremely similar to SLA titanium used in dental implants (Cochran
etal., 2011).

The CVD technique for TiO2 used in chapter 2 was altered to a shorter deposition time.
The reason behind this was due to the micro and nano features found on the SLA
topography, the 60 second deposition as used in chapter 2 produced a relatively thick
coating and this may have possibly filled in some of these surface features. Surfaces with
features on both the nano and micro scale are thought to be ideal for orthopaedic
applications (Mendonca et al., 2010, Rosales-Leal et al., 2010) therefore a thinner TiO-
was preferable to help preserve these features. As CoCrMo discs were coated in batches
of around 30, the shorter deposition had to be tested to determine if the location of the
discs within the chamber had an effect on the oxide layer. It was found that discs placed
at the front of the chamber were adequately coated, although those at the middle and rear
of the chamber had a coating that was too thin, as a clear TiO anatase spectrum could
not be obtained using Raman spectroscopy. Following this, all discs to be coated had to
do so at the front position of the chamber. Further testing of the TiO. coating was
performed using EDX analysis and comprehensive coverage was confirmed by the

presence of titanium over the entirety of the surface at both low and high magnifications.

Profilometry data showed that rather than the TiO> layer reducing the Ra of the surface,
it significantly increased the value, making CCMT the roughest surface of the three SLA
topographies. This was unexpected and was attributed to a greater amount of the coating
being deposited on the peaks of the irregular surface. This would result in a larger
roughness profile and an increased Ra. In addition to increasing the surface roughness,
the coating also promoted an increase in hydrophilicity compared to CoCrMo and Ti
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SLA. The combination of a rougher topography with increased wettability is
advantageous for an orthopaedic implant surface (Wennerberg and Albrektsson, 2009,
Zhao et al., 2005, Vlacic-Zischke et al., 2011).

Cell culture experiments found that the TiO coating did have a positive effect on cell
behaviour. As seen earlier in chapter 2 on the smooth topography, the TiO2 coating on
SLA stimulated an enhancement in mineralisation in the form of greater calcium and
hydroxyapatite formation. Furthermore, CoCrMo was again observed to stimulate a
greater amount of type | collagen deposition compared to CCMT and Ti, implying that
the same effect is occurring on the SLA topographies that was observed on smooth. This
is in regards to the calcium to collagen ratio proposed by Khan et al where an increase in
mineralisation and decrease in collagen formation was determined to be preferable
compared to an over collagenous matrix (Khan et al., 2012). Conversely, Mendonca et
al assessed the extra cellular matrix produced by human MSCs on smooth and rough
titanium substrates and found that the rough surface stimulated the highest collagen
content (Mendonga et al., 2011). This data did not conform with the present study as
CCMT had the greatest roughness although produced to lowest collagen content.
Mendonca et al only assessed titanium substrates, suggesting that surface chemistry may
be highly influential and precede the role of topography in the process of collagen
deposition. Other cellular markers that were affected on the smooth coatings in chapter
2, such as cell retention and morphology, were not altered on SLA. This may have
occurred due to the SLA topography being the primary mechanism driving cell behaviour
by modulating roughness response genes (Brett et al., 2004). As the SLA topography
was similar on all three substrates this may have taken a primary role in how the cells
responded to the surfaces, which may have resulted in the similar responses observed in
morphology and retention. By not having this additional factor in chapter 2, the cells
would have been able to respond more directly to the chemical changes present on the

surfaces and as a result, altered their behaviour accordingly.

In comparison to other coatings created for orthopaedic applications, such as those that
use hydroxyapatite, atmospheric pressure CVD TiO: has a number of potential benefits.
Firstly as shown in chapter two of the thesis, the thickness of the TiO- coating is relatively
thin at around 300 nm. This is favourable, as when orthopaedic implants undergo cyclic
loading, the bond strength of the coating to the material is highly important, as
delamination can occur when the adhesion strength at this interface is inadequate. The

thickness of surface coatings has been shown to be highly influential in this mechanism,
188



as shown by Lynn et al, who reported that an increase in thickness of hydroxyapatite
resulted in substrate fatigue and delamination (Lynn and DuQuesnay, 2002). The
substrates used by Lynn et als were in the micron range, whilst coatings created by
atmospheric CVD can be nanometres thick, potentially reducing the risk of delamination.
The trend of increasing thickness reducing the adhesive strength and delamination
resistance was highlighted in a recent review (Mohseni et al., 2014). Interestingly, the
review stated that the best adhesion of hydroxyapatite to a substrate was through use of
an interfacial TiO2 layer (Nie et al., 2000). Testing of the mechanical properties of
atmospheric pressure CVD TiO2 coatings were unfortunately delayed multiple times

throughout this project and are now to be addressed in the future work.

An additional benefit of the TiO2 coatings investigated in this project is the process can
be easily scaled up for orthopaedic industrial application. At present, TiO: is widely used
in the construction industry for self-cleaning glass (Paz et al., 1995). Pilkington glass are
a manufacturer of a product known as ‘Activ’ which utilises the photo-reactivity of
anatase TiO> coatings to breakdown dirt (Pilkington, 2015). This is the same process
studied in chapter three of this thesis. Considering the production of TiO2 coatings via
CVD are currently in place on an industrial scale, this reduces the complexity and cost of

scaling up these technologies for use in orthopaedic sector.

Overall the combination of the SLA topography with TiO2 coating stimulated an
enhanced response in human MSCs to a comparable level as that found on titanium SLA.
Considering titanium and its alloys are accepted as the material of choice for orthopaedic
applications (Geetha et al., 2009), use of the surface modification techniques studied in
this thesis may prove to be advantageous for improving the performance and bioactivity
of implants formed of CoCrMo. Furthermore, in addition to improving the response of
orthopaedic CoCrMo implants, there is evidence in the literature that TiO> coatings may
prove advantageous in other fields such as dentistry, where titanium implants are most
commonly used. This is due to studies reporting an improved response in titanium
implants that have been modified with additional TiO> when compared against pure
titanium (Ma et al., 2008, Chiang et al., 2009, Drnovsek et al., 2012, Tsukimura et al.,
2008).
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6.1.

GENERAL CONCLUSIONS

The use of anatase TiO coatings created by atmospheric pressure CVVD on smooth
CoCrMo can enhance markers of cell adhesion and osteogenic differentiation in

human MSCs in vitro.

UV photofunctionalization of anatase TiO, layers on CoCrMo created by
atmospheric pressure CVD have no effect on the attachment, osteogenic
differentiation, migration and proliferation of human MSCs, although can

significantly enhance cell retention.

Enhancements to cell retention in human MSCs on UV photofunctionalized TiO2
coated CoCrMo are thought to be caused by increased expression of the
cytoskeletal protein f-actin and the adhesion protein vinculin.

The sandblasted acid-etched topography used widely on titanium can be partially
replicated onto CoCrMo. Specifically, the SLA250 topography can support an
environment that stimulates a superior response in human MSCs in the form of

enhanced osteogenic differentiation, proliferation and retention.

Coating the SLA250 topography on CoCrMo with anatase TiO2 can enhance
markers of mineralisation in human MSCs to a comparable level as those found

on titanium SLA.
Application of some of the surface modification techniques studied in this thesis

may prove to be advantageous at increasing the efficacy of implants formed of
CoCrMo for orthopaedic applications.
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6.2. FUTURE WORK

Further investigations into modifying the TiO. coating to promote an environment
tailored to enhancing the osteogenic differentiation of human MSCs would be an
interesting project that would follow on easily from the initial work completed in this
thesis. Doping of TiO> coatings with silicon using the cathodic arc technique has shown
to be beneficial to osteoblasts in the form of enhanced mineralisation rates and
upregulating the expression of osteogenic genes, such as osteocalcin, Runx2 and ALP
(Wang et al., 2012b, Wang et al., 2012a, Wang et al., 2013a). In addition to improving
the osteogenic activity of the cells, markers of cell adhesion and proliferation were also
observed to be significantly enhanced on silicon doped TiO; (Wang et al., 2012b).
Therefore, inclusion of silicon or other elements such as calcium, would be a clear next
step for investigating methods of enhancing the efficacy of TiO. coatings for use in

orthopaedic applications.

The process of doping TiO, coatings with the additional elements could also increase the
range of potential applications for the coating. Silver has developed significant interest
due to its antimicrobial properties, including that when it is applied in a monolayer, it can
inhibit and restrict biofilm formation (Taglietti et al., 2014, Ansari et al., 2014). Inclusion
of silver into TiO2 based CVD coatings would allow for the coating to be applied where
an antimicrobial agent is also desired. For example, silver doped coatings could be
applied to dental implants to prevent peri-implantitis (Mombelli, 2002). The advantage
of this method would be the direct application of silver to the area in which it is required.

Investigating the mechanical properties of coating, for example, wear resistance and
fatigue strength, would be a useful topic to address in future work, as this is an important
factor if the coating is to be used in orthopaedic applications. The future work could
include wear testing to elude the exact mechanical properties of the coating. This is a
major factor in regards to surface coatings, as the bond strength between the material
substrate and the applied film has to be adequate to prevent delamination and other
potential failure mechanisms. This area of the project could be addressed by completing
wear testing using pin on plate techniques to replicate cyclic loading. Analysis of ion
release in lubricating solutions and high resolution surface analysis, could elucidate any
potential issues that may arise from continuous loading. Other experiments that could

address this aspect of testing could include scratch analysis.
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Lastly, another area of interest that could be examined in future work, is a comparative
study using the TiO, SLA CCMT topography created in this thesis, against other
industrial surface modification techniques currently used on CoCrMo implants. The
industrial sponsor of this project, Corin Ltd (Cirencester), current apply a hydroxyapatite
coating using a plasma spraying technique to their CoCrMo devices. A direct comparison
of the current surface modification used by Corin, against the TiO. coated SLA250
topography created in this project would be highly interesting to ascertain the efficacy of

each substrate.

To summarise, from this project there is a lot of potential for future work, ranging from
direct comparative studies against commercial products, mechanical testing and the

potential for antimicrobial applications.
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8. APPENDIX A-TI02 CHAMBER POSITION TESTING
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Figure 73 Raman spectra of TiO2 on CoCrMo disc located at the front of the deposition
chamber.
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Figure 74 Raman spectra of TiO2 on CoCrMo disc located in the middle of the deposition
chamber.
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Figure 75 Raman spectra of TiO> on CoCrMo disc located at the rear of the deposition
chamber.
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Figure 76 Raman spectra of CoCrMo SLA disc.
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Figure 77 Raman spectra of anatase TiO, on smooth CoCrMo disc.
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Q. APPENDIX B - TlI SLA MORPHOLOGY
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Figure 78 SEM images at low and high magnification showing similar surface
morphology on SLA discs supplied by Straumann and those created at the Eastman.
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