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Abstract 
 

 

It is predicted that the percentage of persons over 50 years of age affected by bone 

diseases will double by 2020 (Navarro et al., 2008). Clearly this represents a need for 

permanent, temporary or biodegradable orthopaedic devices that are designed to 

substitute or guide bone repair. Polymeric medical devices are widely used in orthopaedic 

surgery and play a key role in fracture fixation and in areas of orthopaedic implant 

design. Initial uncertainty regarding the adequacy of polymeric materials to withstand 

functional stresses obliged clinicians to implement these biomaterials in non-load-bearing 

applications such as fixation of the maxillofacial skeleton. Strategies to guide bone repair, 

have included topographical modification of these devices in an attempt to regulate 

cellular adhesion, a process fundamental in the initiation of osteoinduction and 

osteogenesis.  

Advances in fabrication techniques have evolved the field of surface modification and, in 

particular, nanotechnology has allowed the development of experimental nanoscale 

substrates for the investigation into cell-nanofeature interactions. This thesis is concerned 

with the study of nanotopographical structures on osteoblast adhesion and mesenchymal 

stem cell (MSC) function, with an aim to improving the functionality of orthopaedic 

craniomaxillofacial devices.   

In this study primary human osteoblast (HOBs) were cultured on nanoscale topographies 

fabricated by lithographic and phase separation techniques in poly(methyl methacrylate) 

(pMMA). Adhesion subtypes in HOBs were quantified by immunofluorescent 

microscopy and cell-substrate interactions investigated via immunocytochemistry with 

scanning electron microscopy. To investigate the effects of these substrates on cellular 

function 1.7 K microarray analysis was employed to study the changes in gene profiles of 

enriched MSC populations cultured on these nanotopographies.  

Nanotopography differentially affected the formation of adhesions in HOBs and induced 

significant changes in genetic expression of MSCs on experimental substrates. Nanopit 

type topographies fabricated by electron beam lithography were shown to inhibit directly 

the formation of large adhesion complexes in HOBs and induce significant down-

regulation of canonical signalling and functional pathways in MSCs. Nanocrater and 

nanoisland type topographies fabricated by polymer demixing however reduced adhesion 

formation and induced up-regulation of osteospecific pathways. Nanogrooved 
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topographies fabricated by photolithography influenced HOB adhesion formation and 

MSC osteospecific function in a manner dependant on the groove width. 

The findings of this study indicate that nanotopographical modification significantly 

modulates both osteoblast adhesion and MSC function, implicating topographical 

modification as a viable strategy to enhance orthopaedic device functionality. 
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E. coli  Escherichia coli 
ECM  extracellular matrix 
EDTA  ethylenediaminetetraacetic acid 
ERK  extracellular signal-regulated kinases 
FA  focal adhesion 
FAK  focal adhesion kinase 
FCS  foetal calf serum 
fig  figure 
FITC  fluorescein isothiocyanate 
FX  focal complex 
g  acceleration due to gravity 
G1  growth phase 1 
G2  growth phase 2 
G-protein guanine nucleotide-binding proteins 
HBSS  HEPES buffered saline solution 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HOB  primary human osteoblast 
IGF-I  insulin-like growth factor-1 
IgG  immunoglobulin G 
IgM  immunoglobulin M 
IPA  Ingenuity Pathway Analysis 
MACS  magnetic activated cell sorting 
MAPK  mitogen-activated protein kinase 
mDia1  mammalian diaphanous protein 1 
mRNA  messenger ribonucleic acid 
MSC  mesenchymal stem cell 
NF-kB  nuclear factor-kappa B   
OGM  osteoblast growth medium 
pBrS  poly(bromostyrene) 
PBS  phosphate buffered saline 
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pC  poly(carbonate) 
PCNA  proliferating cell nuclear antigen 
PDGF  platelet derived growth factor 
pDMS  poly(dimethylsiloxane) 
pEEK  poly(etheretherketone) 
PIPES  piperazine-1,4-bis(2-ethanesulfonic acid) 
pMMA poly(methyl methacrylate) 
pS  poly(styrene)  
p-value probability value 
Ra  average roughness 
RACK1 receptor of activated C-kinase 1 
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SE  secondary electron 
SEM  scanning electron microscope (microscopy) 
SMA  super-mature adhesion 
SOX  sex determining region Y-like, high mobility group box 
S-phase synthesis-phase 
SR  self-reinforcing 
Src  Src family kinase 
SSC  saline sodium citrate 
STD  standard deviation 
STRO-1 stromal cell surface protein  
TAB1  transforming growth factor-β activated kinase-1 binding protein 
TEM  transmission electron microscopy 
TGF-β  transforming growth factor beta 
TGFBR transforming growth factor beta receptor 
Tris  tris(hydroxymethyl)aminomethane 
tRNA   transfer RNA 
TRP  transient receptor potential 
UV  ultraviolet 
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VEGF  vascular endothelial growth factor 
w/v  weight (of solute) per volume (of solvent) 
w/w  weight per weight 
Wnt wingless-type mouse mammary tumor virus integration site family 

member 
YFP  yellow fluorescent protein
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1.1. Introduction 
This thesis highlights the importance/development of the physiomechanical processes 

that regulate early cell/biomaterial interaction and the influence of nanoscale 

topographical modification on osteoblast adhesion and mesenchymal stem cell (MSC) 

function, with an aim to developing third generation cranio-facial fixation devices. As 

materials technology and the field of tissue engineering advances, the role of cellular 

adhesive mechanisms, in particular the interactions with implantable devices, becomes 

more relevant in both research and clinical practice.  

Biomaterials are never truly inert, being at best biotolerant, and the cell-substratum 

interface functions as more than a simple boundary of definition between the host and an 

implanted device, rather it presents primary cues for cellular adhesion and subsequent 

induction and tissue neogenesis. Indeed, the function and cytocompatibility of a construct 

can be assessed in vitro by the observation of viability and bio-functionality of cells on a 

materials surface. The range of materials currently in use within biomedical applications 

and their lack of biofunctionality reflects the increasing need of biomimetic constructs 

but also indicates the challenges present within the field, i.e. to ultimately control the 

interactions that occur at the cell-substratum interface.  

Biomimetic devices could conceivably present physical and chemical properties, which 

approach the physicochemical properties of tissues that they are meant to, augment or 

replace. The key tenet of this technology is to use the exquisite ability of biological 

systems to respond to topographic features or chemical stimuli in order to help develop 

next-generation biomaterials. Recently published in Science are the prerequisites for 

third-generation biomaterials; not only should they support the healing site (as first 

generation), but they should be bioactive and possibly biodegradable (as second 

generation and they should influence cell behaviour at the molecular level (Hench & 

Polak, 2002).  

The synthetic surfaces encountered by cells following prosthetic device implantation 

usually possess an imposed topography from the fabrication processes, perhaps 

uncharacterised or unknowingly derived from their methods of manufacture (Curtis, 

2004). Indeed, at the molecular level, intentionally smooth surfaces are an ideal almost 

impossible to accurately reproduce on a functional device surface. Topographical 
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microroughness may or may not be formed intentionally, however micron sized 

topography has been shown to play an essential role in determining cell adhesion and 

subsequent cellular function (Clark et al., 1987, Clark et al., 1991, Tanaka et al., 2007).  

In order to investigate the reaction elicited by a material in vivo an understanding is 

required of the roles played by the cytoskeleton, cellular membranes, and the 

extracellular matrix (ECM) following introduction of a foreign material. Increased 

knowledge of the extra cellular environment, topographical and chemical cues present at 

the cellular level and how cells react to these stimuli has resulted in the development of 

functionalised surfaces via topographical modification with an aim to regulate cell 

attachment and subsequent cellular processes. While microscale topography significantly 

modulates cellular behaviour in vitro, an important consideration in material biophysical 

modification is the observation that cells in vivo contact with nanoscale as well as 

microscale topographic features, and while single cells are typically tens of microns in 

diameter, subcellular structures including cytoskeletal elements, transmembrane proteins 

and filopodia tend towards the nanoscale.  Further to this, extracellular supporting tissues 

also typically present an intricate network of cues at the nanoscale. For instance, 

basement membranes of various tissues are composed of a complex mixture of nm size 

(5–200 nm) pits, pores, protrusions, and fibres (Brody et al., 2006, Karuri et al., 2004), 

suggesting a regulatory role for these structures in vivo.  

The use of lithographic and dry etching techniques derived from the silicon 

microelectronics industry has facilitated the investigation into the intricate influence of 

nanoscale topography on all aspects of cellular function. The focus of this first chapter is 

on recent in vitro studies considering cellular interactions with fabricated nanoscale 

topographies, with an emphasis on the modulation of cellular adhesion in 

craniomaxillofacial (CMF) internal fixation. We examined the hypothesis that nanoscale 

topographies affect both cellular adhesion and adhesion-related cell function by 

reviewing the state of the art of experimental nanotopographies in relation to cellular 

adhesion formation, cytoskeletal organisation and the functional response.  

Topography will be discussed in greater detail at the end of this chapter. 
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1.2. Regenerative Medicine 
The idea that biological tissues can be induced to undergo enhanced regeneration in the 

absence of spontaneous repair has at its heart a theme of interdisciplinary cooperation. 

The successful development of an engineered tissue requires intellectual and practical 

expertise from engineers and biological science alike, as well as clinicians to voice a want 

for these advances and to help translate this basic science into clinical solutions (fig.1.1). 

Indeed tissue engineering can be regarded as the third therapy of regenerative medicine 

along with the two major clinical therapies, organ transplantation and reconstructive 

surgery (Tabata, 2001). As understanding of mechanisms and predictive outcomes of 

specific diseases are developed, so too are the potential therapeutic targets for tissue 

engineered constructs; this lends new hope for solutions to degenerative disease. Tissue 

engineering can also been described as life-increasing therapy, a title that can be justified 

by the potential to engineer new tissues and organs. 

 

 
 
 
Fig. 1.1. The central dogma of tissue engineering (Biggs, unpublished work). Cells are isolated and 
combined in vitro with a suitable scaffold system. Culture systems are utilised to encourage cellular 
infiltration and proliferation before being transplanted to a site of disease or compromise. 

 
It is envisaged that new constructs capable of providing the vital biochemical and 

biophysical milieus to a population of cells could essentially regulate cellular behaviour 

and function. The repertoire of biomaterials that are currently being used and/or 
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investigated for the technology and methodology of tissue engineering is constantly being 

revised and updated. However, the use of these materials varies depending upon their 

desired application (Tabata, 2004). Since the inception of tissue engineering nearly 20 

years ago in reference to the endothelial-like membrane that had adhered to the surface of 

a polymethylmathacrylate ophthalmic prosthesis (Wolter & Meyer, 1984), the field of 

biomaterials has seen a consistent growth with a steady introduction of new ideas and 

productive branches, particularly in the development of small technology encompassing 

micro and nano materials. 

 

1.3. Bone Tissue Engineering 

Bone regeneration represents a major challenge in the field of tissue engineering due to 

the multifunctional roles carried out by mineralised tissues in homeostasis. Load bearing 

or bridging biomaterials are typically utilised to repair or replace damaged or diseased 

bone maintaining structural integrity and allowing new bone formation to occur (Zaffe et 

al., 2003) (fig 1.2). As the life expectancy of the developed world increases coupled with 

an increasing ageing population, the need for improved surgical intervention into bone 

degeneration is increased and so are the challenges for scientists working within this 

field. Bone resorption associated with osteoporotic remodelling, bone microcrack 

formation, fatigue and fracture are common problems associated with such an increase in 

life expectancy, all dramatically reducing the quality of life for such individuals. 

Bone associated neoplastic malignancies, often associated with primary tumour site 

metastases also result in a loss of bone mass and function, commonly resulting in large 

bone defects, immobilisation and reabsorption of mineralised bone (Coleman, 2006, 

Kinder et al., 2008, Quattrocchi et al., 2007).  
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Fig. 1.2 Internal fixation of the proximal radius, adapted from (Ring, 2008). Rigid internal fixation is the 
technique of choice for surgical intervention in fracture of the radial head as seen above. Opposing fracture 
surfaces are held firmly in place with steel or titanium plates and screws. 

 
Due to the relatively low levels of stress and compressive forces exerted in the bones of 

CMF region (mandibular body and rami being the exception), the need for load bearing 

constructs in CMF repair is replaced by the need for plates and screws which ensure 

fractured bone remain closely opposed and do not fail under the high tortional forces 

(Seebeck et al., 2005) exerted during implantation. Effective repair of bone defects of the 

calvaria and maxillo-facial area in response to traumatic, inflammatory or neoplastic 

lesions still represents a major challenge in neuro and plastic surgery. In the CMF 

skeleton, osseous fixation techniques most often applied are internal fixation with metal 

or bioresorbable plate systems (fig. 1.3) (Kosaka et al., 2003b). 
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Fig. 1.3. Mandibular plates and screws, adapted from (Gear et al., 2005). Intraoperative 
maxillomandibular fixation along with rigid internal fixation is the technique of choice for surgical 
intervention in mandible angle fracture. Opposing fracture surfaces are held firmly in place with steel or 
titanium plates and screws. 

 

1.4. Biomaterials in Craniomaxillofacial Repair 

In the context of implantable biomaterials, bone fracture fixation was addressed early on 

in the development of the field with therapies reportedly utilising iron wires in 1775 

(Laing, 1979). The evolution and progression of the science of cranioplasty has been 

closely linked to the instance of war injuries and road accidents and the state of the art, as 

with general fracture fixation, has significantly improved with accelerated research into 

this area. The primary objective of cranioplastic procedures is ultimately to restore the 

continuity of the normal bony tissues and pericranial structures in such a way that results 

in a satisfactory cosmetic outcome. At present this objective is ideally obtained using 

permanent or durable biologically inert materials, however CMF reconstruction 

techniques can be traced back to ancient times. Archaeological evidence has unearthed 

artefacts indicating that prehistoric South Pacific populations used coconut shells to 

repair gaps in the skull and that even prehistoric Peruvians performed a type of 

cranioplasty using gold plates (Artico et al., 2003).  

The 20
th

 century has introduced an increasing repertoire of alloplastic materials for 

cranioplastic reconstruction. Aluminium, gold, tantalium, stainless steel, titanium, acrylic 
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resins, polyethylene, silicone elastomeres, and ceramics have all been investigated as to 

their suitability for such an application (Buchel et al., 2005, Turvey et al., 2002). 

However, alloplastic materials are not the best solution to this problem because they 

present various limitations and complications resulting from the materials mechanical and 

thermal properties, and from the host’s elicited in vivo reactions to the materials and their 

by-products. For example, Kudelska-Mazur et al., have reported on the decreased 

viability and focal adhesion (FA) formation of osteoblasts cultured on polished surgical 

steel in relation to polished titanium (Kudelska-Mazur et al., 2005). They argue this is 

predominantly due to problems associated with steel corrosion products. Clearly the bulk 

material choice upon to which we wish to impart bioactivity is critical.  

A need exists for orthopaedic biomaterials with optimised mechanical and physical 

properties. Constructs should be capable of stimulating osseoinduction while minimising 

fibrous capsule formation (when implanted in bone), foreign body mediated 

inflammation, and musculotendon adhesion. In CMF surgery, bone fixation methods 

should offer excellent three-dimensional stability for multiple, different sized bone 

segments. Nonresorbable alloplastic implants usually represent permanent foreign bodies 

and can be associated with innate complications including infection, extrusion, implant 

migration, recurrent haemorrhage, and residual diplopia (Shibahara et al., 2002), which 

may ultimately require removal of the implant, sometimes many years postoperatively. 

Indeed Kosaka, et al. have reported on the tendency of steel wires in cranial surgery to 

migrate cerebrally which has obvious complications (Kosaka et al., 2003a). These 

problems may be regulated by the use of bioactive biomaterials, in particular by the new 

generation of biomimetic materials in development.   

The ideal material for primary reconstruction of CMF defects is autogenous bone. There 

is no need for extensive and costly preoperative planning, and the biocompatibility is 

uniquely optimal. However, the availability of autogenously bone donor sites in CMF 

repair is extremely limited, coming predominantly from retromolar tissue or from the 

iliac crest, a procedure typically requiring a second intervention and introducing an 

increased risk of complication (Beirne et al., 1996, Kline & Wolfe, 1995, Raghoebar et 

al., 2001).  
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The current trend is CMF fixation is towards patient specific implants for large defects 

produced out of non resorbable polymers. Metal devices can obscure soft and hard tissue 

integration to implants during evaluation by X-ray or MRI. Poly(etheretherketone) 

(pEEK) has been used as a replacement for metals in CMF specific implants, due to its 

radiolucency.  

It is therefore the role of osteoinductive biomimetic materials to bridge the gap between 

the shortage of available osseous donor sites (Ebraheim et al., 2001) where donor site 

morbidity and other complications can occur and the need for a material possessing bone-

like characteristics (Isaac et al., 2008, Kim et al., 2008, Ripamonti et al., 2008). To date 

numerous strategies have been investigated in an attempt to enhance a biomaterials 

performance in vivo and enhance osteoblast adhesion and bone tissue formation. 

Osteoconductive hydroxyapatite cement (Wiltfang et al., 2004), titanium modified by 

topographical microstructural features (Zinger et al., 2004) and immobilisation of 

bioactive molecules to a substrate surface (Dettin et al., 2005)  have all been employed 

successfully to reduce giant cell recruitment, osteolysis and fibrous capsule formation 

(Fig 1.4) and promote increased osteoblast adhesion.  

 

 
 
Fig. 1.4. Fibrous tissue deposition on a steel screw head, adapted from (Zaffe et al., 2003). Increased 
fibroblast activation and the formation of multinucleate giant cells following orthopaedic implantation can 
result in non-functional tissue deposition and fibrous capsule formation. 
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1.5. The Micro-Architecture of Bone Tissue 

Bone is a viable highly dynamic structural tissue capable of sustained growth and repair 

throughout adult life. The strength of bone lies in its unique fibrous and trabecular 

structure that gives osseous tissue a maximum strength to weight ratio. A rigid yet 

lightweight skeleton makes possible the distribution of force exerted on the body due to 

gravity, whilst providing the mechanical machinery necessary for locomotion and 

ensuring adequate protection for the vital organs. In addition, bone is the primary site of 

haematopoiesis, maintaining the circulating cellular component of the haemolymphoid 

system by providing a reservoir of developing red and white blood cells. Bone also 

participates in the maintenance of serum-mineral metabolism and is considered an 

important component of the immune system. 

Bone preserves the generalised organisation of all of the connective tissues as a native 

population of mesenchymal cells within a fibrous matrix. The term connective tissue is a 

general one used to describe a group of tissues with a variety of diverse functions. The 

connective tissue proper develops from embryonic mesenchyme, the derivative of 

embryonic mesoderm and neural crest ectoderm and serves as a primitive supporting 

tissue to convey the blood vessels and neurons to supply the mesenchymal cells of bone 

tissue (George-Weinstein et al., 1998, Guarino, 1995). Osteoblasts can be identified as 

forming aggregates at the bone periphery, where they produce and maintain a specialised 

ECM known as ‘osteoid’ (Meyer, 1956, Palumbo et al., 2004). Bone formation is 

directed through one of two ossification pathways. Firstly intramembranous bone 

formation, characteristic of many flat bones and the skull, occurs within mesenchymal 

tissue following recruitment of osteocytes and the deposition of osteoid (Bernard & 

Pease, 1969, Bevelander & Johnson, 1950, Blumer et al., 2006). Secondly, endochondral 

ossification, characteristic of the long bones and vertebral column is accomplished by the 

ossification of an initially cartilaginous tissue (Watanabe, 1965). 

Cortical bone forms a compact bony layer at the bone periphery. It is a dense outer shell, 

which provides the hard continuous bony surface of mature bones. Cancellous bone is a 

honeycomb - like structure comprised of many bony trabeculae formed into struts, (fig. 

1.5). These structures are typically orientated along lines of force resulting from 
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mechanical loading. Trabeculae are abridged by perpendicular trabecular projections, 

strengthening this deep network of anastomosing bony plates. 

Viable bone is composed of numerous interconnected units termed Haversian systems. 

These units are roughly cylindrical in shape and possess a long axis parallel to the long 

axis of mature bone. The central domain of these Haversian systems is occupied by a 

single Haversian canal - an aperture containing blood vessels and lymphatic as well as 

loose connective tissue, surrounded by concentric layers of mineralised matrix termed 

lamellae, which are established by residing osteoblasts and maintained by entrapped 

osteocytes as discussed in (Birch de, 1880, Fell & Robison, 1934).  

 

 
 
Fig. 1.5. The trabecular mesostrcture of bone, adapted from (Rubin et al., 2004). Cancellous bone is 
formed by many vertical and transverse interconnecting trabeculae that impart bone with light-weight 
strength. 

 
Bone extracellular tissue is a natural composite biomaterial with a complex hierarchical 

structure, composed of a macromolecular network including proteins, glycoproteins, and 

polysaccharides, providing an environment rich in both biochemical and topographical 

cues. Cortical bone is composed of elongated, cylindrical osteons of about 10-500 µm in 

diameter (Rho et al., 1998). Each osteon is a cylinder consisting of multiple concentric 

lamellae of about 3-7 µm in thickness (Giraud-Guille, 1988). Collagen within each 

lamellae is arranged into parallel bundles which lie obliquely relative to adjacent lamellae 

(Rubin et al., 2004), in addition collagen molecules aggregate into highly ordered fibrils, 
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composed of three protein chains, wound together in a triple helix of about 300 nm length 

(Wagner & Weiner, 1992) which also present a banded pattern at the ultra structural level 

composed of 69-nm repeat banding units (Bozec et al., 2005, Brodsky & Persikov, 2005, 

Rubin et al., 2004), these are permeated within the ECM with nanoscale crystals of 

apatite (Ricard-Blum & Ruggiero, 2005). Bone tissue itself may be viewed as a dynamic 

and self-regulated collection of nano and microscale structures (fig. 1.6 & 1.7).  

 

 
 
Fig. 1.6. Schematic overview of the nano and micro constituents of bone, adapted from (Ruppel et al., 
2008). The hierarchical architecture of bone can be viewed as a complex system of nano and 
microstructures. Like all composite materials, each constituent of bone has a different, but intimately 
related, contribution to the overall integrity of the tissue.   

 
Collagen is initially deposited by osteoblasts in an unordered loosely arranged manner 

termed woven bone, a process recapitulated in developing tissue or fracture healing. 

Woven bone has been shown to be composed of ECM proteins differing from those of 

mature lamellar bone, osteocyte number and lacunae size are also seen to be relatively 

increased (Hernandez et al., 2004). Between the concentric lamellae are located the 

lacunae and the osteocytes therein. Caniculi containing the processes of these osteocytes, 

as well as interspaced Volkmann’s canals, radiate from the Haversian canal to allow for 
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the exchange of nutrients between the haematopoietic and osseous fluid systems. (Ricard-

Blum & Ruggiero, 2005). Thus in addition to intercellular communication by gap 

junctions, the cells making up this bony network remain in contact via their common 

environment - a contiguous proteoglycan filled fluid network (Knothe Tate, 2003).   

 

 
 
Fig. 1.7. The hierarchical micro and nanoarchitecture of mineralised tissue, adapted from (Rho et al., 
1998). (A) Collagen molecules are arranged into large fibril aggregates (B) Individual collagen fibrils 
demonstrate a regular banding structure composed of 67-nm repeat banding. These are permeated with 
nanoscale crystals of apatite. 

 
Bone can be considered a specialised connective tissue, differing primarily from 

connective tissue proper by the large amount of inorganic calcium found within its ECM. 

Mineralisation is achieved by the deposition of apatite crystals Ca10(PO4)6(OH)2, and 

incorporation of calcium into the ECM collagens and proteoglycans. Like all composite 

materials, each constituent of bone has a different, but intimately related, contribution to 

the overall quality of the tissue. A typical bone consists of bone tissue, other connective 

tissues such as fibrocartillage, epithelial tissue, smooth muscle tissue, and nerve tissue. 

Bone tissue itself, however, can be described as mineralised connective tissue synthesised 

and maintained by the three cell types described in detail below.  
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1.6. The Osteoblast 
Osteoblasts reside on all bony surfaces and may either be active or inactive depending on 

the activity of the tissue, however inactive osteoblasts, termed bone-lining cells, are 

predominantly localised to the periosteum. They become activated as functional 

osteoblasts in response to mechanical or biochemical stimuli typically arising from 

microcrack formation or cell necrosis. A fraction of these cells become embedded within 

the matrix of the bone proper and remain seconded as osteocytes (Pawlicki, 1975).  

The osteoblast is one of the two cell lineages, the other being the osteoclast (see section 

1.8), that work together to actively remodel and maintain healthy bone tissue (fig. 1.8). 

The process of osteoblast differentiation leading to bone mineralisation is a poorly 

understood series of temporally and spatially coordinated events occurring on the 

magnitude of weeks and months. A significant endpoint in this process is the creation of a 

mineralised matrix that consists mainly of collagen, non-collagenous proteins and 

hydroxyapatite. Osteoblasts, are derived from MSCs, the protagonist cells of 

skeletogenesis (fig. 1.9). 

 

 
 
Fig. 1.8. SEM micrograph of human osteoblasts adhering to planar polymeric substrate (Biggs, 
unpublished work). Isolated osteoblasts appear flattened and well-spread when cultured on a planar 
substrate. Cell membranes have been removed to reveal the cytoskeletal structure. Note the presence of 
multiple cellular extensions. 
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Osteoblast function and proliferation is regulated by both circulating factors (growth 

factors, cytokines, and steroid hormones) and tissue architecture-related signals (cell–cell 

contact and cell-substratum adhesion); however, the role of endogenous nanotopography 

in this process is still unknown. In both normal developing and healing bone, osteoblastic 

activity is increased relative to that of osteoclast resorption. In mature bone however, 

there is approximately equal activity between both osteoblastic and osteoclastic lineages 

(Cool & Nurcombe, 2005).  

 

 

 
 
Fig. 1.9. The differentiation pathway of MSCs, adapted from (Cool & Nurcombe, 2005). MSCs become 
committed in response to external stimuli, i.e. mechanical loading, topography and secreted growth factors. 
 
Osteoblasts in bone are subjected to a complex stress-strain field while residing within 

the ECM. In response to mechanical loading, this fibrillar collagen network exerts not 

only normal tensile and compressive forces on the cells but also fluid sheer stresses as a 

result of bone fluid movements. Indeed Tanaka et al. recently reported that fluid sheer 

stress is the major factor in induced expression of load responsive genes including 

osteopontin and matrix metalloproteinase 1B (Tanaka et al., 2005). These matrix 

metalloproteinases have been identified as playing a key role in osteoblast mediated bone 

surface resorption and have been shown to digest unmineralised osteoid. Furthermore, 

recent data suggest that bone-lining cells are responsible for the removal of the organic 

residual matrix in lacunae and that this is a matrix metalloproteinase dependent process 

(Mulari et al., 2004).  
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1.7. The Osteocyte 
Bone remodelling is a dynamic process that repairs damaged bone tissue by resorbing and 

returning it to a homeostatic strain level. Although it is still unknown how mechanical 

loading of bone induces the highly regulated process of tissue remodelling, osteocyte 

survival seems to be regulated both by mechanical loading (Mann et al., 2006) and sheer 

stress (Leclerc et al., 2006). Bakker et al have reported that the absence of external 

mechanical forces leads to osteocyte apoptosis via the inhibition of Bcl-2 signalling 

(Bakker et al., 2004) which is typically followed by resorption of the surrounding matrix 

(Knothe Tate, 2003).  

Osteocytes possess extensions that are tethered in the peri-cellular space to the caniculi 

wall via transverse filaments. These extensions contain a central bundle of actin filaments 

similar in appearance to that present in the microvilli of the brush border enterocyte. 

Osteocyte processes typically contain 15-20 of these actin filaments surrounded by a 25 

nm annulus. These extensions it is argued, are sensitive to external forces in a manner 

similar to that of the steriocillia of the ear (Han et al., 2004), providing the cells with 

mechanotransductive cues in response to tissue strain. You et al have provided an elegant 

model indicating that this mechanotransduction occurs due to fluid drag on the 

pericellular matrix which is transmitted to the transverse tethering filaments in the 

pericellular space, producing a tensile force which is then transmitted to the cell process 

cytoskeleton by membrane spanning proteins (You et al., 2004).  

It has been widely accepted that osteocytes play the largest part in the control of bone 

remodelling (McCreadie et al., 2004). These stellate shaped cells lie within mineralised 

lacuna (lakes) and communicate via cytoplasm extensions with adjacent osteocytes and 

overlying bone cells (Knothe Tate, 2003, Pawlicki, 1975). The transformation from 

osteoblast to mature osteocyte takes about 3 days. During this time the cell looses its 

mobility and becomes trapped within a volume of endogenous ECM three times its own 

cellular volume (Knothe Tate, 2003).  
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1.8. The Osteoclast 
The osteoclast is a multinucleated bone-resorbing cell derived from pluripotent 

haematopoietic stem cells (Bar-Shavit, 2007) which reside in: spleen, bone marrow, and 

the peripheral blood (fig. 1.10). Osteoclasts form a part of the mononuclear phagocyte 

system and share many morphologic, cytochemical, and functional characteristics with 

tissue macrophages and macrophage polykaryons. It has been shown that human 

osteoclast precursors reside in the monocyte fraction and exhibit a monocyte-macrophage 

phenotype (Husheem et al., 2005). Tissue strain experienced at bony tissues due to 

human and animal locomotion is typically in the region of 0.2% (Han et al., 2004). Such 

exerted levels of strain ensure bone resorption is balanced with bone formation, and 

prevents loss of mineralisation via osteoclast activity, possibly by osteocyte medicated 

cell signalling. 

 

 
 
Fig. 1.10. SEM micrograph of an osteoclast creating an absorption lacunae, adapted from (Akisaka et 
al., 2006). The resorption pit is clearly discernable from the surrounding un-abrided surface. Retraction 
fibres are evident extending from the resorbed area. 

 

1.9. The Mesenchymal Stem Cell 
In the adult, the osteoblast is derived from a marrow stromal fibroblastic stem cell termed 

the MSC, a non-hematopoietic multipotent stem-like cell, capable of differentiating into 

both mesenchymal and non-mesenchymal lineages (fig. 1.11). The adult stem cell, first 

described in the haematopoietic system following an investigation sparked by the 
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detonation of atomic devices in Nagasaki and Hiroshima has been isolated from virtually 

every tissue of the body (McCulloch et al., 1965). Of greater interest however is the 

apparent phenomenon that these adult cells, arising from different sources have the 

inherent potential to spontaneously trans-differentiate into other tissue progenitor cells 

(Conrad & Huss, 2005). 

 

 
 
Fig. 1.11. Tri-fluorescent labelling of a STRO-1 selected human mesenchymal stem cell (Biggs, 
unpublished work). MSCs represent the adherent fraction of bone marrow stromal cells. Morphologically 
STRO-1 selected cells are large, mononucleated and well adhered cells. Blue: nucleus, Green: vinculin, 
Red: actin. 

 
Stem cells form uncommitted populations, capable of both self-renewal, differentiation 

into multiple cell lineages and the capacity for maintained proliferation. Thus a stem cell 

can be defined as maintaining a supply of undifferentiated progenitor cells (self-renewal) 

in spite of continual differentiation. The bone marrow serves as a reservoir for a variety 

of cells including the non-mesenchymal hemopoietic stem cells found in systemic blood 

and marrow stromal cells, those responsible for bone neogenesis. MSCs, however, only 

constitute a small percentage (0.01–0.001% of mononuclear cells isolated on 

ficoll/percoll density gradient) of the total number of bone marrow-populating cells. 

Interestingly, osteogenic progenitor cells, capable of osteoblast differentiation, are also 

detected ectopically, notably within the peripheral circulation (Eghbali-Fatourechi et al., 

2005). 

The regenerative capacity of bone has long been recognised and yet, to date, limited 
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evidence regarding the nature of these multipotent MSC has come to light. This is 

predominantly owing to their low incidence, variable morphology and, despite nearly 

four decades of research, indeterminate biochemical phenotype.  Friedenstein and 

colleagues first presented the evidence that marrow stroma contained populations of 

postnatal stem cells with multil-lineage mesodermal differentiation (McCulloch et al., 

1965) in the form of fibroblastic colony-forming units able to generate, cartilage, bone, 

muscle, tendon, ligament, fat and fibrous connective tissue (fig. 1.12) (Friedenstein, 

1995).  

Progenitor cells derived from stromal stem cells may be multipotent but they are 

committed to one or more cell lines with a reduced capacity for plasticity or 

interconversion and thus have a hierarchical position between a stem cell and 

differentiated progeny. It is important to note therefore that osteogenic progenitors are an 

intermediate between a stem cell and differentiated progeny (i.e., osteoblast). Although 

MSCs are multi-differentiational entities, it seems that they most readily differentiate 

down an osteogenic lineage. When cultured in the presence of mineral inductive medium, 

MSCs show the capacity to form structurally distinctive mineralised deposits in 

comparison with other mineral-matrix-forming postnatal stem cells, such as dental pulp 

stem cells (Gronthos et al., 2003, Shi et al., 2002). 

 

 
 
Fig. 1.12. The process of cellular differentiation, adapt ed from (Oreffo et al., 2005). From self-renewing 
stem cells to generation of all mesenchymal cell lineages, omnipotent cells of embryonic origin progress 
down highly regulated pathways to become terminally differentiated. 
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As has been mentioned, due to an increasing aging population, clinical imperatives to 

augment and facilitate skeletal tissue lost as a consequence of trauma or degeneration 

have led to increased interest in these progenitor cells and regulating their potential 

differentiation pathways (Oreffo et al., 2005). In recent years, much effort has been 

directed towards answering the fundamental question of whether MSCs are capable of 

forming bone for therapeutic purposes. Subsequently experiments with ex vivo-expanded 

human MSCs found that these cells could be successfully used for the treatment of 

critical size bone defects in long bones (Quarto et al., 2001). Isolation and expansion of 

MSCs in vitro has proved a critical process in differentiation studies, undertaken using a 

restricted panel of monoclonal antibodies, including STRO-1 (Gronthos & Zannettino, 

2008) SH-2 (Barry et al., 1999) and HOP-26 (Oreffo et al., 2005, Zannettino et al., 

2003).  

 

1.10. The Extracellular Matrix 
When compared with the intracellular proteins, ECM proteins are relatively young. ECM 

proteins evolved approximately 700 million years ago with the emergence of 

multicellular organisms (Huxley-Jones et al., 2007) with a large number of them 

demonstrating great conservation. The ECM is a complex three-dimensional environment 

that plays an important roles in tissue and organ morphogenesis, in the maintenance of 

cell and tissue structure and function, and in the host response to injury (Badylak, 2002). 

It comprises of a network of self-assembled glycoprotein and collagens in a 

glycosaminoglycan and proteoglycan ground substance (Little, 1973) which are initially 

synthesised early in gastrulation (Sathananthan & Trounson, 2005, Zagris, 2001). At the 

tissue level, cells are continually influenced by a complex system of self-regulation 

imparted by ECM. The ECM provides the cellular population with dynamic biophysical 

stimuli, to regulate cellular differentiation and function. Cellular interactions with this 

matrix have a definitive role in guiding development, maintaining homeostasis and 

directing regeneration (Hubbell, 2003). This is in addition to directing cellular migration 

through the modulation of cellular adhesion (Xia et al., 2008). 
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The physical structure of the ECM imparts both rigidity, chemical and topographical 

information regulated by the density and variation of the constituent glycoproteins and 

collagens (Schlunck et al., 2008). These variables have been shown to influence 

cytoskeletal structures (Saez et al., 2007), protein expression patterns (Karamichos et al., 

2007), signal transduction (Dalby et al., 2007d), and cellular differentiation (Engler et al., 

2007, Khatiwala et al., 2007). 

Collagens are by far the most numerous of proteins within the ECM, indeed collagen, 

being the must abundant protein in the human body, makes up about 30% of the total 

protein content, while about 90% of the dry weight of the ECM is collagen (Vakonakis & 

Campbell, 2007). At present approximately 29 different types of collagen are recognised. 

Collagens are secreted by stromal cells into the ECM as immature isoforms termed 

tropocollagen. This molecule consists of three polypeptide chains, which form a helical 

structure 300 nm long, and 1.5 nm in diameter (Steven, 1972).  These molecules 

polymerise within the ECM to form the different collagen types. Type I collagen was the 

first of the collagens to be identified, and is the major structural component of the ECM 

in the majority of tissues; here collagen molecules align side by side in a staggered 

fashion with three quarters of their length in contact with a neighbouring collagen 

molecule. 

Other types of collagen typically exist within the ECM in much lower quantities that 

collagen type I. The composition of the ECM and the relative amounts of these collagens 

provides tissues with distinct and individual mechanical properties. Type II, III VI and XI 

collagens all aggregate to form fibrils; accordingly they all share a common gene coding 

for their alpha chain (Ottani et al., 2002). Type IV collagen does not form fibrils but 

aggregates of 3-dimensional mesh-like molecules, this type of collagen is important in 

basement membrane formation. Other collagens such as type IX are not fibril forming per 

se, yet are termed fibril associated, acting to attach collagens to each other and to various 

other ECM components. 

As well as providing strength and structure, the ECM is also responsible for providing a 

local environment favourable to cell growth and proliferation, while at the same time 

providing a medium that allows the free diffusion of metabolites and endocrine signalling 

molecules to and from the cells of a tissue. ECM proteins are macromolecules with 
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somewhat of a multifunctional role. They are composed of many domains that are 

frequently repeated within the same molecule or show phylogenetic links to domains in 

other ECM proteins (Perkins et al., 1989). Various specific binding motifs provide sites 

that serve to regulate cellular function via the coupling of the cytoskeleton to the ECM. 

Binding of cells to these sites can result in translation and transcription of genes and 

ultimately the expression of proteins. These sequences, in particular the arginine-glycine-

aspartic acid-serine (RGDS) and arginine-glycine-aspartic acid (RGD) motifs interact 

with the integrins of the plasma membrane, transmembrane receptors that mediate cell-

substratum adhesion, discussed in detail below.  

Other filamentous components can be found within the ECM, often acting as mediators 

of adhesion between ECM components and between the ECM and populating cells. 

These molecules are often found in association with various other ECM fibrillar 

components. The list of ECM filamentous proteins is constantly being reviewed and 

updated, particularly in reference to the entactins, perlecan, decoran, aggregan etc. The 

majority of these fibres are multipurpose, often serving as structural components as well 

as mediators of ECM and cellular binding. These molecules demonstrate complex 

secondary and tertiary structure and in particular also possess binding sites for the cell 

adhesion molecules the integrins.  

The cells of the ECM, including MSCs are derived from embryonic mesoderm and are 

responsible for the secretion and maintenance of its components. Cells present in the 

embryonic mesoderm begin to deposit ECM molecules early in gastrulation (Zagris 

2001), this primitive mesenchyme is central to cellular migration through the primitive 

node during gastrulation and is the embryonic tissue from which all connective tissues 

originate (Kimura et al., 2006).  

Many ECM proteins form large families. For instance there are some 30 genes identified 

for collagens and 12 identified for laminins. Additional events, such as alternative 

splicing, proteolytic processing and glycosylation, increase the variation between proteins 

from the same family and expand the functions of these large, multifunctional molecules. 

With the identification of many new ECM proteins and elucidation of the exact atomic 

structure of these proteins by advanced analytical techniques such as X-ray 

crystallography and nuclear magnetic resonance spectroscopy, advances have been made 
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in defining the domain structures responsible for ECM – cell and intermolecular binding 

as well as the higher order architecture of extracellular components. Such approaches 

have begun to identify the various interactions important in ECM assembly and ECM – 

cell interactions (Chesnick et al., 2008, Orgel et al., 2006). 

 

1.11. Cell–Substrate Interactions 
Cell-substrate interactions can be regarded as the defining factors of a biomaterial 

performance in vivo, ultimately determining the long-term performance of a device in 

situ. It can be reasoned that the integration of exogenous materials can be improved by 

controlling the associated interfacial reactions, in an attempt to minimise non-functional 

tissue encapsulation and aseptic loosening. Fibrous encapsulation is known to occur with 

both metal (Suska et al., 2007) and polymeric biomedical constructs (Andersson et al., 

2007), usually with the presence of a fluid filled void between the tissue and implant. 

This reduced biocompatibility may have many causative origins, however a frequent 

outcome is diminished cellular adhesion followed by destabilisation of the implant 

alongside an inhibition of tissue regeneration and repair as well as an increase in the 

potential for infection (Baxter et al., 2002). Device parameters including surface 

chemistry, charge, texture and porosity can all be optimised to enhance the tissue 

response to a device in vivo (Dettin et al., 2005, Xu & Siedlecki, 2007). Other approaches 

utilise the localisation of bioactive molecules either natural or synthetic, to a material 

surface.  

In many situations, enhanced cellular adhesion is a desirable outcome in order to increase 

implant stability and to reduce device failure. However a body of research suggests that 

permanent fixation, particularly in internal CMF fixation is not ideal, and the retention of 

a device following healing may present implant site morbidity. In such a situation surface 

mediated reduction of cellular adhesion is desirable in order to facilitate device removal 

and prevent re-fracture upon removal.  

Adherent cells are complex, self-sustaining units (Schwarz et al., 2006) that require ECM 

anchorage in order to proliferate (Triplett & Pavalko, 2006). Modern implants make use 

of chemical and topographical modification to facilitate cellular adhesion (Dettin et al., 
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2005, Keselowsky et al., 2004) differentiation and tissue deposition (Wan et al., 2005) 

(Marchisio et al., 2005, Yamaguchi et al., 2004). Following implantation ECM proteins 

undergo rapid adsorption to a material surface (Oleschuk et al., 2000, Suh et al., 2004), 

adhering cells actively probe the physical properties of the ECM; their contractile 

machinery facilitating both cellular motility and the formation of protrusions termed 

‘lamellipodia’ with which cells move and sense their surroundings in vitro (Abercrombie 

et al., 1970, Dalby et al., 2004b, Zinger et al., 2004). Lamellipodia are associated with 

fine hair-like protrusions termed ‘filopodia’ (fig. 1.13), which contain a core of extended 

actin filament bundles that gather special information and ‘sense’ the ECM and substrate 

surface. 

 

 
 
Fig. 1.13. Filopodia formation in endothelial cells on a nanogroove substrate (Biggs unpublished data). 
Endothelial cells probe the underlying grooved substratum with fine filopodial extensions (arrows) from the 
leading and trailing free edge. 

 
Filopodia were first described by Gustafson and Wolpert (1961) in cells of the 

blastocoelic cavity of sea urchins. It was noted these cells appeared to use filopodial 

extensions to gather spatial information. Once cells locate a topographical site suitable for 

adhesion, or perhaps an ECM protein motif, a signalling feedback pathway initiates 

integrin receptor clustering at the plasma membrane and adhesion plaque protein 

recruitment (Lim et al., 2007). These actions require guanine nucleotide-binding proteins 
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(G-protein) signalling and the development of an integrated cytoskeleton (Carragher & 

Frame, 2004, Zimerman et al., 2004).  

Initial cell tethering and filopodia exploration is followed by lamellipodia-mediated 

ruffling (Bershadsky et al., 2006b), membrane activity and cellular flattening and 

spreading (Cavalcanti-Adam et al., 2007, Zimerman et al., 2004) all mediated by the 

development of cell-substratum points of contact termed focal adhesions (FAs). By 

progressively sending out these lamellipodial extensions along the leading cell edge, 

focal complexes (FXs) are made which transmit strong propulsive traction to the 

cytoskeleton allowing the cell to move across or flatten on a surface (Gupton & 

Waterman-Storer, 2006, Pollard, 2003).  

The attachment and separation of the cell from the surface is controlled by an integrin 

feedback loop, mediating the leading and trailing cell boundary. It has been shown that 

fast cellular migration occurs at intermediate ECM concentration and slow migration 

occurs at low and high ECM concentration (Gupton & Waterman-Storer, 2006). A simple 

mechanical model has been proposed to explain this observation, in which too little 

adhesion does not provide sufficient traction whereas too much adhesion renders cells 

immobile (Gupton & Waterman-Storer, 2006). With time, endogenous matrix is secreted 

by the cells and matrix assembly sites form on the ventral plasma membrane. It can be 

reasoned that this reduction in cellular migration, the formation of mature adhesion sites 

and the onset of ECM synthesis are processes indicative of terminal cellular 

differentiation. 

 

1.12. The Focal Adhesion 

Cells interact and communicate intracellularly via single or multiple chain 

transmembrane proteins termed integrins. These adhesion receptors are recognised as the 

central regulators of cell–biomaterial interactions, which mediate adhesion to the extra 

cellular matrix or to other cells (Cohen et al., 2004). Integrin receptors are composed of 

non-covalently linked α and β subunits which bind specifically to specific motifs located 

on ECM molecules e.g. the RGD tripeptide found in the adhesive proteins of the ECM 

such as fibronectin, vitronectin and laminin (Garcia, 2005). First cloned in 1986 (Tamkun 
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et al., 1986), integrin proteins are a fundamental initiator of cell and tissue organisation 

and are preserved throughout evolution, even in the most primitive of metazoan 

organisms (Adams, 2002, Pancer et al., 1997). Integrin-mediated adhesion is a highly 

regulated and complex process involving receptor-ligand binding as well as post-ligation 

interactions with multiple intracellular binding partners (Carvalho et al., 2003). Integrins 

therefore are large allosteric machines which are activated both by biochemical (Arnold 

et al., 2004) mechanical (Hirayama & Sumpio, 2007) and topographical cues 

(Heydarkhan-Hagvall et al., 2007) and transmit information in a bi-directional manner 

from the extracellular environment to the machinery of intracellular transcription.  

Upon binding, integrins rapidly associate with motif sequences via their globular head 

domains and connect the actin microfilaments of the cytoskeleton to ECM components 

via adaptor proteins, most notably talin. Ligand binding in itself alters integrin 

conformation and affinity and, in the case of multivalent ligands, integrin clustering. With 

increased integrin clustering, these early cell–matrix contacts form anchoring FXs at the 

lamellipodium leading edge. These are discrete supramolecular complexes that contain 

structural adaptor proteins, such as vinculin, talin, and paxillin (Bershadsky et al., 2006b, 

Burridge et al., 1988, Zimerman et al., 2004). These transient complexes are observed to 

have a substrate distance at closest approach of 10 nm, (Curtis, 1964) and mature into 

larger FA plaques upon increased intracellular and/or extracellular tension. 

The regulation of FA formation in adherent cells is highly complex and involves both the 

turnover of single contacts and the reinforcement of the adhesion plaque by protein 

recruitment. A second key aspect of regulation is that, once assembled, matrix complexes 

can be turned over to enable their repositioning or interconversion. FAs emerge as 

diverse protein networks that provide structural integrity and dynamically link the ECM 

to intracellular actin (fig. 1.14), directly facilitating cell migration and spreading through 

continuous regulation and the dynamic interaction with actin. Furthermore, in 

combination with growth factor receptors, these adhesive clusters activate signalling 

pathways crucial to cell survival that regulate transcription factor activity, direct cell 

growth and differentiation.  
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Fig. 1.14. Focal adhesions are intimately associated with filamentous actin of the cytoskeleton, adapted 
from (Aroush & Wagner, 2006). Intracellular tension is generated by the interaction of actin with 
molecular motor myosin. 
 
Ward and Hammer developed a model of adhesion strengthening (Ward and Hammer, 

1993), which predicts large increases in adhesion strength following increased receptor 

clustering and adhesion size, marked by an elongation of the adhesion plaque. This 

process is believed to be due to an increase in tension at the adhesion site as FA size has 

been shown to be proportional to the force applied to it by the cell (Balaban et al., 2001) 

indicating adhesion sites act as mechanosensors (Schwarz et al., 2006) and form 

additional contact points with the underlying substratum in response.  

This force must exceed a critical value for adhesion elongation, but when growth occurs 

it occurs preferentially in an anisotropic manner in the direction of the force (Besser et 

al., 2006). When a cell adheres to a surface, it exerts traction forces to balance the 

internal forces generated by cytoskeletal tension (Chicurel et al., 1998). These forces 

have been measured, and most cells appear to generate traction forces in the range of tens 

to hundreds of nanonewtons (Jean et al., 2004, Tan et al., 2003). This fixes a minimal 

value for the force that enables the growth of the FA by anisotropic elongation and 

indicates the role of substrate stiffness in affecting the size and strength of FAs (Guo et 

al., 2006). This force threshold depends on the precise chemical nature of the adhesion, 

however there is an upper limit to the force: very large stresses or a decrease in substrate 
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rigidity prevent adhesion elongation consistent with the observation of the transformation 

of FAs into fibrillar adhesions as discussed below (Nicolas et al., 2004). 

FXs originate as dot-like structures of 0.5 µm2, which are regulated by the GTPase Rac 

and precede larger FAs that are regulated by the small G-protein Rho (Wozniak et al., 

2004). Mature FAs are typically dash shaped, 1 – 5 µm2 and contain vinculin, paxillin 

and talin signalling complexes and mediate integrin function to regulate cellular 

behaviours such as cell migration (Ziegler et al., 2008). Fibrillar type adhesions 

specifically contain α5 and β1 integrins and tensin (Wozniak et al., 2004) and play a 

major role in fibronectin organisation (Fayet et al., 2007). Carragher et al. suggest that 

FXs do not simply gradually mature into FAs, but rather indicate that regulated transition 

of FXs to FAs requires local retraction of lamellipodia to provide a positive stimuli for 

FA formation (Carragher & Frame, 2004). 

When intracellular forces per unit length exceeds a critical threshold at the integrin 

substrate interface the displacement of the anchoring integrins is sufficient enough to 

induce a stick-slip motion where the adhesion complex moves rather than deforms. In this 

scenario changes in protein density around the adhesion plaque are negligible and no 

further adsorption of proteins to the FA occurs. This progressive recruitment of integrins 

in the absence of FA proteins results in the formation of tension-insensitive fibrillar 

adhesions. The assembly of a fibronectin matrix, a structure essential for cell migration 

during embryogenesis and wound healing is dependant on integrin clustering and fibrillar 

adhesion formation (Danen et al., 2002, De Jong et al., 2006). Whilst they are involved in 

fibronectin organising, fibrillar adhesions are relatively weak contacts, which are 

morphologically fibrillar by co-alignment with actin stress fibres.  

To date studies indicate that tyrosine phosphorylation within FXs occurs after the initial 

recruitment of focal adhesion kinase (FAK), vinculin and paxillin (Carragher & Frame, 

2004). FAK directly influences the survival signalling pathway, and is responsible for 

negating mitochondria dependant apoptosis (programmed cell death), resulting in the 

inactivation of caspase 9 and the inhibition of cellular anoikis (apoptosis resulting from 

insufficient adhesion) (Grigoriou et al., 2005) (fig.1.15). 
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Fig. 1.15. The proteins of the focal adhesion plaque, adapted from (Campbell, 2008). A complex 
aggregation of structural and secondary signalling molecules propagate external forces to both the machinery 
of mechanical tension (the cell cytoskeleton) and of genetic transcription (molecular signalling).   

 

1.13. The Cell Cytoskeleton 

The cytoskeleton exists as an extended interconnecting framework providing eukaryotic 

cells with a means for locomotion, intracellular protein transport, cell integrity, 

proliferation and importantly, cell adhesion and flattening relative to a substrate. Three 

types of cytoskeletal filaments are common to eukaryotic cells and play fundamental 

roles in cellular spatial organisation.  

Microfilaments are prominent cytoskeletal structures, present in most well-spread 

cultured cells, composed of straight bundles of actin, measuring from just a few microns 

to tens or even hundreds of microns. Although multicellular organisms contain a wide 

array of actin assemblies, the actin structures that play fundamental roles in cellular 

integrity can be roughly subdivided into five categories: (1) lamellipodial actin networks 

at the leading edge of the cell, (2) unipolar filopodial bundles, (3) the cortical actin shell 
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beneath the plasma membrane, and (4) the contractile actin ring located at the division 

plane during cytokinesis and (5) contractile filamentous actin in the cytoplasm tight 

bundles. These bundles, commonly denoted “stress fibres” are associated at their termini 

with FAs and maintain an isometric tension, which is applied to the ECM through cellular 

adhesions (Zimerman et al., 2004) (fig. 1.16).  

 

 

 
 
Fig. 1.16. Focal adhesions are intimately associated with filamentous actin of the cytoskeleton, adapted 
from (Pellegrin & Mellor, 2007). Intracellular tension is generated by the interaction of actin with the 
molecular motor myosin. Actin polymerisation is regulated by α-actinin. 

 
Microtubules are long hollow cylinders of polymerised tubulin about 24 nm in diameter. 

Like actin filaments, microtubules are dynamic structures that undergo rapid cycles of 

assembly and disassembly within the cell, a phenomenon termed dynamic instability (the 

stochastic switching between phases of growth and shortening). They perform a variety 

of functions both in determining cell shape and in specialised cellular motility, including 

some forms of cell locomotion, the intracellular transport of organelles, and the 

separation of chromosomes during mitosis, extending from the microtubule organising 

centres such as centrosomes and basal bodies.         

Intermediate filaments are cytoskeletal structures with a diameter between that of actin 

microfilaments and tubulin microtubules. These diverse polymer structures are formed by 

members of a family of related proteins of which there are about 70 different genes that 

code for various proteins. Most intermediate filaments measure between 9 and 11 nm in 
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diameter when fully assembled (Weinger & Holtrop, 1974). Evolutionary diversity has 

resulted in the description of five types of these cytoskeletal proteins including vimentin 

– a cytoskeletal protein abundant in both MSCs and osteoblasts. 

 

 
 
Fig. 1.17. The tensegrity structure, adapted from (Herrmann et al., 2007). Structural integrity of the cell 
is derived from an interplay of tensional forced imparted by the microfilament system (MFs) and 
compressive forces from the intermediate filament (IFs) and microtubule (MTs) networks. 

 

1.14. Mechanotransduction and Tensegrity 
It is becoming increasingly clear that epigenetic factors, particularly mechanical and 

topographical cues, have a central role in the regulation of cellular behaviour. 

Mechanotransduction is based on the ability of specialised cellular mechanotransducer 

molecules to change their chemical activity state when they are mechanically distorted, 

converting mechanical energy into biochemical energy by modulating the kinetics of 

protein-protein or protein-ligand interactions within the cell. However little is known 

regarding the levels of force required to initiate mechanotransduction or the role of 

intracellular force transmission on mechanosensor activation of adhesion proteins (Mack 
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et al., 2004). Indirect (biochemical) mechanotransductive pathways trigger signalling 

transduction cascades and can convey distinct signals to the cell (Durieux et al., 2007). 
However, there have been a number of attempts to explain how the cytoskeleton may act 

as an integrated unit to convey mechanotransductive signals from the extracellular 

environment. Tensegrity was first described by the architect R. Buckminster Fuller in 

1961 as a building principle to explain the possibility of structural stability by continuous 

tension or `tensional integrity' rather than by continuous compression (e.g. as used in a 

stone arch). The cellular tensegrity model proposes that the physical interactions between 

actin microfilaments, microtubules, and cell substrate adhesions govern the shape and 

stiffness of the cells (Ingber, 2006).  

The cellular unit can be viewed as a pre-stressed tensegrity structure, with tensional 

forces borne by cytoskeletal microfilaments, which are balanced by interconnected 

structural elements that resist compression, most notably, internal microtubule struts, 

intermediate filaments and FAs. In this model microtubules bear most of the compressive 

forces in rounded cells with few anchoring adhesions whereas the actin microfilament 

and associated ECM molecules bear most of the load such as in well spread cells 

observed in vitro on adhesive substrates (Hu et al., 2004a).  

The forces required for stress fibre derived tension and the development of structural 

anisotropy are produced by the interactions between actin and the molecular motor 

myosin, resulting in unidirectional contraction (Zimerman et al., 2004). This model of 

actin mediated cellular tension is described as relying on three major criteria: (i) an 

activation signal that triggers actin and myosin phosphorylation, (ii) the tension-

dependent assembly of the actin and myosin into stress fibres, and (iii) the cross-bridge 

cycling between the actin and myosin filaments that generates the tension (Deshpande et 

al., 2006). Intermediate filaments that interconnect at many points along microtubules, 

microfilaments and the nuclear surface provide mechanical stiffness to the cell through 

their material properties and their ability to act as cross-bridging stabilisers which can 

tensionally stiffen both the cytoskeletal and nucleoskeletal networks (fig. 1.17). 

Integrins/FA sites, cytoskeleton constituents, G-proteins, ion channels, intercellular 

junction proteins, and membrane biomolecules have all been identified as potential 

mechanosensors (Mack et al., 2004). Some FA constituents are also found in the nucleus 
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and display either nuclear localisation or export signals. FA proteins that are known to 

shuttle to the nucleus include the FA adaptor protein zyxin, which has been shown to 

affect gene transcription (Cattaruzza et al., 2004). The ability of proteins to reside in both 

the FA and nuclear compartments allows them to facilitate communication between those 

two subcellular domains. Pavalko et al. describe a model whereby multiprotein 

complexes, called mechanosomes, comprised of adhesion proteins acquired from the FAs 

as well as zyxin move between the adhesion complexes and the nucleus, thereby 

regulating gene expression (Pavalko et al., 2003). 

Pursuit of a complete tensegrity theory and the observation that cytoskeletal development 

is adhesion mediated has led to the concept that mechanical signals are transferred from 

the ECM, across sites of FA via the molecular filament networks that form the 

cytoskeleton. This theory of direct (mechanical) mechanotransduction infers that 

cytoskeletal structures form the primary load-bearing elements in the cell and provide a 

potential mechanism to link mechanical stresses applied at the tissue level to changes in 

molecular dynamics within the cell, distortions of the ECM, or an associated increase in 

its rigidity, manifest as a distortion or a tug on the FA site and are propagated through the 

cytoskeleton to the cell interior. Increases in cytoskeletal tension can also feedback to 

promote structural changes in the surrounding ECM, such as unfolding of peptide 

domains within fibronectin molecules that promote fibril assembly (Hu et al., 2004b) and 

a reinforcing of the extracellular network.  
The observation that a direct mechanical connection exists between the integrins, the 

cytoskeleton, and the nucleus suggests a possible direct line of force transfer between the 

surface of the cell and the nucleus, essentially forming a single physical lattice extending 

from the ECM to the nucleoskeletal network. This is in agreement with Forgacs 

percolation theory whereby he describes the ECM as the spiders web and changes in 

stress/strain of the web will be relayed to the spiders body (nucleus) via its legs 

(cytoskeleton) (Forgacs, 1995). In this sense tensegrity is simply a specialised percolation 

network with both theories agreeing that an interconnected cytoskeletal network is 

required for the transmittal of mechanical signals (fig. 1.18). 
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Fig. 1.18. Mechanotransduction through integrins, adapted from (Ingber, 2003). A continuous 
cytoskeletal network propagates adhesion mediated intracellular tension from the ECM to the nucleus. 
Secondary signalling molecules are also translocated to the nuclear machinery to influence transcription. 

 
Studies in muscle cells indicate that intermediate filaments can transmit stress signals to 

the chromatin (Bloom et al., 1996). This signalling could occur through the cytoskeletal 

intermediate filament interaction with nucleoskeletal intermediate filaments (lamins) and 

be transmitted to deoxyribonucleic acid (DNA) via the close relationship of lamins and 

chromatin, specifically chromosome telomeres. Consistent with this is the evidence from 

Dahl et al., 2004 that the nucleus can expand in response to tension through changes in 

laminar morphology, but is resistant to compression (Dahl et al., 2004). A key question - 

assuming that mechanical signals can be transmitted to the nucleus- is how are these 

signals translated into genomic changes?  

It is now accepted that interphase chromosomes occupy discrete territories within the 

nucleus (Cremer & Cremer, 2001). These territories are complex folded structures with 

interchromatin channels penetrating into the territory interior and allowing diffusion of 

transcriptional activators (Cremer & Cremer, 2001). The model of direct 
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mechanotransduction proposes that changes of the mechanical structure of the cell may 

be involved in changing chromosomal organisation. In support of this concept is a study 

by Dalby et al that shown changes in cell spreading on nano-topography leads to 

cytoskeletal and nucleoskeletal rearrangements (Dalby et al., 2007a). Moreover, adhesion 

induced modulation of cell shape and associated nuclear tension has been suggested to 

affect both protein synthesis and gene expression (Dalby et al., 2006a, Li et al., 2008). 

Nuclei and cell morphological changes associated with topographical modification has 

been correlated with changes in gene and protein expression profile (Dalby et al., 2003c).  

 

1.15. Substrate Topography  
Topographical modification is one method that may be employed to influence cellular 

adhesion and spreading in an attempt to regulate gene transcription through direct 

mechanotransduction. The term topography is used to describe the morphology arising at 

a material surface due to its general architecture or surface roughness, factors known to 

directly influence cell-substratum interactions irrespective of, or in conjunction with the 

surface chemistry (Liao et al., 2003). When describing a material topography it is 

favourable to differentiate between the relative deviations in scale that may occur at a 

topographical level, subsequently surface topography is generally subdivided into macro-, 

micro- and nanoscale surface features.  

Macrotopography is concerned with the physical conformation of an object; such 

parameters usually define the materials function. In a biomedical setting 

macrotopographical reference may be made to screw threads, stent struts, internal sutures 

etc. These topographical conformations are vital to the function of such implants and are 

not in the short-term subject to large-scale remodelling in an in vivo environment.  

Microtopography may result from surface roughness of texture and typically refers to 

features varying from 0.5-100 µm in dimension. Qualification of surface roughness 

involves the presence of spikes or pits that can be of random size distribution and density. 

The phenomenon of microroughness may result from fabrication processes such as 

welding or laser cutting (Brabazon et al., 2008) or may be intentionally applied to a 

device in order to regulate cell attachment, i.e. sandblasting or plasma spraying of an 
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orthopaedic devices to create microroughness has been shown to increase osteoblast 

adhesion and proliferation (Kim et al., 2003). Microroughness is both difficult to 

reproduce and studies with microrough substrates and the cellular response can often be 

conflicting. The obvious question is, why is there such variation in the conclusions drawn 

by many studies? Differences in cell types used and the subsequent parameters of 

analysis, device fabrication, and varying degrees of surface roughness are some of the 

principle areas from where variation between studies may stem.  Definitions are certainly 

required as to what constitutes a ‘rough’ surface (millimetres, micrometres, nanometres). 

For instance, Boyan states that if the average roughness (Ra) of a surface is greater than 

the size of an individual osteoblast, then essentially this surface may been seen as smooth 

since the distance between peaks is too great as to be detected (Boyan et al., 2003). 

Microrough surfaces with a similar Ra can be very different in morphological 

appearance, and unlike the controlled topographical features described below, it can be 

reasoned some of the success currently associated with implants fabricated to include a 

microrough surface is attributed to cellular interlocking rather than an altered cellular 

response to the topographical features (Davies, 2007). Here it is noted that implant 

stability is predominantly due to microscale surface topography with features in the sub-

micron scale-range that promote tissue interlocking (fig. 1.19). 

 

 
Fig. 1.19. Surface roughening promotes increased tissue interlocking. Cellular adhesion is not increased 
by surface roughness, rather whole tissue adhesion is increased by bone growth into the topographical 
microfeatures. 
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1.16. The Effects of Nanotopography on Adhesion Formation 
That nanoscale features can affect cell behaviour is demonstrated in studies with 

fabricated topographical features, which elicit changes in cellular morphology and 

function. However, it is unknown at present if cells actually respond directly to nanoscale 

topographical features or respond to the subsequent changes imparted onto the pre-

adsorbed protein layer. Nanotechnology aims to create and use structures and systems in 

the size range of about 0.1–500 nm covering the atomic, molecular and macromolecular 

length scales. A range of methods exist for the generation of topographical nanoscale 

features including chemical vapour deposition, polymer demixing, colloidal lithography, 

photolithography, electron beam lithography (EBL), etc. For a full review of the 

methodology for nanoscale fabrication technology in 2006 see (Norman & Desai, 2006). 

The general protocols for nanomanufacturing require high resolution and low cost for 

fabricating devices. With respect to biological investigations, nanotopographies should 

occur across a large surface area (ensuring repeatability of experiments and patterning of 

implant surfaces), be reproducible (allowing for consistency in experiments), and 

preferably, accessible (limiting the requirement for specialist equipment) (Wood, 2007). 

The extent to which nanotopography influences cell behaviour within an in vivo 

environment still remains unclear. Question being asked in the field of orthopaedic device 

manufacture is whether surface nanofeatures offer any relevant stimuli to the cellular 

component of the immediate tissue and if so whether implants could be fabricated to 

include topographical nanofeatures which do so. Fabricated model surfaces with defined 

topographies are of great experimental importance in engaging with such issues. 

The rationale for developing nanostructured materials for regenerative medicine stems 

from the complex structure of in vivo extracellular tissue, composite nanostructures 

composed of seemingly random fibrillar ECM molecules, pits and protrusions. The fact 

that many cell-types are naturally adapted to nanophase topographies has led to a series 

of studies investigating the cellular response toward synthetic nanostructures. To date the 

field of cell-substrate interactions has been directed towards the phenomenon of 

biomimetic nanotopographically induced mechanotransduction with present studies 

indicating that most cells do react significantly to nanotopographical cues in vitro (Smith 

et al., 2007). The processes that mediate cellular reaction to nanoscale surface structures 
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however are not well understood and may be direct (Dalby et al., 2007d) (a direct result 

of the influence of the surface topography) or indirect (Martines et al., 2005) (where the 

surface structure has affected the composition, orientation, or conformation of the 

adsorbed ECM components) (Andersson et al., 2003).  

That topographical influences can drive contact guidance and cell migration in osteoblast 

populations is well documented (Hamilton et al., 2007, Ismail et al., 2007). Nanoscale 

pits (Teixeira et al., 2003), grooves (Lenhert et al., 2005, Zhu et al., 2005) and 

protrusions (San Thian et al., 2008) promote contact guidance and cellular orientation to 

varying degrees depending on feature dimension and conformation (Dalby et al., 2007d), 

phenomena shown to increase tissue stability in vitro (Zhu et al., 2005). Of particular 

interest in studies examining the effect of these topographies is the reorganisation of the 

cell cytoskeleton and cell morphology in response to nanofeatures, parameters that have 

already been established as important mediators of direct mechanotransduction and 

changes in gene expression. Initiation of this process however is dependant on integrin 

interactions with the substratum and the topographical regulation of cell adhesion, a 

process which appear to be dependant on the symmetry and spacing of the underlying 

nanofeatures (Curtis et al., 2001, Sato et al., 2008). 
 

1.17. The Effects of Nanoprotrusions on Cell Adhesion 
Studies of cell adhesion on nanoscopic protrusions have increased greatly with the 

development of novel fabrication techniques, which provide robust, high throughput 

methods for the fabrication of topographic features ranging from the submicron to the 

true nanoscale. The fabrication of nanoprotrusions has been achieved using various 

methods including colloidal lithography (Hanarp et al., 1999), polymer demixing 

(Affrosman et al., 1996), electrospinning (Frenot & Chronakis, 2003) and EBL 

(Wilkinson, 2004). Of these, the first three methods provide a surface with random or 

semi-random nanoprotrusions while EBL can be employed to fabricate highly 

reproducible ordered nanopatterns.  

Nanoprotrusions and raised topographical features are commonly found within the ECM 

of mineralised tissues (Bozec & Horton, 2006) Recently Dalby et al. investigated the 
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feasibility of modulating the adhesion and behaviour of human bone-marrow cells toward 

biomaterial surfaces with use of surfaces containing 33 nm high “islands” manufactured 

with use of polymer demixing. Here osteoblasts were shown to synthesise osteospecific 

proteins critical for bone formation (Dalby et al., 2008a). Conversely, studies by Dalby et 

al using nanoislands with increased height (95 nm) have demonstrated that fibroblasts 

initially undergo increased cytoskeletal organisation and filopodia formation when 

compared to cells cultured on flat controls. This initial phase is short-lived however, and 

fibroblasts begin to dedifferentiate and undergo anoikis due to lack of adhesion and 

cellular spreading (Dalby et al., 2003a). Similarly Berry et al. showed that three 

dimensional constructs with features of a similar dimension also reduced MSC adhesion 

(Berry et al., 2006).  

Again, reducing the height of these nanoprotrusions has been shown to increase cellular 

adhesion in fibroblasts with accompanying up-regulations in proteins critical to 

cytoskeleton and filopodia dynamics (Dalby et al., 2002). Lim et al have demonstrated 

the increased incidence of mature adhesion plaque formation in osteoblasts cultured on 

nanoislands down to 11 nm in height (Lim et al., 2005b), again adhesion and proliferation 

of osteoblasts on these nanoislands was significantly reduced when island height was 

increased to 85 nm. Nanoislands fabricated by polymer demixing typically possess 

feature widths with microscale dimensions however, decreases in fibroblast adhesion 

formation are observed when cultured on nanocolumn type features with diameters of 

100 nm. Again osteoblast adhesion was increased relative to planar control substrates on 

nanoislands varying from 3 – 30 nm (Lim et al., 2005a). 

A common theme of cellular adhesion on nanoscale protrusions is the observation of a 

decrease in cellular adhesion with increasing protrusion height. Studies to date indicate 

the presence of a “restrictive zone” where nanoprotrusion height perturbs cellular 

adhesion (table 1.1). As a general rule, this reduction in cellular adhesion seems to be 

induced by nanoscale features greater than 100 nm, this however is related heavily to 

feature width, density and substrate chemistry as well as cell type, yet is observable on a 

wide variety of polymeric substrates fabricated by differing methods with a wide variety 

of cell types. Recent studies point to the disruption of adhesion elongation (Milner & 

Siedlecki, 2007), it seems the influential regulation of cellular adhesion stems from the 
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innate ability of surface protrusions to prevent mature FA formation which can be 

regulated by controlling interfeature area. 

 
Table 1.1. The influence of nanoscale protrusions on cellular adhesion. Cellular adhesion was reported to 
decrease on structures measuring approximately 100 nm in height and with microscale widths and pitch. 
Conversely studies show an increase in adhesion formation when cells are cultured on nanofeatures with 
lower aspect ratio features as well as on features with increased height. 
 

Study Cell type Chemistry Pitch Width Height Adhesion 
modulation 

(Milner 
& 

Siedlecki, 
2007) 

Human 
foreskin 

fibroblast 

Poly(L-lactic 
acid) 

590 nm 500-550 
nm 

250-
300 nm 

Increased 
adhesion 
formation 

(Dalby et 
al., 

2003a) 

h-TERT 
fibroblast 

cells 

pS 1.67 
µm±0.66 
µm 

0.99 
µm±0.69 
µm 

95 nm Reduced 
cell 

adhesion 
(Berry et 
al., 2006) 

Human Bone 
marrow 

stromal cells 

pS/poly(n-butyl 
methacrylate) 

blend 

- 0.99 
µm±0.69 
µm 

90 nm Reduced 
adhesion 
formation 

(Lim et 
al., 

2005a) 

Human foetal 
osteoblastic 

cells 

Poly lactic 
acid/pS blend 

- - 15-45 
nm 

Increased 
adhesion 
formation 

(Dalby et 
al., 2002) 

h-TERT 
fibroblast 

cells 

pS/pBrS blend 527 nm 263 nm 13 nm Increased 
adhesion 
formation 

(Lim et 
al., 

2005b) 

Human foetal 
osteoblastic 

cells 

pS/pBrS blend 527 nm 263 nm 11 nm Increased 
adhesion 
formation 

   

1.18. The Effects of Nanopits on Cell Adhesion 
As with nanoscale protrusions, the fabrication of nanopit type topographies has benefited 

greatly from the advent of high resolution writing techniques such as EBL and dip-pen 

nanolithography. Yet less ordered topographies can be fabricated via self-organisation 

techniques, such as polymer demixing to produce large area nanotopographic substrates 

for assessing the cellular response. Nanopores are identified as common constituents of 

tissues in vivo, notably basement membrane of the cornea (Abrams et al., 2000) and the 

aortic heart valve (Brody et al., 2006) and may be implicated in the regulation of cell 

behaviour and function. Pitted topographies have been shown to produce differing effects 

on cellular adhesion, depending on pit diameter and interestingly the order and symmetry 

of pit positioning (Biggs et al., 2006, Dalby et al., 2008b). The majority of studies 

investigating cellular adhesion on nanotopographies agree that adhesion is reduced on 
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ordered or densely arranged nanopit and nanoporous substrates with diameters ranging 

from nano to the micron scale (Lim et al., 2007).  

Studies by Hart et al showed that highly ordered arrays of 120 nm wide nanopits, in both 

hexagonal and square conformation patterns, significantly reduced cell adhesion in 

osteoprogenitor populations by directly modulating filopodial formation (Hart et al., 

2007), indicating the ability of these cells to gather spatial and topographical signals from 

nanoscale pits, depending on how they are spatially arranged. It is reported that greatest 

adhesion formation on nanoscale pit arrays is noted in between nanopit features at the 

interpit region (Dalby et al., 2006a). This suggests modifying the planar interpit area can 

affect cellular adhesion. Recent studies also indicate the ability of cells to respond 

significantly to small changes in the order of nanopit spacing and that modulating the 

order of pit conformation significantly affects both cellular adhesion and cellular function 

(Biggs et al., 2007, Dalby et al., 2007d) and that it is the degree of order which is critical 

for these processes not nanopit dimension. 

Currently the trends regarding topographical modification of cell adhesion indicate that 

both protrusion type features and pits significantly affect adhesion when in the nanoscale. 

This has recently been demonstrated in a study by Lim et al which concluded that greater 

cell adhesion and modified integrin expression was noted when topographic features have 

ca. 10–20 nm scale z-axis dimension (height or depth), and that this is regardless of 

topographic shapes (island or pit). Also, this effect deteriorated when nanofeatures reach 

a height or depth of ca. 100 nm, again indicating the perturbing effects of nanopits and 

pores on cell adhesion (table 1.2) (Krasteva et al., 2004, Lim et al., 2007). As with 

nanoscale protrusions, increasing pit dimensions to the microscale has been shown to 

increase cell spreading, and mature FA formation in endothelial cells, and also increase 

FA mediated signal transduction by increased tyrosine phosphorylation (Hamilton et al., 

2007). 
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Table 1.2. The influence of nanoscale pits on cellular adhesion. Cellular adhesion was reported to 
decrease on structures measuring approximately 100 nm in depth and with widths and pitch varying from 
35-300 nm. Conversely adhesion is reported to increase when topographical structures exceed or do not 
meet these critical feature dimensions. 
 

Study Cell type Chemistry Pitch Width Depth Adhesion 
modulation 

(Karuri 
et al., 
2006) 

Corneal 
epithelial cells 

Silicone 400 nm Variable 350 
nm 

Increased 
adhesion 

(Lim 
et al., 
2007) 

Human foetal 
osteoblastic 

cells 

poly(L-lactic 
acid)/pS blend 

Variable 90 nm 14 nm Increased 
adhesion 

(Lim 
et al., 
2007) 

Human foetal 
osteoblastic 

cells 

poly(L-lactic 
acid)/pS blend 

Variable 400 nm 45 nm No 
modification 

(Hart 
et al., 
2007) 

Osteoprogenitor 
cells 

poly(carbonate) 300 nm 
Hexagonal 

array 

120 nm 100 
nm 

Decreased 
adhesion 
formation 

(Dalby 
et al., 

2006a) 

h-TERT 
fibroblast cells 

pMMA 300 nm 
Hexagonal 

array 

120 nm 100 
nm 

Decreased 
focal and 
fibrillar 

adhesion 
formation 

(Curtis 
et al., 
2004) 

h-TERT 
fibroblast cells 

polycaprolactone 100 nm 35 nm - Decreased 
adhesion 
formation 

(Curtis 
et al., 
2004) 

h-TERT 
fibroblast cells 

polycaprolactone 200 nm 75 nm - Decreased 
adhesion 
formation 

 

1.19. The Effects of Nanogrooves on Cell Adhesion 
Nanogrooved topographies consist of alternating grooves and ridge features differ from 

both nanoprotrusions and nanopits as they produce very predictable effects on cellular 

morphology – which can be argued are directly related to cellular alignment through 

contact guidance (Zhu et al., 2004). Common methods of fabrication include EBL (Diehl 

et al., 2005), photolithography (Dalby et al., 2006b) and direct laser irradiation (Zhu et 

al., 2005) which may be employed to yield anisotropic substrates with varying feature 

widths and depths. 

A key fabrication tenet of nanogroove substrates for the study of cellular-interface 

interactions is that of biomimetic ECM design, an attempt to mimic the topographical 

cues imparted by the fibrous nature of ECM. Further to this, the elongated morphology 

and alignment induced by grooved substrates may resemble the natural state of many cell 
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populations in vivo, suggesting that nanogrooved surfaces may induce enhanced tissue 

organisation and facilitate active self-assembly of ECM molecules to further mediate cell 

attachment and orientation. A wide range of cell types such as fibroblasts (Dalby et al., 

2003c), osteoblast (Lenhert et al., 2005), nerve cells (Yim et al., 2007) and MSCs (Dalby 

et al., 2006b) respond profoundly to grooved substrates. Further to this cells cultured on 

nanogrooves have been shown to up-regulate the expression of fibronectin – an initiator 

of integrin binding (Chou et al., 1995) as well as proteins key in cellular adhesion (Dalby 

et al., 2008c) and the transduction of mechanical forces (Jin et al., 2008). A study by 

Dalby et al recently demonstrated that cellular alignment and adhesion formation on 

nanometric grooves is regulated by the receptor of activated protein kinase C1 (RACK1) 

– an important mediator of indirect mechanotransductive signalling which is thought to 

regulate integrin-mediated cell migration (Hermanto et al., 2002). Increased RACK1 

expression was shown to disrupt contact guidance and promote cellular spreading and 

adhesion formation (Dalby et al., 2008c).  

As with the topographies discussed above, nanogroove features seem to directly influence 

the formation of FAs in cultured cells, unlike the above however, nanogrooved 

topographies also influence the orientation of the adhesion plaque (Teixeira et al., 2004). 

At present no clear conclusions have been reached regarding the absolute dimensions 

required for cellular and adhesion alignment, more likely this process is cell specific and 

dependant on whether the cell is isolated or part of a colony (Clark et al., 1990).  It is 

probable that an interplay between groove pitch and groove depth regulates adhesion 

alignment, yet present studies indicated groove depth as being more influential in 

adhesion alignment (Clark et al., 1990, Loesberg et al., 2007). Studies show that cell and 

cytoskeletal alignment in human corneal cells has generally been found to be more 

pronounced on patterns with ridge widths between 1 and 5 µm than on grooves and ridges 

with larger lateral dimensions (Karuri et al., 2004, Matsuzaka et al., 2000, Teixeira et al., 

2003) and that beyond nanoscale groove widths, FAs are almost exclusively oriented 

obliquely to the topographic patterns (Teixeira et al., 2006). In many cell types data 

suggest that cellular function and adhesion is strongly enhanced with decreasing groove 

feature sizes into the nanometre range (Lu et al., 2008), current studies have indicated 

however, that contact guidance is not initiated on groove depths below 35 nm or ridge 
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widths smaller than 100 nm (table 1.3)  (Loesberg et al., 2007). 

 
Table 1.3. The influence of nanoscale grooves on cellular adhesion. Nanogroove substrates modulate 
adhesion orientation as well as regulate adhesion frequency. Studies indicate that substrates with a groove 
pitch below 35 nm and a depth below 70 nm do not initiate contact guidance in most cells. 
 

Study 
  

Cell type Chemistry Pitch Depth/Height Adhesion 
modulation 

(Loesberg et 
al., 2007) 

Rat dermal 
fibroblasts 

pS 100 
nm 

35 nm Reduced 
alignment 

and 
adhesion 

(Teixeira et 
al., 2006) 

Human 
corneal 

epithelial 
cells 

Silicon oxide 400 
& 

4000 
nm 

70 & 1900 
nm 

Oblique 
Adhesion 
formation 

(Lu et al., 
2008) 

Rat aortic 
endothelial 

cells 

Titanium oxide 750 
nm 

150 nm Increase 
adhesion 

(Heydarkhan-
Hagvall et 
al., 2007) 

Human 
foreskin 

fibroblasts 

Silicon oxide 230 
nm 

200-300 nm Increased 
Integrin β3, 
Adhesion 
alignment  

(Karuri et al., 
2004) 

Human 
corneal 

epithelial 
cells 

Silicon oxide 400 
nm 

250 nm Adhesions 
restricted to 
the tops of 
the ridges 

(Teixeira et 
al., 2006) 

Human 
corneal 

epithelial 
cells 

Silicon oxide 800-
2000 
nm 

550 -1150 nm Parallel 
adhesion 
formation 

  

 
Adhesion formation on nanogrooved substrates is shown to occur predominantly on ridge 

structures (Teixeira et al., 2003) or at the groove/ridge boundaries (Wojciak-Stothard et 

al., 1996). Furthermore, it has been suggested that the geometrical dimensions of the FA 

plaques force propagation on a grooved surface to be orientated parallel to the ridges 

(Ohara & Buck, 1979). It may be argued that the increased surface area of these 

topographies can lead to increased topographical sites for adhesion formation and an 

increase in cellular adhesion. In reality however, nanogroove-induced cellular alignment 

is associated with a reduction in cellular FA formation relative to planar substrates.  

Cell alignment to the long axis of the groove is typically accompanied by the organisation 

of cytoskeletal elements in an orientation parallel to the grooves. A study published by 

Teixeira et al. (2006) notes that epithelial cells switch from parallel to perpendicular 
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alignment on grooved substrate when features decreased in pitch size from 4000 to 400 

nm, rearranging the FA distribution in a similar manner (Teixeira et al., 2006). 

 

1.20. Aims and Objectives 
Research on biomaterial surface characteristics and elicited cell response therein has a 

key role for continued success in the field of orthopaedic design. A material surface in 

vivo functions as more than a simple boundary to the surrounding environment but 

supports a dynamic extracellular molecular constituent and provides topographical cues 

that may be perceived by cells as spatial information. Nanotopography has recently been 

proposed as a contributing factor in the regulation of the cellular response and a valuable 

tool for modulating functionality, qualities invaluable in the design of orthopaedic 

devices. 

 

The thesis therefore will examine the hypothesis that biomimetic nanotopographical 

features can influence both the adhesion of primary human osteoblasts and the 

functional response of MSCs in a manner complimentary to implant design, and 

that both cellular adhesion and differentiation may be modulated by topographical 

modification alone. This will be achieved by the following: 

 

• The development and fabrication of polymeric substrates possessing defined 

nanotopographical features in chemically identical polymeric replicas. 

 

• An investigation into the effects of these topographies on FA plaque formation in 

synthesis-phase (S-phase) human osteoblasts.  

 

• An investigation into the effects of these topographies on STRO-1+ MSC function 

and subsequent differentiation. 
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2.1. General Introduction 
This section will further rationalise the hypothesis that drove the experimental studies and 

the use of the materials in this thesis as well as the methodologies employed to examine 

the effect of nanoscale topographies on cellular function. 

Osteoblast and osteoblast-like cell models from multiple species and sources have been 

implemented as valuable models in orthopaedic studies, particularly those involving cell-

substratum adhesion assays (Dettin et al., 2008, Dulgar-Tulloch et al., 2008) and 

experimental modulation of intracellular signalling pathways. To ensure the osteoblasts 

used in this study retained high levels of functionality primary human cells were used at 

low passage. 

In order to elucidate how nanotopographical cues may effect the general morphology and 

adhesion formation in osteoblast populations both epifluorescent and SEM microscopical 

techniques were employed to analyse cellular cytoskeletal elements and FA formation in 

primary human osteoblasts. Immunofluorescent labelling of vinculin, S-phase nuclei and 

cytoskeletal elements was developed to facilitate high-throughput adhesion quantification 

in a synchronised population of cells. Immunocytochemical labelling was also combined 

with low voltage field emission scanning electron microscopy (SEM) in order to 

simultaneously visualise the interactions that occur between the low aspect ratio features 

present on experimental substrates and the FA plaque of adhering cells. This technique 

improves upon epifluorescent methods by allowing regulation of depth of signal 

formation, increasing the spatial resolution available. 

Live cell imaging was also employed in this thesis to visualise the modulation of 

adhesion formation in metabolising osteoblasts over a finite time period. Osteoblasts 

were transfected with plasmid DNA encompassing yellow fluorescent protein (YFP) 

modified vinculin. YFP is a 27 kDa molecule with an excitation peak of 490 nm and an 

emission peak of 527 nm (Prendergast & Mann, 1978). These proteins are commonly 

created by mutating threonine203 to an aromatic amino acid, typically tyrosine. The 

resulting π-π stacking and increased local polarisability immediately adjacent to the 

chromophore are believed to be responsible for the 20 nm shift to longer excitation and 

emission wave-lengths (Griesbeck et al., 2001, Ormo et al., 1996, Prendergast & Mann, 

1978). Fluorescent proteins have been used in a myriad of applications for biological 
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systems and have previously been used in studies concerning the role of vinculin in FA 

dynamics (Cohen et al., 2005, Cohen et al., 2006). 

Human MSCs are increasingly being recognised as crucial in the experimental processes 

employed to investigate the osteoinductive potential of future biomaterials. In particular, 

MSCs have been used extensively to determine the effects of topographical modification 

on osteospecific differentiation and functional modulation (Ciapetti et al., 2006, Dalby et 

al., 2007b, Schneider et al., 2004).  
Although there is currently no assay that can be performed on a single MSCs to 

determine whether that cell is capable of undifferentiated division, there are surface 

antigens that can be used to isolate a population of cells that have similar self-renewal 

and differentiation capacities. Yet MSCs, as a population, typically do not all express all 

the proposed markers; and it is not certain which ones must be expressed in order for that 

cell to be classified as of osteogenic lineage. To circumvent some of the issues around the 

characterisation of the skeletal stem cell, magnetic activated cell sorting (MACS) 

combined with immunoselecting for the stromal cell surface antigen - STRO-1 was used 

for the isolation of MSC rich human marrow stromal cell cultures (Oreffo et al., 2005, 

Tare et al., 2008). 

Gronthos and co-workers found that the heterogeneity of the stromal cell population 

could be reduced by isolation using a monoclonal antibody to STRO-1, which recognises 

a trypsin-resistant cell surface antigen present on a subpopulation of bone marrow cells 

(Gronthos & Zannettino, 2008, Mirmalek-Sani et al., 2006). Cells expressing STRO-1 

were first identified by Simmons (Simmons & Torok-Storb, 1991) been found to be 

predominantly adherent, potentially high-growth, colony-forming units which exhibit 

multipotent differentiation capability (Dennis et al., 2002).  

To investigate the topographical induction of MSCs differentiation, functional 

modification was examined by 1.7 K microarray chip analysis. While it seems more 

appropriate to use large arrays to search for patterns or whole group pathways of gene 

activity, arrays can also be used to observe individual gene changes. Both approaches 

were used here in order identify large-scale modulation of MSCs function as well as to 

locate complex signalling pathways of interest and changes in individual gene expression. 

Two pathways strongly implemented in the adhesion process and in osteodifferentiation 
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were dissected and individual gene modulations analysed in depth, namely integrin 

signalling (Carvalho et al., 2003) and wingless-type mouse mammary tumor virus 

integration site family member (Wnt)/β-catenin signalling respectively (Piters et al., 

2008).  
 

2.2. Cell Models 
2.2.1 Primary Human Osteoblasts 
All experiments were performed with adult human osteoblastic cells after 1-4 passages in 

vitro. Primary human osteoblasts (HOBs) were derived from a femoral head biopsy of an 

84 year old Caucasian female and a knee biopsy taken from a 74 year old Caucasian 

female (purchased from PromoCell®, Heidelberg, Germany). Osteoblasts were isolated 

from the spongiosa of hip or knee bone. Briefly, the trabecular bone was cleaned from 

connective tissue, divided into smaller pieces (approx. 4 mm × 4 mm) and placed into a 

Petri dish (10-15 pieces per dish) and filled with sufficient osteoblast growth medium 

(OGM). After about 10-14 days, osteoblasts grew out of the bone into the Petri dish. 

When the cells reached sub-confluency, the bone pieces were removed from the dish and 

the cells trypsinised, counted, and re-seeded into new vessels. HOBs were identified as 

osteoblastic cells on the basis of (a) positive staining for alkaline phosphatase (ALP), (b) 

increase in ALP expression after 1,25-vitamin D3 treatment, (c) secretion of osteocalcin 

in the presence of 10-10 M 1,25-vitamin D3 and 10-8 M vitamin K, (d) secretion of type I 

procollagen peptide in the presence of 50 µg/ml ascorbic acid, and (e) formation of 

mineralising nodules in the presence of 10 mM glycerophosphate and 50 µg/ml ascorbic 

acid, as previously demonstrated (Kasperk et al., 1995a). For more information see 

(Kasperk et al., 1995b).  

After establishing primary cultures, the cells are frozen in liquid nitrogen in serum-free 

freezing medium (PromoCell®, Heidelberg, Germany), using a computer controlled 

freezing unit following strict protocol. Proliferating cell cultures were made from 

cryoconserved cells which have been thawed and cultured for three days at PromoCell’s 

cell culture facility. HOBs were maintained in 75 cm2 culture flasks in OGM 

(PromoCell®, Heidelberg, Germany) containing 10% foetal calf serum (FCS), and 
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supplemented with 10-10 M 1,25-vitamin D3, 10-8 M vitamin K, 50 µg/ml ascorbic acid, 

10 mM glycerophosphate as provided by the osteoblast nutrient supplement C-39615 

(PromoCell®, Heidelberg, Germany). Media was replaced every 2-3 days. 

 

2.2.2 STRO-1 Positive MSCs 

STRO-1+ MSCs were provided by Prof Richard Oreffo, University of Southampton. 

STRO-1+ cells were isolated from bone marrow samples obtained from haematologically 

normal patients undergoing routine total hip replacement surgery. Only tissue that would 

have been discarded was used with the approval of the Southampton General Hospital 

Ethics Committee. A total of 12 samples (five male and seven female of mean age 71±11 

years) were prepared. 

Marrow cells were harvested using minimal essential medium - α modification (α-MEM) 

to aspirate cells from trabecular bone marrow samples. Cells were pelleted by 

centrifugation at 250 g for 4 minutes at 4°C. The cell pellet was resuspended in α-MEM 

and passed through a nylon mesh (70 µm pore size; Becton–Dickinson, Franklin Lakes, 

NJ).  

Red blood cells were removed by centrifugation using lymphoprep solution (Robins 

scientific, Solihull, UK). The cells from the buffy layer were resuspended at 1×108 cells 

in 10 ml blocking solution (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffered saline solution (HBSS) with 5% volume per volume (v/v) FCS, 5% (v/v) human 

normal serum, and 1% weight per volume (w/v) bovine serum albumin (BSA) fraction 

volume) and incubated with STRO-1 antibody in a hybridoma supernatant (hybridoma 

was provided by Dr. J. Beresford, University of Bath). Cells were incubated with MACS 

anti-immunoglobulin M beads (Miltenyi Biotech, Bisley, UK) after washing the excess 

STRO-1 antibody with MACS buffer (HBSS containing 1% fraction volume BSA). 

Labelled cells were then added to an un-magnetised column and collected as control 

unsorted cells or separated as follows. Antibody incubated cell suspension was added to a 

column within the magnet and elutant was collected as the STRO-1 negative fraction. 

The column was then washed and in the absence of the magnet, 1 ml MACS buffer was 

added and the resultant cell population was eluted as the STRO-1 positive fraction. For 
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each fraction, five cell counts were performed using a fast read disposable counting 

chamber (ISL, Paignton, UK). 

 

2.3. Experimental and Control Substrate Preparation 
Experimental substrate fabrication was exclusively in polymethylmethacralate (pMMA), 

(a non-biodegradable polymer which has FDA approval for implants) as discussed in 

detail in the materials and methodology section of chapters 4, 5 and 6. All experimental 

and control substrates were first subjected to a sterilisation process prior to cell seeding, 

pMMA substrates were rinsed in 70% ethanol/water solution 3 times for 3 seconds. All 

pMMA replicates were next rinsed twice in HBSS pH 7.4 for 5 seconds to remove any 

ethanol residue. Planar pMMA (Goodfellow, Cambridgeshire, UK) replicas trimmed to 

approximately 2 cm2 were used as control substrates. Planar controls possessed an 

average roughness (Ra) of 1.2 nm over 10 mm2 and a maximum roughness (Rmax) of 5.6 

nm over 10 mm2 as deduced by SEM and atomic force microscopy (AFM) analysis. (fig. 

2.1).   

 

 
 
Fig. 2.1. Topographical characterisation of planar pMMA. (A,B) SEM and AFM analysis revealed ultra-
smooth pMMA substrates possessed a planar topography with an Ra of 1.2 over 10 mm2  

 

2.4. Fixation for Immunocytochemical - SEM 
The immunolabelling method was a modified version of that first described by Richards 

et al. (Richards et al., 2001b). Cells were rinsed for 2 minutes in 0.1M Piperazine-1,4-
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bis(2-ethanesulfonic acid) (PIPES) buffer, pH 7.4 before being permeabilised with 

buffered 0.5% Triton X-100 (4 × 1 minutes) (10.3 g sucrose, 0.292 g NaCl, 0.06 g 

MgCl2, 0.476 g HEPES, 0.5 ml Triton X 100, in 100 ml water, pH 7.2) to remove the cell 

membrane. Cells were then stabilised in 4% paraformaldehyde with 1% sucrose in 0.1 M 

PIPES, pH 7.4 buffer, for 5 minutes and rinsed three times for 2 minutes in 0.1 M PIPES 

buffer to remove unreacted aldehyde. Non-specific binding sites were blocked with 1% 

BSA and 0.1% polysorbate 20 (Tween 20) in 0.1 M PIPES buffer, pH 7.4 for 15 minutes. 

Cells were then incubated with anti-vinculin monoclonal anti-human immunoglobulin G 

(IgG) raised in mouse, clone hVin-1 (1:200, Sigma, Poole, UK) in PIPES buffer/1% BSA 

/0.1% Tween 20 for 2 hours at 37°C. Cells were rinsed six times for 2 minutes in PIPES/ 

1% BSA/0.1% Tween 20. Non-specific binding sites were blocked with 5% goat serum/ 

1% BSA/0.1% Tween 20 in PIPES buffer for 15 minutes. The cells were labelled with 

goat anti-mouse 5 nm gold conjugate (1:200, BB International, Cardiff, UK) in PIPES 

buffer/1% BSA/0.1%. Tween 20 overnight for 12 hours at 22°C. All samples were then 

rinsed six times for 2 minutes in PIPES buffer. Samples were fixed permanently in 2.5% 

glutaraldehyde for 5 minutes in PIPES buffer and rinsed three times for 2 minutes in 

PIPES buffer. Gold probes were silver-enhanced with a silver developing solution for 7 

minutes (BBI International, Cardiff, UK). Samples were immediately rinsed twice in 

ultra-pure water to remove any unreacted enhancer. Additional contrasting of the cell was 

accomplished by staining the cells with 1% osmium tetroxide in PIPES pH 6.8 for 1 hour 

followed by a final rinsing six times for 2 minutes in PIPES buffer. 

 

2.5. Post-Fixation Processing for Immunocytochemical-SEM  
The HOBs were next dehydrated through an ethanol series (50, 60, 70, 80, 90, 96, and 

100%) followed by a fluorisol/ethanol series (25, 50, 75, and 100%) (fluorisol—1,1,2 

trichloro,1,2,2, trifluoro ethane). The samples were then completely dehydrated with a 

SPI-DRYTM critical point dryer (Structure Probe Inc., Leicestershire, UK), mounted on 

aluminium stubs and coated with a 12 nm layer of carbon using a Baltec CED030 carbon 

thread evaporator. (Baltec, FL). Samples (both with and without cells) were imaged using 

a Hitachi S-4700 field emission SEM fitted with an Autrata yttrium aluminium garnet 
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backscattered electron (BSE) scintillator type detector. The images were taken in both the 

secondary electron (SE) and BSE modes, with accelerating voltages between 2-10 kV. 

BSE images were taken with an emission current of 50 µA, an aperture of 100 µm (apt1) 

and working distances of 10-12 mm to allow low voltage imaging (Richards & Ap 

Gwynn, 1995). 

 

2.6. Plasmid Expansion and Cellular Transfection 
2.6.1. Bacterial Transformation 

The complementary DNA (cDNA) starter - a plasmid with an inserted code for vinculin 

plus a YFP tag, was generated and generously provided by Prof Susan Craig (Johns 

Hopkins University School of Medicine) as DNA spotted onto filter paper. The spotted 

region was isolated and placed in 50 µl of a 10 mM tris(hydroxymethyl)aminomethane 

(Tris) solution in an ependorff tube for 15 mins. A 50 µl aliquot of one shot top 10 

chemically competent Escherichia coli (E. coli) cells was placed in ice to thaw from -

80°C. The ependorff tube containing the plasmid DNA was centrifuged at 16000 g for 30 

sec and 5 µl of DNA solution was introduced into the bacterial aliquot and left in the 

icebox for 30 minutes. The E. coli aliquot was subsequently heat-shocked for 30 seconds 

at 42°C before being returned to the icebox for another 2 minutes.  

 

2.6.2. Plasmid Expansion and Isolation 

A 200 µl solution of super-optimal catabolite media (20 g bacto tryptone, 5 g yeast 

extract, 0.58 g NaCl, 0.186 g KCl in 1 L of water) (Invitrogen, Carlsbad, California) was 

added to the bacterial cell suspension for 1 hour at 30°C on a shaker table. The bacterial 

suspension was subsequently spread onto a lysogeny broth plate containing 25 µg/ml 

kanamycin (5 g tryptone, 5 g NaCl, 2.5 g yeast extract, 1.5 g of agar in 500 ml de-ionized 

water ph 7.5, 12.5 mg ampicillin).   

Following 24 hours incubation at 37°C a colony was selected from the lysogeny broth 

plate and transferred to 500 ml of lysogeny broth media containing 25 µg/ml kanamycin 

(5 g tryptone, 5 g NaCl, 2.5 g yeast extract in 500 ml de-ionized water ph 7.5, 12.5 mg 

kanamycin). This bacteria suspension was incubated at 37°C for a further 24 hours to 
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allow bacterial expansion of the plasmid. High copy plasmid DNA was purified from this 

bacterial suspension using a QIAGEN plasmid midi kit and resuspended in a 10 Mm Tris 

buffer, pH 8.5 according to manufacturer protocols.   

 

2.6.3. HOB Transfection 

HOBs were expanded to passage 4 following 5 weeks of culture and approx. 70% 

confluency.  The media was subsequently replace by 10 mls of HBSS for 1 minute which 

was removed prior to trypsinisation in 3 mls of 0.04% trypsin/0.03% 

ethylenediaminetetraacetic acid (EDTA) (PromoCell®, Heidelberg, Germany). Cellular 

transfection was accomplished with a human MSC nucleofector® kit VPE-1001 (Amaxa 

AG, Cologne, Germany). Cells were isolated by centrifugation at 250 g for 4 minutes 

before being resuspended in 100 µl of human MSC nucleofector® solution (Amaxa AG, 

Cologne, Germany) at 22°C and a final density of 5 × 105 cells per 100 µl. The cellular 

suspension was loaded into the specialised cuvette (Amaxa AG, Cologne, Germany) and 3 

µl of the YFP-vinculin plasmid solution was added before mixing via gentle pipetting. 

Electroporation and plasmid nucleofection was accomplished with a Nucleofector® II 

system AAD-101N (Amaxa AG, Cologne, Germany) using the MSC transfection setting 

according to manufacture protocol. Cells were resuspended in 20 mls of OGM, warmed 

to 37°C and allowed to adhere for 10 hours in a 75 cm2 culture flask. HOBs were then 

trypsinised as described above and seeded onto planar and experimental substrates at a 

final density of approx. 1 × 103 cells per ml to allow single cell imaging.  

 

2.6.4. Live Cell Imaging 

HOBS on planar and experimental substrates were transferred aseptically to 

preconstructed live-cell imaging conduits (fig. 2.2) for viewing with a Zeiss Axiovert 200 

M microscope with a Zeiss Plan Neofluor 40 × (0.75 NA) lens, an analogue regulated 

environmental stage (Zeiss, Hertfordshire, UK) and a evolution™ QEi monochrome 

digital Camera (Media Cybernetics, Bethesda, MD). HOBs were maintained for 36 hours 

in nutrient mixture F-10 HAM (Sigma, Poole, UK) encompassing 10% FCS and 

supplemented with 10-10 M 1,25-vitamin D3, 10-8 M vitamin K, 50 µg/ml ascorbic acid, 
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10 mM glycerophosphate as provided by the osteoblast nutrient supplement C-39615 

(PromoCell®, Heidelberg, Germany).  

Conduits were fabricated from bi-sected 50 ml polypropylene centrifuge tubes (Corning, 

Poole, UK). These were sawed to approximately 10 mls in volume and attached via a 

polydimethylsiloxane (pDMS) seal to an underlying microscopy coverslip measuring 35 

mm × 64 mm (Agar scientific, Essex, London). Conduits were sterilised by filling to the 

brim with 70% ethanol three times for 1 minute followed by washing with HBSS. 

 

 
 
Fig. 2.2. The apparatus of YFP-vinculin live-cell imaging. (A) Live-cell imaging was conducted within 
airtight sterile conduits fabricated from polypropylene centrifuge tubes fused to an underlying coverslip. 
(B) Substrates were inverted to accommodate high-magnification live-cell imaging. 

 

2.7. RNA Isolation and Microarray Analysis   
STRO-1+ cells were seeded onto experimental and planar control substrates at a final 

density of 1 × 106 cells per ml to facilitate high-density cell adhesion and increase 

ribonucleic acid (RNA) yield. Cells were maintained at 37°C with a 5% CO2 atmosphere 

in α-MEM  (Invitrogen, Carlsbad, California) containing 10% FCS, which was replaced 

every 2 days.  

Cells were cultured up to approximately 90% confluency (21 days in culture) so as to 

allow sufficient quantities of RNA to be extracted for microarray hybridisation. Cells 

were lysed and total RNA was extracted using a Stratagene Absolutely RNA Miniprep 

Kit according to manufacturer’s protocols (Agilent Technologies, Cheshire, UK). OGM 

was removed and each sample was rinsed in 600 µm of a lysis buffer encompassing 0.7% 
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β-mercaptoethanol. STRO-1+ MSC lysate was collected via a rubber cell-scraper into a 2 

ml prefiltered receptacle tube and centrifuged with an Eppendorf minispin (Sigma, Poole, 

UK) at 14,000 g for 5 minutes.  

The resulting filtrate was retained and diluted with 500 µm of 70% ethanol before being 

mixed thoroughly with a vortex rotamixer (Hook & Tucker, Croydon, UK). 

Approximately 700 µm of this mixture was transferred to an RNA binding prefiltered 

receptacle tube and centrifuged at 14,000 g for 1 minute. This process was repeated with 

the remaining filtrate mixture. The filtrate was subsequently discarded and the filter 

rinsed by the addition of 600 µl of low salt wash buffer and centrifuging at 14,000 g for 1 

minute. This process was repeated and all filtrate discarded. 

The filter was incubated for 15 minutes at 37°C with 55 µm of DNase buffer 

encompassing 10% lyophilised DNase-I. The filter was washed with 600 µl of high salt 

wash buffer and centrifuged at 14,000 g for 1 minute. This process was repeated with a 

low salt wash buffer. Following washing all filtrate was discarded and the filter subjected 

to a further washing with 300 µl of low salt wash buffer followed by centrifuging at 

14,000 g for 2 minutes. 

The dried filter was transferred to a 1 ml Eppendorf tube and incubated for 2 minutes at 

22°C with 40 µl of elution buffer. The tube and filter were subsequently centrifuged at 

14,000 g for 1 minute. This elution process was then repeated and the filtrate retained. 

Measurement of extracted RNA yields was performed with a NanoDrop® ND-1000 UV-

Vis Spectrophotometer at ratios of 230/260 nm and 260/280 nm. From this 2 µg of RNA 

from each sample was used to make cyanine 3 or cyanine 5 - (Amersham Biosciences, 

Uppsala, Sweden) labelled cDNA using Superscript II reverse transcriptase with a poly-T 

messenger ribonucleic acid (mRNA) primer (Invitrogen, Carlsbad, California). The 

number of microarray chips and RNA sample replicates used was 5, thus giving 5 control 

and 5 test RNA isolates.  

Samples were prepared for hybridisation by combining fragmented salmon sperm DNA 

(0.5 µg/µl; Invitrogen, Carlsbad, California) and yeast transfer RNA (tRNA) (0.5 µg/µl; 

Invitrogen, Carlsbad, California) in EasyHyb solution (Roche Diagnostics, East Sussex, 

UK). Samples were hybridised for 16 hours at 37°C onto three cDNA microarrays 

containing 1,718 known human expressed sequence tags. Arrays were next washed three 
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times at room temperature with 0.1% (v/v) saline sodium citrate (SSC) containing 0.1% 

(v/v) sodium dodecyl sulfate (SDS) followed by one wash with 0.1% SSC alone. 

Fluorescence intensities were captured using a Packard Scanarray Lite (Perkin Elmer, 

Boston, MA) laser confocal scanner. Data was exported into a spreadsheet where the 

mean gene changes were calculated.  

This data was up-loaded to the Ingenuity Pathways Analysis (IPA) server, (Ingenuity® 

Systems, www.ingenuity.com). The functional and canonical analyses were then 

generated through the use of IPA. Up and down regulated genes were associated with 

canonical pathways in the Ingenuity Pathways knowledge base. The significance of the 

association between the data set and the canonical pathway was measured in 2 ways: 1) 

The so-called canonical or classical activation pathways were described as a ratio of the 

number of genes from the microarray analysis that map to the pathway divided by the 

total number of genes that map to the canonical pathway.  2). Right-tailed Fischer’s exact 

t test (Fisher, 1922) was used to calculate a probability value (p-value) determining the 

probability that the association between the genes affected by experimental topographies 

and the canonical pathway is explained by chance alone. The smaller the p-value is, the 

less likely that the association is random, and the more significant the association.  

In general, p-values less than 0.05 indicate a statistically significant, non-random 

association. In this method, the p-value for a given function, pathway, or list is calculated 

by considering (1) the number of focus molecules that participate in that function, 

pathway, or list and (2) the total number of molecules that are known to be associated 

with that function, pathway, or list in the Ingenuity knowledge base. The more focus 

molecules involved, the more likely the association is not due to random chance, and thus 

the more significant the p-value. Similarly, the larger the total number of molecules 

known to be associated with the process, the greater the likelihood that an association is 

due to random chance, and the p-value accordingly becomes less significant. In short, the 

p-value identifies statistically significant over-representation of focus molecules in a 

given function, pathway, or list. Over-represented functions, pathways, or lists have more 

focus molecules associated with them than expected by chance. Regarding the 

experimental work described within this thesis, increased statistical significance emerges 

from increased numbers of genes measured which are specific to a particular pathway, 
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greatly reducing the possibility that changes in pathway functions are due to chance 

alone. 

 

2.8. Discussion 
Throughout the body of this work pMMA was used as the material of choice for the 

fabrication of experimental and planar control polymeric replicate. Its qualities of relative 

biocompatibility, reliability, relative ease of manipulation, and low toxicity have been 

extensively characterised and incorporated by many different medical specialties. pMMA 

has been used for bone cements, contact and intraocular lens, screw fixation in bone, 

filler for bone cavities and skull defects and vertebrae stabilisation in osteoporotic 

patients. Although numerous novel alloplastic polymers show promise, the versatility and 

reliability of pMMA cause it to remain a popular and frequently used in cell biology 

assays (Hautamaki et al., 2008, Race et al., 2008). Acrylic bone cements have played and 

still play a key role in the anchorage of prostheses to the surrounding bone in cemented 

arthroplasties. Charnley introduced the self-polymerising pMMA bone cement into 

contemporary orthopaedics (Charnley, 1960). Owing to the nature of the pMMA bone 

cement, it provides an excellent primary fixation of the prosthesis, but without further 

modification, (chemical or topographical) it does not promote a biological secondary 

fixation.  

Although cell culture has proved invaluable in the study of bone biology, in vitro model 

systems cannot reproduce the complex three-dimensional micro and nanoenvironment 

that constitutes bone tissue. Nonetheless, despite the limitations of the various systems, in 

vivo culture systems with primary osteoblasts or osteoblast-like cell lines have provided 

significant and important contributions to our understanding of the normal processes 

leading to bone formation, remodeling and resorption. 

It is likely that primary cells derived from human bone tissue contain osteoblasts at all 

stages of differentiation, including osteoprogenitor cells that proliferate before 

undergoing a series of maturational steps to become differentiated osteoblasts capable of 

forming mineralised nodules in culture (Aubin, 1998; Malavalk et al., 1999). Work 

carried out with primary cell cultures have provided much insight into the phenotypic 
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characteristics of cells of the bone microenvironment, and the factors governing their 

development and function.  Moreover primary cultures are widely used to study the 

progression of differentiation in vitro, while the great majority of osteoblast-like cell lines 

do not mineralise in culture. Although it is not yet possible to grow functional bone tissue 

in the laboratory, much knowledge has been generated from the characterisation and 

isolation of primary cells regarding the processes of bone formation and resorption and 

the factors that regulate the fine balance essential for skeletal homeostasis.  

When studying MSC differentiation cell origin and phenotype are essential aspects in 

bone tissue engineering. This has been recapitulated by different articles, particularly in 

the field concerning bone marrow-derived stem cells (Fang et al., 2008, Steinhardt et al., 

2008). As only one in every 100,000 nucleated cells derived from bone marrow is a stem 

cell, a procedure of isolation is required to decrease the inclusion of non-MSCs 

(Montjovent et al., 2004). Here selective STRO-1+ sorting was undertaken to ensure a 

population of cells with multilineage potential. STRO-1+ selection has repeatedly been 

shown to be a reliable robust method of MSC isolation (Gronthos & Zannettino, 2008), 

further to this, STRO-1+ cells show effective hard tissue formation in vivo (Yang et al., 

2008). 

One important consideration regarding the function of HOB and STRO-1+ MSC 

populations is that of mean donor age. During aging, cells of different organs undergo 

several cellular and genetic changes leading to impairment of their performance both in 

vitro and in vivo (Kveiborg et al., 2001, Narayanan et al., 1996), an age-related decrease 

in signals needed for optimal function of osteoblasts however has also been demonstrated 

(e.g. growth hormone and insulin-like growth factor-1 (IGF-I) (Kveiborg et al., 2000, 

Pfeilschifter et al., 1993). It has previously been shown however that the number of 

MSCs present in human bone marrow is maintained during aging suggesting that the 

bone forming potential of the individual osteoblasts is the rate limiting step during bone 

formation (Stenderup et al., 2001).  

Advances in microarray bioinformatics, such as IPA, as used here, have allowed a move 

away from gene fishing and the problems associated with microarray reliability. Rather, it 

is now possible to consider gene responses as comparative functional changes. To do this, 

primary statistics are first generated, which considers fold-change, false discovery rate 
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and array spot quality and are used to feed robust changes into pathway and functional 

databases, thus changes in single gene expression may be complied into a comprehensive 

and integrative schematic of changes in cellular signalling pathways and function.  

In order to examine the modulation of this signalling system in STRO-1+ MSCs, 

functional analysis of integrin signalling was chosen for individual gene analysis, the role 

of which is discussed in section 1.12.  

As well as integrin signalling pathways, Wnt/β-catenin signalling has previously been 

shown to be regulated by cellular adhesion and to control the ubiquitination and stability 

of the FA protein paxillin. More importantly Wnt/β-catenin signalling pathways have 

been shown to be important in osteogenesis (Deng et al., 2008, Piters et al., 2008). 

Studies by Day et al demonstrated the association of genetic ablation of β-catenin in the 

developing mouse embryo with the formation of chondrocytes at the expense of 

osteoblast differentiation during both intramembranous and endochondral ossification. 

Conversely, ectopic up-regulation of the canonical Wnt signalling led to suppression of 

chondrocyte formation and enhanced ossification (Day & Yang, 2008). 
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3.1. General Introduction 
This chapter describes the development of a tailored protocol to allow high-throughput 

adhesion quantification of S-phase cells. It is noted that at this initial stage, the substrate 

materials described in this chapter were chosen purely for ready availability. HOBs were 

cultured on 120 nm diameter, 300 nm centre-centre spacing, and 100 nm deep pit arrays. 

A master pattern was produced by EBL and deep reactive etching of silicon in a near–

square symmetry (see section 4.2.1). A Ni replica of the Silicon master was made and 

Experimental substrates were injection moulded via this Ni intermediary into 

poly(carbonate) (pC). 

Quantification of FA number and area is accepted as one method for measuring total cell 

adhesion and to help determine cytocompatibility. Richards et al. (Richards et al., 1993) 

developed electron microscopical analysis of vinculin labelled cells as an assay of the 

cytocompatibility of metal surfaces used for biomedical devices. Here large intra-sample 

variation of FA density measurements made accurate adhesion assessment difficult. 

Davies et al. (Davies et al., 1993) comments that the numbers of FA sites can vary by up 

to 10% in a population of metabolising cells. To address this problem it is favourable to 

quantify adhesion formation in a single phase of the cell cycle.  

The period of nuclear replication of total DNA, or S-phase, was identified originally by 

Howard & Pelc (1951) (Everhart & Rubin, 1974, Howard & Pelc, 1951, Pelc & Howard, 

1952) by tracing the incorporation of radioactive phosphorus into the nucleus. Cross & ap 

Gwynn observed cell flattening during S-phase of the cell cycle and then rounding-up of 

cells when approaching mitosis (Cross & ap Gwynn, 1987). Further to this, Hunter et al 

observed that FAs were most developed and numerous in flattened cells (Hunter et al., 

1995), it was also noted that the adhesion strength of cells flattened relative to the 

substratum was greater (Ingber et al., 1995, Lotz et al., 1989, Meredith et al., 2004), 

leading to the hypothesis that cells possessing the greatest cell-substratum adhesion are 

found during S-phase of the cell cycle. During this stage of the cell cycle, cells 

demonstrate distinct morphological and physiological characteristics, which can be 

exploited in their identification.  

Previous studies using electron microscopical imaging of vinculin have attempted to 

identify S-phase cells by the incorporation of tritated thymidine into the nucleus of cells 
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entering S-phase and so accumulating amino acids from the media (Meredith et al., 2004, 

Owen et al., 2002).  

Owen used a combination of autoradiography and immunolabelling to enable 

simultaneous identification of both S-phase cells and their FAs with SEM. S-phase cells 

were radio-labelled with a pulse of tritiated thymidine, selectively incorporated into cells 

actively synthesising DNA. The cells were immunogoldlabelled for vinculin, prepared for 

autoradiography, and embedded in resin, which was polymerised before removing the 

substrate, to expose the embedded cell under-surface. Electron-energy ‘sectioning’ of the 

sample allowed separate S-phase cell identification in one electron-energy ‘section’ and 

visualisation of the immunogold label in another ‘section’, within the same cell, therefore 

enabling accurate FA quantification. Unfortunately though the technique worked well, it 

required weeks for the excitation within the autoradiography. Here, in order to develop a 

more rapid methodology, 5-Bromodeoxyuridine (BrdU), another thymidine analogue, 

was used to label HOBs cultured on the nano-pitted pC within S-phase. This S-phase 

labelling has been twinned with fluorescence protocols to allow much faster sample 

throughput than electron microscopy and it has been shown previously by Meredith et al 

that the measurement accuracy with fluorescence protocols with large numbers of cells 

matches that of SEM methods which usually uses smaller numbers of cells. 

To identify S-phase cells, HOBs were initially subjected to serum starvation followed by 

serum supplementation to induce S-phase (possessing a synchronised nuclear cycle) in 

the cell population. Incorporation of BrdU into the nucleus of cells undergoing increased 

DNA synthesis was subsequently fluorescently labelled. FAs were also labelled in these 

cells via vinculin detection, a major linker-protein of the FA plaque. This has allowed for 

the rapid quantification of single-phase cells to allow for assessment of adhesion to 

materials without artefact relating to cell cycle phase. 
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3.2. Materials and Methodology 
3.2.1. Substrate Fabrication 

Near-square arrays of nanopits measuring 120 nm in diameter, with an average inter-pit 

pitch of 300 nm ± 50 nm and a depth of 100 nm were fabricated by EBL according to 

methodology described in section 4.2.1 and injection moulded in pC. Near-square 

substrates had reduced order. The location of the pits was changed from perfectly square 

by shifting the position of each pit by p × 5 nm, where p is a random integer between 0 

and 9, in both the x and y directions (fig. 3.1). Planar pC was used as a control substrate 

as described in section 2.3. 

 

 
 
Fig. 3.1. Schematic representation of the generation of pit disorder. The red lines are on a 300 by 300 
grid. The centre of the dots is displaced by 5p nm where p is a random integer between -10 and +10. 

 
3.2.2. Cell Culture 

Methodology for osteoblast isolation and culture was as that described in section 2.2.1. 

HOBs were expanded to passage 4 following 5 weeks of culture. The media was 

subsequently replace by 10 mls of HBSS for 1 minute which was removed prior to 

trypsinisation in 3 mls of 0.04% trypsin/0.03% EDTA (PromoCell®, Heidelberg, 

Germany). The cell suspension was diluted in HBSS to a final volume of 10 ml and 

pelleted by centrifugation at 250 g for 7 minutes before being resuspended in OGM and 

seeded onto untreated experimental and planar control pMMA substrates at a final 

density of 1 × 105 cells per ml to allow single cell imaging. Cells were maintained at 37oC 

with a 5% CO2 atmosphere in PromoCell® OGM containing 10% FCS (PromoCell®, 
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Heidelberg, Germany) which was replaced every 2 days. Following 7 days of culture 

HOBs were maintained for 4 days without changing the media, inducing a brief period of 

serum starvation. OGM encompassing 10% FCS was subsequently introduced to the 

culture following 4 days of serum starvation and HOBs allowed to metabolise for 17 

hours, giving rise to a population of cells possessing a synchronised nuclear cycle. 

Following this period HOBs were cultured in OGM containing 10 µM BrdU for 3 hours.  

 

3.2.3. Immunocytochemistry for Adhesion Quantification 

HOBs were fixed in 4% paraformaldehyde in phosphate buffered saline solution (PBS), 

with 1% sucrose at 37oC for 15 minutes. Once fixed, the samples were washed with PBS. 

Samples were permeabilised with buffered 0.5% Triton X-100 (10.3 g sucrose, 0.292 g 

NaCl, 0.06 g MgCl2, 0.476 g HEPES, 0.5 ml Triton X-100, in 100 ml water, pH 7.2) at 

4°C for 5 minutes. Non-specific binding sites were blocked with 1% BSA in PBS at 37°C 

for 5 minutes and samples were subsequently subjected to one of two immunolabelling 

protocols: 

1. Samples were incubated for 30 minutes with a solution of 2 M HCl followed by 

incubation in anti-BrdU monoclonal anti-human IgG raised in mouse, clone BU-33 

(1:100, Sigma, Poole), in a 1% BSA PBS solution for 1 hour (37°C). Samples were then 

incubated for 2 hours (37°C) with anti-vinculin monoclonal anti-human IgG raised in 

mouse, clone hVin-1 (1:200, Sigma, Poole, UK), in a 1% BSA PBS solution 

encompassing rhodamine conjugated phalloidin (1:50, Molecular Probes, Oregon, USA).  

2. Samples were incubated for 2 hours in a solution encompassing anti-

BrdU/DNase-I solution RPN2001 cell proliferation kit, (1:100, Amersham Biosciences 

Uppsala, Sweden), anti-vinculin monoclonal anti-human IgG raised in mouse, clone 

hVin-1 (1:200, Sigma, Poole, UK) and rhodamine conjugated phalloidin (1:50, 

Molecular Probes, Oregon, USA) at 37°C.   

After either protocol, samples were neutralised with 0.5% Tween 20/PBS (5 minutes × 3) 

to minimise background labelling from charge association. A secondary, biotin 

conjugated antibody monoclonal horse anti-mouse in 1% BSA/PBS was added for 1 hour 

(37°C) (1:50, Vector Laboratories, Peterborough, UK) followed by subsequent washing 

as above. Fluorescein isothiocyanate (FITC) conjugated streptavidin was added, in 1% 
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BSA/PBS, (1:50, Vector Laboratories, Peterborough, UK) 4°C for 30 minutes, and given 

a final wash.  

Samples were mounted in Vectorshield mountant for fluorescence containing 4'-6-

Diamidino-2-phenylindole for DNA staining (Vector Laboratories, Peterborough, UK), 

then viewed with a Zeiss Axiovert 200M microscope with a Zeiss Plan Neofluor 40 × 

(0.75 NA) lens. Image manipulation in Adobe® Photoshop was then used to superimpose 

the colour channels to show adhesion complexes (vinculin) in green, actin in red and S-

phase nuclei in blue. 

Samples prepared for S-phase nuclei imaging using an HCl denaturing process (protocol 

1) were seen to possess reduced FA labelling. Adhesion site immunofluorescent labelling 

intensity was low and the cell periphery appeared damaged and fragmented. Nuclear 

labelling was diffuse and individual small deposits of nuclear FITC present (fig. 3.2A). 

DNA scission using DNase-I (protocol 2) resulted in increased adhesion labelling 

intensity. Cells appeared morphologically unaffected by this process and nuclear labelling 

was dense and increased in intensity (fig. 3.2B), on this basis, method 2, DNase-I 

treatment was selected as the preferred methodology. 

 

 
 
Fig. 3.2. Fluorescent imaging of vinculin labelling in S-phase HOBs cultured on planar surfaces. (A) 
DNA denaturation with HCL was associated with destruction of vinculin epitopes and reduced labelling 
intensity. Nuclear labelling was also diffuse.  (B) DNA scission accomplished with DNase-I resulted in 
increased nuclear and FA labelling intensity. Red = vinculin, Yellow = S-phase nuclei. 
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3.2.4. Image Analysis 

Experimental and planar control substrates were replicated 3 times and fluorescent 

images captured from individual HOBs on each (n = 15 per replicate), these were 

exported to ImageJ and adhesion complex number per cell and adhesion length were 

analysed according to a schematic threshold analysis (fig. 3.3). The adhesion frequency 

was measured as the average number of adhesions per cell that had a given adhesion 

length pertaining to an adhesion subtype. The bin size was 0.5 µm. Criteria for adhesion 

classification was according to length scales described in current literature (Bershadsky et 

al., 2006a, Bershadsky et al., 1985). Adhesion complexes measuring less than 2 µm were 

assigned as FXs, while those from 2 – 5 µm were designated as FAs. Adhesion 

complexes over 5 µm in length were classified as a third adhesion subtype initially 

identified here – the super-mature adhesion (SMA) that will be discussed throughout this 

thesis. Data was log2 normalised and analysed using Tukey analysis of variance 

(ANOVA). Results of p < 0.05 were considered significant. 

 

 
 
Fig. 3.3. Adhesion complex scoring and the quantification procedure in S-phase HOBs cultured on  
planar surfaces. (A) Adhesion sites and S-phase cells were identified by vinculin and BrdU 
immunofluorescent detection respectively.  (B) Adhesion quantification was according to a schematic 
threshold analysis. Red = actin, Green = vinculin, Light blue = S-phase nuclei. 
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3.3. Results 
3.3.1. Characterisation of Fabricated Substrate Topography 

The injection moulding process resulted in the fabrication of nanopit arrays measuring 

120 nm in diameter, with an average inter-pit pitch of 300 ± 50 nm and a depth of 100 

nm. Substrates appeared morphologically unaffected by the processing process, and free 

from polymer crazing. Near-square substrates had reduced order, by shifting the pits from 

perfectly square by ± 50 nm in the x or y direction (fig. 3.4B). An area of 1 cm2  was 

imprinted. The percentage of this area composed of pits was 14.2%. The planar controls 

had an Ra of 1.2 nm over 10 µm2. 
 

 
 
Fig. 3.4. SEM image of a planar control substrate and an original near-square nanopit array substrate. 
(A) Planar control substrates possessed an Ra of 1.2 nm over 10 µm2 (B) Arrays of near ordered nanopits in 
pC substrates produced by EBL and injection moulding possessed square arrays of nanopits displaced by ± 
50 nm.  

 
3.3.2. Osteoblast Morphology and Cytoskeletal Organisation 

Initial imaging of HOB morphology and cytoskeleton revealed cell morphology to be 

preserved on both control and the experimental topography. On planar controls and near-

square substrates S-phase HOBs were well spread with large lamellae and cytoplasmic 

processes and an organised cytoskeleton (fig. 3.5).  
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Fig. 3.5. Fluorescent image of adhesion formation and stress fibre organisation of S-phase HOBs on 
near-square substrates. (A, B) S-phase HOBs cultured on control and experimental substrates respectively 
were well-spread and possessed large and numerous adhesions and stress fibres. Red = actin, Green = 
vinculin, Light Blue = S-phase nuclei, Dark Blue  = non-S-phase nuclei. 
 

3.3.3. Adhesion Quantification 

Quantification of vinculin localised within adhesion complexes revealed significant 

differences in adhesion formation between S-phase HOBs cultured on control and near-

square arrays of nanopits (fig. 3.4). HOBs cultured on both substrates demonstrated 

maximum FX frequency between 1.5 – 2 µm in  length. HOBs cultured on control 

substrates however possessed greater numbers of FXs measuring 1.5 µm relative to 

HOBs cultured on near-square substrates. Frequency of adhesion formation in HOBs on 

all substrates began to decrease in the FA range (fig. 3.6A). The Frequency of SMAs over 

10.5 µm in length decreased on planar control substrates relative to near-square 

substrates, here adhesions complexes were noted up to 20 µm in length (fig. 3.6B). 
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Fig. 3.6. Quantification of adhesion complex distribution in S-phase HOBs on near-square substrates. 
(A). FX formation was increased on planar controls relative to near-square (N-square) substrates. FA 
distribution decreased as adhesion length increased on both substrates. (B) Frequency of SMAs over 
approx. 10.5 µm in length decreased on planar control substrates relative to near-square substrates. A 
significant number of adhesions complexes on near-square arrays were observed to approach 20 µm in 
length.  

 
3.3.4. Adhesion Length 

Mean FX length (adhesion complexes measuring less than 2 µm) in S-phase HOBs was 

approx. 1.3 µm on both substrates. Mean FA length (adhesion complexes measuring 

between 2 µm and 5µm) was approx. 3 µm on both substrates. Intersubstrate variation of 

FX and FA length was low (fig. 3.7). SMA formation in HOBs cultured on near-square 

substrates was significantly increased relative to HOBs cultured on planar control 

substrates. The mean length of SMAs in HOBs cultured on control substrates was 7.2 

µm, yet this increased to 11 µm in HOBs on near-square substrates.  

 

3.3.5. Adhesion Number 

Differences in the total number of FXs, FAs and SMAs in S-phase HOB cells were found 

to be more pronounced than topographically induced variation in adhesion length.  HOBs 

cultured on near-square substrates formed reduced numbers of FXs and FAs relative to 

planar control substrates (25 and 27 respectively), but formation of SMAs was 

significantly increased in cells on the near-square, with a mean value of 17 per cell (fig. 

3.8), compared to 10 per cell in HOBs on the planar control substrates. 
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Fig. 3.7. Quantification of adhesion complex length in S-phase HOBs on near-square substrates. Mean 
adhesion length for FXs and FAs was conserved in HOBs cultured on both substrates. Cells cultured on 
near-square substrates (N-square) showed a marked increase in SMA length. Difference of p < 0.01 
denoted by★★. Results are mean ± SD. 
 
 

 

 
 
Fig. 3.8. Quantification of adhesion complex number in S-phase HOBs on near-square substrates. 
HOBs cultured on near-square (N-square) substrates formed decreased numbers of FXs and FAs relative to 
planar control substrates, however formation of SMAs was significantly increased. Difference of p < 0.01 
denoted by★★. Results are mean ± SD. 
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3.4. Further Protocol Refinement 
It was decided to refine the automated image analysis methodology to sacrifice time for 

accuracy. To ensure that (A) all adhesions were detected and (B) that merged, or 

connected adhesions were distinguished from SMAs, manual rather than automated 

quantification procedures were used. After culture and immunolabelling using optimised 

protocols (described above) images of S-phase cells labelled for vinculin were exported 

to Photoshop® and adhesion complexes scored with an 8 pixel wide straight line on a 

layer superimposed onto the background image creating an adhesion schematic (fig. 3.9). 

Analysis of adhesion numbers per cell and adhesion length was performed by analysis of 

the adhesion schematic by ImageJ. Adhesion sub-grouping measurements were also 

revised. Adhesion complexes measuring less than 1 µm were assigned as FXs, while 

those from 1 – 5 µm were designated as FAs. Adhesion complexes over 5 µm in length 

were classified as SMAs. The adhesion frequency was measured as the average number 

of adhesions per cell that had a given adhesion length pertaining to an adhesion subtype. 

The bin size was 0.5 µm. Data was analysed using Kruskal-Wallis one-way ANOVA on 

ranks and since this is a non-parametric method, the Kruskal-Wallis test does not assume 

a normal population. Results of p < 0.05 were considered significant. 

 

 
 
Fig. 3.9. Adhesion complex scoring and the quantification procedure in S-phase osteoblasts. (A) 
Adhesion sites and S-phase cells were identified by vinculin and BrdU immunofluorescent detection 
respectively.  (B) Adhesions were scored with an 8 pixel wide straight line. (C) The background layer was 
subsequently removed before adhesion analysis. 
 

3.5. Discussion 
This preliminary experiment focused on the influence of an EBL fabricated 

nanopatterned substrate on primary S-phase HOB adhesion as determined by vinculin 
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mediated adhesion complex quantification as an exemplar. The methodology used was 

developed from that described by Owens and Meredith et al. (Meredith et al., 2004). In 

their study, cells were studied using SEM after vinculin immunolabelling with 

simultaneous detection of S-phase nuclei using tritiated thymidine. Both techniques allow 

cells to be considered in a single phase on material surfaces. This is significant as cells 

are different sizes in different phases e.g. growth phase 1 (G1) compared to growth phase 

2 (G2) and S-phase. The technique described here represents a significant advancement 

of the SEM technique as large numbers of cells can rapidly be analysed.  

Past electron microscopical studies have relied on tritated thymidine detection coupled 

with a two-level vinculin detection system and subsequent resin embedding for dual S-

phase, vinculin labelling (Meredith et al., 2004, Owen et al., 2002).  This protocol was 

not only time consuming, but also involved nuclear emulsion development, resin curing 

and handling of radioisotopes, factors which have all been eliminated from the technique 

described herein. Many investigators have found BrdU to be as reliable in S-phase 

detection as tritated thymidine, and when incorporated into the cell nucleus is still a very 

stable antigen, giving a strong and reliable signal regardless of the fixation method or any 

further tissue processing (Mokry & Nemecek, 1995). For adequate immunodetection of 

nuclear associated BrdU, partial denaturation of the DNA helix, or scission of the total 

molecule must first occur for epitope exposure either by extreme pH (Yanai et al., 1996), 

thermal denaturation (Beisker et al., 1987) or DNase scission. Here both pH mediated 

denaturation and DNase scission were employed to investigate the effects of these 

techniques on the efficiency of both BrdU and vinculin immunolabelling efficiency.  

The inhibitory effect of BrdU, after binding to the DNA, arrests the cell within S-phase. It 

has been suggested that during the cell cycle arrest the cytoplasmic cycle continues to 

proceed (Owen et al., 2002). For this reason the total incubation time in BrdU was kept to 

just three hours before fixing in formaldehyde, this time is suitable for these experiments 

as DNA synthesis during S-phase has been shown to last approximately 7-8 hours (Bade 

et al., 1966, Cameron & Greulich, 1963). 

Highly-ordered nanopit symmetries have been shown to perturb cytoskeletal organisation 

and cellular adhesion in fibroblasts and epitenon cells (Dalby et al., 2004a, Gallagher et 

al., 2002). The mechanisms that lead to these physical alterations in cellular behaviour 
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are still largely unknown. This preliminary experiment has shown that nanotopographies 

can indeed affect adhesion formation in osteoblasts, in this case reducing total adhesion, 

but increasing in SMA formation. The experiment has demonstrated the optimisation of a 

robust high throughput protocol for the accurate quantification of integrin mediated 

adhesion sites in vitro with which to study the effects of nanomaterials on osteoblasts 

adhesion. 

Furthermore, a further image analysis method has been detailed to reduce error and 

artefact with the sacrifice of speed to achieve highly accurate results. 

 

3.5.1. Conclusion 

A previously untested technique for the quantification of adhesion complex formation in 

a population of osteoblasts with synchronised nuclei was successfully optimised.  The 

protocol facilitated the rapid quantification of adhesion formation in S-phase HOBs on 

planar and a nanopitted substrate. Near-square arrays induced increased SMA formation 

in HOBs, and mature cytoskeletal organisation. Such findings are intriguing as they are 

indicative of the potential influence of nanostructures on the mechanics of cell adhesion 

and subsequent cell function, as will be investigated in more depth in the next chapters.  
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Osteoblasts Adhesion Formation and the 

Functional Response of MSC Populations 
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4.1. General Introduction 
The fabrication of experimental nanoscale substrates has been revolutionised by the 

development of focused charged beam machines that define a high-resolution pattern. 

EBL is one such advanced fabrication technique derived from technology originally 

developed for the microelectronics industry. The initial step in the design and production 

of a nanopatterned substrate is pattern definition in a radiation resistant substance. All 

patterns are initially designed in software before being transferred to a radiation-sensitive 

material (resist) by the action of a beam of focused electrons that is scanned over the 

resist and turned on and off as required (Wilkinson, 2004). Unlike photolithographic 

printing, a physical mask is not needed to pattern the surface with the beam of electrons. 

The resist is either developed in a chemical bath similar to photolithography, or the 

electron beam interacts with the material sufficiently to remove the resist material. The 

resolution of EBL depends on the electron beam spot size (4 nm in the latest machines) 

and electron scattering in the resist and backscattering from the substrate (Wilkinson, 

2004); certainly resolution less than 10 nm can be obtained on silicon substrates. In 

conventional EBL arrays of dots are designed as an array of circles.  

This relief pattern can be used as stencil for additive or a mask for subtractive pattern 

transfer. In this way, a die bearing the relief pattern is made that is used to transfer the 

pattern into substrates for experimental cellular studies via a hot embossing procedure. To 

investigate the interaction at the cell-substratum interface, topographies were fabricated 

with ordered arrays of nanopits in two different conformations – square and hexagonal.  

HOBs were cultured on these nanoscale topographies for 10 days. Adhesion formation 

was quantified only in S-phase cells identified by immunofluorescent detection of 

incorporated BrdU into total cell DNA. As described previously, this was to limit 

measurements to within the S-phase of the cell cycle, reducing variation in adhesion 

density caused by morphological changes within the cell cycle (Meredith et al., 2004). In 

order to investigate the hypothesis that adhesion modulation may be linked to osteogenic 

differentiation and influential in osteospecific function, MSCs were enriched by 

immunoselection using STRO-1 and cultured on experimental substrates for microarray 

analysis of modulations in gene expression. 
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4.2. Materials and Methodology 
4.2.1 Experimental Substrates Fabricated by EBL 

4.2.1.1. Original topography fabrication  

Silicon wafers were cleaned under acetone in an ultrasonic bath for 5 minutes. They were 

then rinsed thoroughly in reverse osmosis water (ROH2O) and blown dry with a filter-

fitted air gun. Next, they were spun with primer for 30 seconds at 4000 revolutions per 

minute (rpm), then spun with the positive tone resist ZEP 520 (Nippon Zeon, Tokyo, 

Japan) for 30 seconds at 4000 rpm, and baked for 30 minutes at 90°C. The resulting layer 

was measured to be 1.8 µm thick. A Leica EBPG5-HR using an 80 nm spot size beam 

was used to write the pattern at 50 kV (fig. 4.1). The exposed samples were developed in 

o-xylene at 23°C for 60 seconds and rinsed in iso-2-propanol. Write fields were stitched 

together by mechanical movement of the stage. Substrate fabrication was originally by 

Dr. Nikolaj Gadegaard at the Dept. of electronic engineering, University of Glasgow. 

 
 
Fig. 4.1. EBL generation of nanoscale topographical features. The electron beam interacts with the 
underlying resist layer to form patterns of exposure that are soluble in xylene.  
 

4.2.1.2. Nickel shim fabrication  

To eliminate any variation in surface chemistry in the final substrates to be used for 

biological purposes, nickel shims for embossing were made directly from the patterned 

ZEP 520 resist. A thin (50 nm) seeding layer of Ni-V (7% vanadium) was sputter coated 

on both of the samples. The layer acted as an electrode in the galvanic bath where nickel 

was plated electrochemically on the Ni-V to a thickness of ca. 300 µm. Once returned 

from the plater, the nickel shims were cleaned by firstly stripping the polyurethane 

coating (used for protection during shipping) using chloroform in an ultrasound bath for 
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10-15 minutes. Secondly, silicon residue was stripped by being wet etched in 25% 

potassium hydroxide at 80°C for 1 hour. Shims were rinsed thoroughly in ROH2O, air 

gun dried and were checked using AFM. Ni shims were kindly provided by John 

Pedersen (SDC Dandisc A/S, Denmark). 

4.2.1.3. Final substrate preparation  

The shims, patterned with an inverted replica of the nanotopography were finally 

trimmed to approximately 30 × 30 mm sizes using a metal guillotine. 1 cm2  Imprints of 

the nickel shims were fabricated in molten pMMA (Goodfellow, Cambridgeshire, UK), 

achieved using an Obducat nanoimprinter (temperature = 180°C, pressure = 15 Bar, time 

= 300 seconds), and left to cool before separation. Planar pMMA was used as a control 

substrate as described in section 2.3. Polymeric replicas were kindly fabricated by Mrs. 

Mary Robertson and Ms. Sara McFarlane at the JWNC, University of Glasgow. 

 

4.2.2. Cell Culture 

Cell models and culture conditions were according to those described in section 2.2.1 and 

2.2.2. Briefly HOBs derived from a femoral head biopsy of an 84 year old Caucasian 

female and a knee biopsy of a 74 year old Caucasian female (PromoCell®, Heidelberg, 

Germany). MSCs were enriched using STRO-1 antibody and magnetic cell sorting as 

described in section 2.2.2, from bone marrow samples obtained from haematologically 

normal patients undergoing routine hip replacement surgery. Both cell models were 

seeded onto untreated experimental, and planar control pMMA substrates. Prior to cell 

fixation, the cell cycle in HOB populations was synchronised and BrdU introduced into 

total cellular DNA as described in section 3.2.2. 

 

4.2.3. Immunocytochemistry for Light Microscopy 

Materials and methodology was according to those described in section 3.2.3. Briefly 

HOBs cultured on experimental and planar control pMMA substrates were fixed and 

subsequently incubated for 2 hours in an anti-BrdU/DNase-I solution including 

antibodies against one of; anti-vinculin monoclonal anti-human raised in mouse, clone 

hVin-1 (1:200, Sigma, Poole, UK), or anti-β-tubulin monoclonal anti-human raised in 

mouse, clone TUB 2.1 (1:100, Sigma, Poole, UK). 
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4.2.4. Immunocytochemistry for SEM  

The immunolabelling method was a modified version of that first described by Richards 

et al. and described in full in section 2.4. Briefly, cells were stabilised in 4% 

paraformaldehyde and vinculin was labelled with goat anti-mouse 5 nm gold conjugate 

(BB International, Cardiff, UK) diluted 1:200 in PIPES buffer + 1% BSA + 0.1% Tween 

20 overnight for 12 hours at 22°C. Gold probes were silver-enhanced with a silver 

developing solution for 7 minutes (BBI International, Cardiff, UK).  

 

4.2.5. SEM  

The cells were dehydrated through an ethanol series and with a SPI-DRYTM critical point 

dryer (Structure Probe Inc., Leicestershire, UK), before viewing with a Hitachi S-4700 

field emission SEM as described in full in section 2.5. 

 

4.2.6. Image Analysis 

Experimental and planar control substrates were replicated 3 times and fluorescence 

images taken of HOBs on each (n = 15 per replicate) substrate were exported to 

Photoshop® and adhesion complexes scored with an 8 pixel wide straight line as 

described in section 3.4. 

 

4.2.7. Plasmid Expansion and Cellular Transfection 

Bacterial transformation, plasmid expansion and cellular transfection was accomplished 

using materials and methodology previously described in section 2.6. Briefly, a plasmid 

with an inserted sequence for vinculin plus a YFP tag was replicated by a population of 

E. coli cells. This plasmid was subsequently purified and transiently introduced into the 

HOB genome via electroporative transfection. Adhesion formation in these cells was 

studied via fluorescent live-cell imaging over a period of 36 hours.  

 

4.2.8. RNA Isolation and Microarray Analysis  

RNA extraction (n = 5), microarray hybridisation (n = 5) and gene data analysis was 

according to methodology previously described in section 2.7. Briefly, Individual gene 

expression detection was carried out with 1.7 K spotted DNA microarrays. The functional 
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and canonical analyses were generated through the use of IPA. Up and down regulated 

genes were associated with canonical pathways in the Ingenuity Pathways knowledge 

base.  

 

4.3. Results 
4.3.1. Substrate Characterisation  

The embossing process resulted in the fabrication of nanopit arrays in pMMA as verified 

by SEM (fig. 4.2 – 4.4). Substrates originally fabricated by EBL and transferred to 

pMMA replicas via a Ni intermediary were arrays of ordered pits which were 100 nm 

deep, 120 nm in diameter and possessed a centre – centre spacing of 300 nm. These EBL 

fabricated pits were arranged in square and hexagonal symmetries (fig. 4.2A and B). 

Material pit coverage was quantified as square, and hexagonal possessing 12.6% and 

14.5% total pit coverage respectively. Nanopit substrates reproduced in pMMA were 

almost identical to the original master substrates writen in ZEP 520 photoresist. The 

planar pMMA control substrates possessed no visible topographical features under SEM 

and were verified to have an Ra of 1.2 nm over 10 mm2 by AFM as described in section 

2.3. 
 

 
 
Fig. 4.2. Original substrate fabrication. Nanopit substrates were fabricated by EBL in ZEP 520 resist on 
silicone wafers (A) Square and (B) hexagonal nanopit arrays were identical in dimension and pitch. Pits 
were 100 nm deep, 120 nm in diameter and possessed a centre-to-centre spacing of 300 nm.  
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Fig. 4.3. Ni intermediary fabrication. (A) Square and (B) hexagonal negative shims we re fabricated from 
the original substrate via a sputtercoating process followed by electroplating with Ni.  
 

 
 
Fig. 4.4. Characterisation of pMMA replicates. (A) Square and (B) hexagonal relief nanopit arrays were 
transferred into a pMMA replicate via a hot embossing process. 
  
 
4.3.2. HOB Morphology and Cytoskeletal Organisation  

Experimental substrates modified S-phase HOB morphology and cytoskeletal 

organisation relative to planar controls. HOBs cultured on planar control substrates 

displayed extensive cell spreading and formed a substantial tubulin network (fig. 4.5A) 

that radiated from the perinuclear area to the cell periphery in prominent bundles 

surrounded by a more diffuse tubulin network. HOBs on square and hexagonal nanopit 

substrates adopted a polarised elongated morphology with reduced cell spreading. Cells 

were observed to form dense microtubule bundles that were orientated in the direction of 

cell polarity (fig. 4.5B and C) with reduced organisation relative to HOBs cultured on 

planar control substrates. 
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Fig. 4.5. Dual immunolabelling of the tubulin cytoskeleton and S-Phase nuclei of HOBs on nanopit 
substrates. (A) HOBs cultured on control substrates formed organised tubulin networks. Tubulin density 
decreased with increasing distance from the nucleus. (B) HOBs on square arrays were associated with 
decreased microtubule cytoskeleton organisation. The network was closely packed and orientated in the 
direction of cell polarity. (C) S-phase HOBs cultured on hexagonal nanopit arrays formed a dense and 
polarised microtubule network. 
 

 
Actin cytoskeletal elements in S-phase HOBs on planar control substrates were 

prominent and organised into well-developed stress fibres, which typically spanned the 

entire cell body and were over 100 µm in length. Fibres (fig. 4.6A) terminated at 

adhesion sites. Cells on hexagonal and square nanopit substrates possessed reduced stress 

fibre organisation. These were elongated in the direction of cell polarity or identified as 

diffuse cytoplasmic staining (fig. 4.6B and C). 

 
4.3.3. Adhesion Characterisation and Qualification 

Characterisation of adhesion distribution by vinculin immunolabelling revealed 

significant differences in adhesion size and location in S-phase HOBs. HOBs on planar 

control substrates formed numerous adhesions of all subtypes.  
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Fig. 4.6. Tri-fluorescent labelling of adhesion complexes and stress fibre organisation in S-Phase HOBs 
on nanopit substrates. (A) HOBs cultured on planar control substrates formed well-organised stress fibres 
and numerous adhesions. SMAs are indicated (arrows). (B) Square nanopit arrays disrupted actin 
cytoskeletal formation. Actin was concentrated in large polarising lamellipodia. Adhesion formation was 
reduced. (C) Hexagonal nanopit conformations disrupted actin stress fibre organisation. Adhesion 
formation was reduced and occurred predominantly at the polar regions. Red = actin, green = vinculin, blue 
= S-phase nuclei.   

 
FXs and FAs were prominent at the region immediately preceding the leading edge and 

the extreme leading edge respectively. SMAs were located predominantly at the 

perinuclear region and non-advancing areas of the cell periphery (Fig. 4.6A and 4.7A). 

HOBs on square and hexagonal nanopit substrates were associated with reduced adhesion 

formation as identified by fluorescent and gold colloid labelling. FXs and FAs were 

localised predominantly at stress fibre terminations, SMA formation was not prevalent 

(fig. 4.6B and C) although when present was observed predominantly at the perinuclear 

region. FX and FA formation was disrupted by nanopit features and were observed 

predominantly within the interpit regions, extending between parallel arrays of pits (fig. 

4.7B and C).  
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Fig. 4.7. Scanning electron immuno-labelling of adhesion complexes in HOBs on nanopit substrates. 
(A) HOBs cultured on planar control substrates formed adhesions of all subtypes FXs were localised 
predominantly at the leading edge. FAs and SMAs were observed at both the cell periphery and the 
perinuclear region. (B) Square arrays of nanopits prevented direct adhesion complex formation. Adhesions 
were seen to align between parallel rows of pits (C) HOB adhesions formed predominantly at the interpit 
regions on hexagonal nanopit arrays. Adhesions were observed to extend between adjacent pit arrays 
Square and hexagonal configurations are indicated. 

 
4.3.4.  Adhesion Distribution and Quantification 

Significant differences in the numbers of generated adhesion subtypes relative to planar 

control substrates were observed on both square and hexagonal nanopit topographies. 

HOBs on planar control substrates formed predominantly large FAs (mean 94.7) and 

SMA subtypes (mean 40.8) relative to the formation of FXs (mean 2.6) (fig. 4.9A and B). 

FX formation was predominant in HOBs cultured on both square and hexagonal 

topographies, accounting for approximately 22% and 16.5% respectively of all adhesions 

found in HOBs on these substrates (fig. 4.8).  
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Fig. 4.8. Quantification of adhesion complex subtypes in S-phase HOBs on nanopit substrates. SMA 
formation was most prominent in HOBs on planar control substrates. FA incidence was decreased on all 
substrates relative to controls. FX incidence was greatest in HOBs on square and hexagonal nanoarrays. 
See Table 8.1 for relevant statistics. Included are mean values. Results are + standard deviation (STD), 
differences p < 0.05 denoted by ★ 

 
Planar control substrates produced an average of 40.8 SMAs per cell (STD 16.5). The 

occurrence of SMAs was greatly reduced on square and hexagonal nanopit substrates to 

less than 1 SMA per cell (STD 1.96 and 1.89 respectively). Very large SMAs (>10 µm) 

were only seen in HOBs grown on planar control substrates (fig. 4.9B).  

Both nanopit topographies induced a decrease in FA formation in S-phase HOBs relative 

to controls, greatest decreases however were observed in HOBs cultured on hexagonal 

topographies. Relative to controls, FA formation on these substrates was reduced by 

approximately 47% and 55% respectively (fig. 4.8). Maximum adhesion frequency in 

HOBs cultured on both experimental substrates was at approximately 1.5 µm in length. 

This was increased to 2.5 µm in HOBs on planar control substrates. Adhesion frequency 

was observed to decline rapidly on nanopit substrates as adhesion length approached 3 

µm (fig 4.9A) 
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Fig. 4.9. Adhesion complex distribution in S-phase HOBs on nanopit substrates. (A) Focal FXs 
measuring < 1µm in length were most abundant in HOBs on square and hexagonal nanopit arrays. 
Distribution of FAs approaching 2 µm in length was increased on planar control substrates. both 
experimental substrates show a similar decline in adhesion complex distribution as FA lengths approach 3 
µm. (B) Frequency of SMAs on nanopit arrays has an incidence of < 0.5 adhesions/cell. SMAs are most 
pronounced in HOBs cultured on control substrates. Square and hexagonal nanopit arrays show a sharp a 
similar decline in SMA incidence relative to planar controls. 

 
4.3.5.  Live Cell Adhesion Modulation 

FA modulation as identified by YFP-vinculin live cell imaging allowed the dynamics of 

FA formation to be studied over a period of 36 hours following initial cell seeding onto 

experimental and planar control substrates.  

HOBs on planar control substrates were seen to spread rapidly and form large FAs and 

SMAs 36 hours after HOB seeding. The smaller FXs present during initial cell adhesion 

were replaced by mature FAs during cell spreading (fig. 4.10). HOBs adopted a flattened 

and spread morphology following 36 hours of culture forming large peripheral focal and 

SMAs and sub-nuclear FAs at the ventral membrane. HOBs were seen to spread by rapid 

peripheral expanding followed by slow cytoplasmic flowing into the newly created 

intracellular void, as seen after 36 hours (fig. 4.10). Vinculin was observed to form non-

adhesion associated cytoplasmic tracts. These were most prominent after 36 hours.  
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Fig. 4.10. YFP-vinculin analysis of the dynamics of adhesion formation in HOBs on planar substrates. 
HOB spreading and adhesion formation was a dynamic process with HOBs on planar controls continually 
forming and dissociating as cell spreading proceeded. FXs present at 8 hours are slowly replaced by FAs 
and SMAs 36 hours following seeding. Sub-nuclear adhesion formation on the cellular ventral membrane 
was also evident (boxed area). The mechanism of cellular spreading is observable at 36 hours. Here the 
newly created intracellular void at the top centre of the image is slowly replaced with cytoplasm. Non-
adhesion associated vinculin tracts are also observable. 

 
Square and hexagonal nanopit arrays retarded the cell-spreading process. HOBs were 

observed to remain unspread on square nanopit arrays after 36 hours and adhesion 

formation was significantly reduced relative to HOBs on planar controls. HOBs retained 

a rounded morphology following 24 hours of culture. Observable vinculin positive 

plaques were of the FX or FA subtype and localised predominantly in the slowly 

extending lamellipodia after 36 hours (fig. 4.11). 
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Fig. 4.11. YFP-vinculin analysis of the dynamics of adhesion formation in HOBs on square nanopit 
arrays. Square arrays of nanopits reduced the onset of cell-spreading. HOBs retained a rounded, unspread 
morphology after 24 hours forming dynamic FXs at the lamellipodia periphery after 36 hours. 

 
Hexagonal nanopit arrays were also associated with a reduction in early spreading events 

in HOB populations. Again on this topography initial adhesion complex formation in 

HOBs was localised to peripheral lamellipodial extensions and adhesion complex 

maturation was not prominent after 24 hours. Following 36 hours of culture HOBs 

typically adopted an elongated morphology, indicative of a motile cellular phenotype (fig. 

4.12). 

 

4.3.6.  Functional Response of STRO-1+ MSCs to Nanopits  

Analysis of microarray data yielded significant alterations in broad functional signalling 

pathways in STRO-1+ MSCs. Canonical signalling pathways with the greatest number of 

modulated gene expression were associated with STRO-1+ MSCs cultured on nanopit 

topographies. 
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Fig. 4.12. YFP-vinculin analysis of the dynamics of adhesion formation in HOBs on hexagonal nanopit 
arrays. Hexagonal arrays of nanopits delayed the onset of cell-spreading. HOBs retained a rounded 
morphology after 24 hours adopting a polarised morphology after 36 hours. 

 
Here on both nanopit arrays the modulation of 10-20% of gene expression was 

observable in vascular endothelial growth factor (VEGF), chemokine, p38-mitogen-

activated protein kinase (p38-MAPK) and nuclear factor-kappa B (NF-kB) signalling 

pathways. Significant modulation was also observable in platelet derived growth factor 

(PDGF) and G-protein coupled receptor signalling in STRO-1+ populations cultured on 

square topographies (fig. 4.13A). 

On nanopit substrates a general trend of genetic down-regulation of genes involved in 

multiple signalling pathways in STRO-1+ MSCs were linked to relatively large changes 

in multiple functional processes (fig. 4.13B). Genetic and signalling pathways involved in 

cell movement, cell signalling, cell growth and proliferation, and tissue development 

were significantly affected in STRO-1+ MSCs on both experimental substrates, 

corrolating with a reduction in adhesion subtype formation and cellular spreading in 

HOBs on nanopit substrates (fig. 4.5 - 4.13).   
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Fig. 4.13. Signalling pathway analysis of STRO-1+ MSCs on nanopit substrates. Canonical pathways 
analysis identified numerous well-defined signalling pathways that were most affected in these functional 
pathways. General trends showed the genes of interest within these pathways to be affected predominantly 
by down regulation on nanopit substrates. Functional Analysis of a network identified broad biological 
pathways that were most significantly affected by the nanopit topographies. MSCs cultured on hexagonal 
and square nanopit arrays were associated with significant changes in gene expression and function. A 
statistical threshold of p = 0.05 is indicated. 
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4.3.7. Wnt/β-Catenin Signalling 

Canonical pathway analysis of STRO-1+ MSCs cultured on experimental substrates was 

correlated to significant modulation in genetic pathways linked to osteospecific function. 

Both nanopit topographies were associated with changes in approximately 10% of genes 

involved in Wnt/β-catenin signalling (fig. 4.13). An in-depth examination of these 

modulations revealed significant down-regulations in gene expression in STRO-1+ 

MSCs. STRO-1+ MSCs cultured on square (fig. 4.14A) and hexagonal (fig. 4.14B) 

nanopit arrays were both associated with increased transforming growth factor-β (TGF-β) 

expression, and multiple instances of down-regulated signalling molecule expression. On 

these substrates Wnt and cadherin expression was reduced relative to planar substrates as 

well as a number of associated signalling molecules.  

 

 
 
Fig. 4.14. Modulation of Wnt/β-catenin signalling in STRO-1+ MSCs on nanopit substrates. (A, B)  
Square and hexagonal nanopit substrates induced widespread modulation of Wnt/β-catenin signalling. 
Extensive down-regulation of signalling molecules was observed in STRO-1+ MSCs when cultured on 
nanopit substrates relative to cells cultured on planar controls. Red = up-regulation, green = down-
regulation, grey = no change, colourless = not tested. 

 
4.3.8. Integrin Signalling 

Examination of integrin signalling revealed significant changes in gene expression in 

STRO-1+ MSCs cultured on experimental substrates relative to cells cultured on planar 

control substrates. Here both square and hexagonal substrates induced genetic modulation 

of approximately 10% of the genes involved in integrin signalling in STRO-1+ MSC 

populations (fig. 4.13). The majority of genes examined in the integrin signalling 
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pathway were down-regulated in MSCs cultured on both square (fig. 4.15A) and 

hexagonal (fig. 4.15B) nanopit arrays with exceptions observed in Rho expression. 

Down-regulation of FAK was prominent on both experimental topographies as were 

genes regulating the synthesis of adhesion associated proteins, notably the α and β 

integrins and the linker protein zyxin.  

 
 
Fig. 4.15. Modulation of integrin signalling in STRO-1+ MSCs on nanopit substrates. Expression of 
genes involved in integrin signalling pathways were predominantly down-regulated in MSCs cultured on 
both (A) square and (B) hexagonal nanopit arrays. Red = Up-regulated, green = down-regulated, grey = no 
change, colourless = not tested. 

 

4.4. Discussion 
S-phase HOBs cultured on planar control substrates formed mature FAs and significantly 

higher numbers of SMAs than HOBs cultured on experimental substrates, indicating the 

disruptive affects that nanoscale pits can exert on mature adhesion formation. SEM 

revealed this perturbing effect to be a direct prevention of adhesion formation on the 

nanoscale pit features.  

Relative to planar control substrates, experimental substrates induced changes in 

osteoblast cytoskeletal organisation, cellular morphology and adhesion formation, which 

were correlated to significant alterations in MSC genetic expression. It not possible at this 

point to dissect direct or indirect mechanotransductive pathways, although it seems 

possible that an interplay of both modalities influences changes in MSC genetic profiles. 

This is likely as firstly, reduced stress fibre and microtubule organisation is indicative of 
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a reduction in direct mechanotransduction, hence reduced genomic transcription seen on 

the nanopits and secondly, as demonstrated by microarray, a large number of indirect 

signalling pathways have been changed significantly. 

In this chapter we have demonstrated that adhering osteoblast populations generate 

vinculin positive SMAs on planar control substrates and that cells on highly ordered 

nanopits are prevented from forming SMAs, structures analogous to elongated FAs and 

prominent in well spread cells. Real time observation of adhesion formation and cellular 

spreading allowed an insight into these processes over a finite time period. It was 

observed that adhesion formation is a continual dynamic process in HOBs cultured on 

planar and experimental substrates.  

A reduction in adhesion formation in HOBs on nanopits was associated with significant 

decreases in expression of genes involved in fundamental signalling and functional 

pathways in MSCs. These findings highlight the existence of a possible relationship 

between adhesion formation and cellular spreading and the onset of cellular 

differentiation and function. Genes associated with Wnt/β-catenin and integrin signalling 

were significantly decreased in STRO-1+ MSCs on Nanopit topographies. The 

observable down-regulation of key genes involved in integrin signalling and signal 

transduction in MSC populations was correlated to a reduction in adhesion formation in 

osteoblast populations, possibly indicative of widespread reductions in intracellular 

signalling and subsequent differentiation in MSCs as induced by nanopit mediated 

adhesion perturbation. 

 

4.4.1. Conclusion    

The degree of topography order and feature dimensions can influence the generation of 

integrin mediated adhesions in S-phase HOBs as well as induce changes in gene profiles 

and influence functional pathways in MSCs. Ordered nanoscale pits prevent direct 

adhesion formation, instead inducing small FA and numerous FX formation at the interpit 

regions. These topographies also significantly reduced the expression of genes involved 

in many functional pathways in MSCs. These findings are intriguing as they indicate a 

critical size of nanofeature necessary to disrupt adhesion and subsequent cell function and 

may provide valuable insight for the production of next generation biomaterials where 
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cellular adhesion is unfavourable to device function or complicates its removal such as in 

temporary internal fixation. 
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5.1. General Introduction 
To compare and contrast the effects of spatially random nanofeatures on osteospecific 

adhesion and function, nanoscale craters and islands were fabricated by polymer 

demixing. The surface of a solid amorphous polymer, or polymer mixture, is expected to 

be smooth and featureless. However, under certain circumstances marked topography can 

be obtained from a spontaneous demixing of the components of a binary blend, i.e. in thin 

films of certain polymer mixtures on selected substrates. The factors that determine 

demixing have been extensively studied. Principally, the mutual compatibility of the 

polymers controls the behaviour. The relationship between polymer compatibility and 

generation of topography in thin films of the blend is illustrated by examining a blend of 

poly(styrene) (pS) with a series of brominated polymers, poly(p-bromo-x-styrene) 

(pBrS), where x is the fraction of aromatic rings that are brominated, 0 ≥ x ≥ 1. The 

compatibility of the brominated polymer with pS depends on the extent of bromination. 

When x = 1 the polymers are incompatible and the compatibility increases as x→0.  Here 

we have used the fully brominated polymer, x = 1, in a study of cell interactions.  

The interaction of the polymer components with the substrate and air during phase 

separation leads to a bilayer formation with a broad polymer-polymer interface. In this 

study we employed, pS/pBrS demixing, which is associated with a polymeric phase 

separation during a spin-casting process resulting in the spontaneous formation of 

nanoscale features. The shape of the topographic features (holes, ribbons or islands) can 

be controlled by varying the composition of the polymer mixture and the size of a 

particular feature by varying the concentration of the spin-casting solution (Affrossman et 

al. 1996, 1998; Affrossman & Stamm 2000) and finally by the spin-rate of the casting 

process.  

The polymer de-mixed substrates were inevitably of mixed chemistry (and bromine 

containing). So the original samples were used for the replication of samples in 

biologically acceptable pMMA. Nanoscale craters and islands fabricated by polymer 

demixing were embossed into pMMA via intermediary Ni shims (Gadegaard et al., 

2003b) for cell culture. This chapter is concerned with the affects of nanocraters and 

nanoislands fabricated by polymer demixing on osteoblast adhesion and morphology and 
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examines the functional modification of MSC populations on these topographies using 

both microscopical analysis and microarray gene profiling.   

 

5.2. Materials and Methodology 
5.2.1. Experimental Substrates Fabricated by Polymer Demixing 

 5.2.1.1. Original Topography Fabrication  

Phase separation between pS and pBrS occurs and polymers demix when thin films of the 

blend are produced by spin casting. A graded series of structures may be obtained by 

varying the ratio of the polymers in the casting solution, the total polymer concentration, 

the solvent employed and the rate of spincasting. The range of structures varies from 

small islands to large islands, ribbons, large craters and, finally, to small pits. Substrates 

are fabricated by spin-casting a toluene solution containing 60% pBrS/40% pS weight per 

weight (w/w) blend on a silicone disk. After casting, the films were annealed above the 

glass transition temperature of pS, 103°C, so that the pS would become mobile and 

migrate to the surface. Two polymer concentrations and spin-casting speeds were 

selected for this study. Firstly a polymer film consisting of 1% w/w total pS and pBrS 

solution in toluene which was cast at 3000 rpm and secondly, a polymer film consisting 

of a 3% w/w total pS and pBrS solution in toluene which was cast at 1000 rpm. The 

dimensions of the resulting surface features were obtained by AFM using a NanoScope 

Dimension 3100 operating in tapping mode as SEM analysis is difficult to perform on the 

low aspect ratio features generated by polymer demixing. Original substrates were kindly 

fabricated by Dr. Stanley Affrossman at the Dept. of Pure and Applied Chemistry, 

University of Strathclyde. 

5.2.1.2. Nickel shim fabrication  

Ni shims fabrication is discussed in section 4.2.1.2 and reviewed by Gadegaard. 

(Gadegaard et al., 2003a). 

5.2.1.3. Final substrate preparation  

The embossing process is discussed in section 4.2.1.3. Planar pMMA was used as a 

control substrate as described in section 2.3. 

 



Chapter V: Nanoislands and Nanocraters 
 

104 
 

5.2.2. Cell Culture 

HOB and MSC cell models and culture conditions were according to those described in 

section 2.2.1 and 2.2.2. Briefly HOBs were derived from a femoral head biopsy of an 84 

year old Caucasian female and a knee biopsy of a 74 year old Caucasian female 

(PromoCell®, Heidelberg, Germany). MSCs were enriched using STRO-1 antibody and 

magnetic cell sorting as described in section 2.2.2, from bone marrow samples obtained 

from haematologically normal patients undergoing routine hip replacement surgery. Both 

cell models were seeded onto untreated experimental, and planar control pMMA 

substrates. Prior to cell fixation, the cell cycle in HOB populations was synchronised and 

BrdU introduced into total cellular DNA as described in section 3.2.2. 

 

5.2.3. Immunocytochemistry for Light Microscopy 

Materials and methodology was according to those described in section 3.2.3. Briefly 

HOBs cultured on experimental and planar control pMMA substrates were fixed and 

subsequently incubated for 2 hours in an anti-BrdU/DNase-I solution including 

antibodies against one of; anti-vinculin monoclonal anti-human raised in mouse, clone 

hVin-1 (1:200, Sigma, Poole, UK), or anti-β-tubulin monoclonal anti-human raised in 

mouse, clone TUB 2.1 (1:100, Sigma, Poole, UK). 

 

5.2.4. Immunocytochemistry for SEM  

The immunolabelling method was a modified version of that first described by Richards 

et al. and described in full in section 2.4. Briefly, HOBs were stabilised in 4% 

paraformaldehyde and vinculin was labelled with goat anti-mouse 5 nm gold conjugate 

(BB International, Cardiff, UK) diluted 1:200 in PIPES buffer with 1% BSA and 0.1% 

Tween 20 overnight for 12 hours at 22°C. Gold probes were silver-enhanced with a silver 

developing solution for 7 minutes (BBI International, Cardiff, UK).  

 

5.2.5. SEM  

The HOBs were dehydrated through an ethanol series and with a SPI-DRYTM critical 

point dryer (Structure Probe Inc., Leicestershire, UK), before viewing with a Hitachi S-

4700 field emission SEM as described in full in section 2.5. 
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5.2.6. Image Analysis 

Experimental and planar control substrates were replicated 3 times and fluorescence 

images taken of HOBs on each (n = 15 per replicate) substrate were exported to 

Photoshop® and adhesion complexes scored with an 8 pixel wide straight line as 

described in section 3.4. 

 

5.2.7. Plasmid Expansion and Cellular Transfection 

Bacterial transformation, plasmid expansion and cellular transfection was accomplished 

using materials and methodology previously described in section 2.6. Briefly, a plasmid 

with an inserted sequence for vinculin plus a YFP tag was replicated by a population of 

E. coli cells. This plasmid was subsequently purified and transiently introduced into the 

HOB genome via electroporative transfection. Adhesion formation in these cells was 

studied via fluorescent live-cell imaging over a period of 36 hours.  

 

5.2.8. RNA Isolation and Microarray Analysis  

RNA extraction (n = 5), microarray hybridisation (n = 5) and gene data analysis was 

according to methodology previously described in section 2.7. Briefly, Individual gene 

expression detection was carried out with 1.7 K spotted DNA microarrays. The functional 

and canonical analyses were generated through the use of IPA Up and down regulated 

genes were associated with canonical pathways in the Ingenuity Pathways knowledge 

base.  

 

5.3. Results 
5.3.1. Substrate Characterisation 

Original substrates fabricated by polymer demixing possessed randomly displaced 

smooth island features as verified by AFM. Polymer-demixed substrates consisting of a 

1% pS and pBrS solution in toluene which was spincast at 3000 rpm possessed densely 

packed island features with an average height of approximately 25-30 nm and were 

approximately 1.5 µm in width (fig. 5.1A). Polymer-demixed substrates consisting of a 

3% pS and pBrS solution in toluene which was spincast at 1000 rpm possessed diffuse 



Chapter V: Nanoislands and Nanocraters 
 

106 
 

island features with an average height of approximately 100 nm and were approximately 

5 µm in width. These island features were surrounded by smaller column-like features 

(i.e. there was a bimodal feature distribution) that possessed an average height of 

approximately 60 nm and were approximately 2 µm in width (fig. 5.1B).  
 
 

 

 
Fig. 5.1. Characterisation of original polymer demixed substrates. (A) Substrates fabricated from a blend 
of 1% pS and pBrS spincast  at  3000 rpm possessed closely-packed island arrays with an average height 
and width of approximately 25-30 nm and 1.5 µm respectively. (B) Substrates fabricated from a blend of 
3% pS and pBrS spincast  at  3000 rpm possessed diffuse island arrays with an average height and width of 
approximately 100 nm of 5 µm respectively. These were interspersed with lesser nanocolumn features 
measuring 60 nm in height and 2 µm in width. 
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Nickel shims fabricated directly from the original substrates possessed an inverted and 

altered topography relative to the original polymer demixed substrates. Surface curvature 

of nanoisland features was obscured with sharp peaks. Island heights were diminished by 

approximately 65% on Polymer-demixed substrates consisting of a 1% pS and pBrS 

solution in toluene (fig. 5.2A), and by approximately 50% on Polymer-demixed 

substrates consisting of a 1% pS and pBrS solution in toluene (fig. 5.2B). 
 

 

 
Fig. 5.2. Characterisation of Ni shims derived from original polymer demixed substrates. (A,B) Shims 
fabricated from both original pS and pBrS demixed substrates possessed irregular sharp peak features and 
were associated with diminished feature heights. 

 

pMMA replicas of polymer-demixed substrates consisting of a 1% pS and pBrS solution 

in toluene, spincast at 3000 rpm possessed irregular, randomly displaced nanocraters, 

which were approximately 50 nm deep and 3 µm in diameter (fig 5.3A). Nanocraters 

were present within a rough matrix of 7.5 nm deep nanopits. pMMA replicas of Polymer-

demixed substrates consisting of a 3% pS and pBrS solution in toluene, spincast at 1000 
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rpm possessed irregular, closely packed nanoislands, which were approximately 60 nm 

high, and 4 µm in diameter (fig. 5.3B). Although polymer demixed pMMA replicas 

differed significantly from original topographies, these were reproducible as embossing 

into pMMA was via the single Ni shim described herein (Dalby et al., 2006b). These 

topographies will hereon be referred to as nanocrater (fig 5.3A) and nanoisland (fig 5.3B)  

substrates respectively. 

 

 
 
Fig. 5.3. Characterisation of pMMA embossed polymer demixed substrates. AFM revealed important data 
pertaining to surface Ra and feature dimensions. (A) Nanocrater features were approximately 50 nm deep 
and 3 µm wide. Craters were present within a matrix of nanopits approximately 10 nm deep. (B) 
Nanoisland features were approximately 60 nm in height and had an average diameter of approximately 4 
µm.  
 
The planar pMMA control substrates possessed no visible topographical features with 

SEM imaging and were verified to have an Ra of 1.2 nm over 10 mm2 by AFM as 

described in section 2.3.  
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5.3.2. HOB Morphology and Cytoskeletal Organisation  

Experimental nanosubstrates modified S-phase HOB morphology and cytoskeletal 

organisation relative to controls (for a detailed account of HOB morphology and 

cytoskeletal organisation on controls see section 4.3.2). HOBs cultured on nanocrater and 

nanoisland substrates displayed extensive cell spreading and formed a substantial tubulin 

network that became less dense with increasing distance from the nucleus, in a manner 

similar to HOBs on planar control substrates (fig. 5.4B and C). Stress fibre networks in 

osteoblasts on nanocrater and nanoisland substrates were comparable to HOBs on planar 

control substrates (fig. 5.5B and C).  

 

 
 

Fig. 5.4. Dual immunolabelling of the tubulin cytoskeleton and S-Phase nuclei of HOBs on polymer 
demixed substrates (A, B and C) HOBs cultured on control, nanocrater and nanoisland substrates formed 
organised tubulin networks. Tubulin density decreased with increasing distance from the nucleus and again 
extended into the cellular extensions. 
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5.3.3. Adhesion Characterisation and Qualification 

Characterisation of adhesion distribution by vinculin immunolabelling revealed 

differences in adhesion size and location in S-phase HOBs on polymer demixed 

substrates relative to control substrates (see section 4.3.3). Both nanocrater and 

nanoisland substrates restricted the formation of FXs, identified by fluorescent and gold 

colloid labelling. FA and SMA formation was prevalent in HOBs on both topographies at 

the cell periphery and perinuclear region (fig. 5.5B and C and 5.6B and C). Although 

cellular spreading was comparable to HOBs cultured on planar control substrates, 

adhesion formation was not as prominent. 

 

 
 
Fig. 5.5. Tri-fluorescent labelling of adhesion complexes and stress fibre organisation in S-Phase HOBs 
on polymer demixed substrates. (A) HOBs cultured on planar control substrates formed well-organised 
stress fibres and numerous adhesions, SMAs are indicated (arrows). (B) Osteoblasts on nanocraters 
possessed a well-developed actin cytoskeleton. Adhesions were less numerous and located both centrally 
and at the cell periphery. (C) HOBs cultured on nanoislands developed an organised actin cytoskeleton. 
Adhesion formation was reduced relative to planar control substrates. Red = actin, green = vinculin, blue = 
S-phase nuclei. 
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Fig. 5.6. Scanning electron immuno-labelling of adhesion complexes in HOBs on polymer demixed 
substrates. (A) HOBs cultured on planar control substrates formed numerous FXs, FAs and SMAs. (B) 
Nanocrater substrates accommodated focal and SMA formation within the craters and at intercrater regions. 
(C) Nanoisland substrates induced large lamellipodial extensions.  
 

 
5.3.4. Adhesion Distribution and Quantification  

Insignificant differences in the numbers of generated adhesion subtypes relative to planar 

control substrates were observed on both polymer demixed topographies. FX formation 

however, was not evident in HOBs on nanoisland and nanocrater substrates (fig. 5.7). S-

phase HOBs cultured on nanocrater and nanoisland substrates formed predominantly 

large FAs and SMA subtypes relative to FX formation (fig. 5.8A and B). All 

topographies induced a decrease in FA formation in S-phase HOBs relative to controls, 

greatest decreases however were observed on nanoisland topographies. Relative to 

controls, FA formation on these substrates was reduced by approximately 47% (fig. 5.7). 

Adhesion distribution and quantification in HOBs cultured on planar control substrates is 

discussed in section 4.3.4. Adhesion complex frequency showed a similar trend to that of 

HOBs cultured on planar controls – i.e. a maximum was observed at 2.5 µm in length.    
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Fig. 5.7. Quantification of adhesion complex subtypes in S-phase HOBs on polymer demixed substrates. 
SMA formation was most prominent in HOBs on planar control substrates. FA incidence was decreased on 
all substrates relative to controls. FX incidence was not apparent in HOBs on experimental substrates. See 
Table 8.1 for relevant statistics. Included are mean values. Results are + STD.  
 

 

 
 
 
Fig. 5.8. Adhesion complex distribution in S-phase HOBs on polymer demixed substrates. (A) 
Distribution of FXs were not noted in HOBs on both experimental topographies. FAs approaching 3 µm in 
length was increased on planar control substrates and nanocrater substrates. All experimental substrates 
show a similar decline in adhesion complex distribution as FA lengths approach 3 µm. (B) SMAs are most 
pronounced in HOBs cultured on control substrates. HOBs cultured on planar control, nanoisland and 
nanocrater substrates show a similar decline in SMAs incidence. 
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5.3.5. Live Cell Adhesion Modulation  

FA modulation as identified by YFP-vinculin live cell imaging allowed the dynamics of 

FA formation to be studied over a period of 36 hours following initial cell seeding onto 

experimental and planar control substrates.  

Adhesion formation in HOBs on nanocrater topographies occurred rapidly relative to 

planar controls. On this topography cellular spreading was more extensive following 1 

hour of culture. Osteoblasts were seen to use FA associated filopodial extensions to 

increase cellular spreading. By 36 hours multiple FAs were observed to merge into larger 

SMAs (fig. 5.9). 

 

 
 

Fig. 5.9. YFP-vinculin analysis of the dynamics of adhesion formation in HOBs on nanocrater 
substrates. Cellular spreading was rapid following seeding, the mechanics of which are seen following 8 
hours. Multiple FAs converge into SMAs by 36 hours of culture (boxed area). 
 

 
Initial adhesion formation in HOBs on nanocrater topographies was comparable to planar 

control substrates. Following seeding, HOBs formed a circumferential network of FXs 
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seen after 1 hour. Increased cellular spreading was correlated to enhanced FA formation 

predominantly at the cell periphery. At 36 hours following osteoblast seeding, cellular 

spreading and pseudopodia formation were still prominent, however the frequency of 

FAs was reduced (fig. 5.10). 

HOB live cell adhesion formation on planar control substrates is discussed in section 

4.3.5.  

 

 
 
Fig. 5.10. YFP-vinculin analysis of the dynamics of adhesion formation in HOBs on nanoisland 
substrates. A circumferential network of FXs followed initial cell seeding. FA formation and cellular 
spreading both increased following 24 hours of culture, FA frequency was reduced following 36 hours of 
culture however. 
 

5.3.6. Functional Response of STRO-1+ MSCs to Nanocraters and Nanoislands  

Analysis of microarray data yielded significant alterations in canonical signalling 

pathways in STRO-1+ MSCs. Nanocrater and nanoisland substrates influenced minor 

changes in these canonical signalling pathways, (fig. 5.11A) by modulating the 

expression of relatively few pathway associated genes (fig. 5.12A and B and 5.13A and 
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B).  

Both nanocrater and nanoisland topographies significantly influenced genetic pathways 

linked to p38-MAPK signalling. Here, more significant changes were noted in MSCs 

cultured on nanoisland topographies, on which the expression of approximately 5% of 

genes involved in this pathway were modulated relative to cells cultured on planar control 

substrates.  Less significant changes were noted in MSCs cultured on nanocrater 

substrates, on which only 3% of associated genes were changes.  

STRO-1+ MSCs cultured on nanoisland substrates also showed significant modulation of 

NF-kB signalling and Wnt/β-catenin signalling which were both associated with changes 

in 4-5% of the total genes involved in these signalling pathways. Relatively minor gene 

modulations were noted in STRO-1+ MSC populations cultured on nanocrater substrates 

however, which demonstrated 1-2% gene modulation in many canonical signalling 

pathways (fig. 5.11A).  

Modulations in canonical signalling pathways were subsequently correlated to significant 

and broad changes in STRO-1+ MSC population function. Cellular growth and 

proliferation in STRO-1+ MSCs cultured on both polymer demixed substrates was 

significantly influenced by topographical features, however this was more than twice as 

significant on nanoisland substrates. Cell morphology was significantly affected on both 

substrates, correlating with cytoskeletal changes noted in HOBs on these substrates. 

Cellular movement, and cell-cell signalling were also both significantly modified in 

STRO-1+ MSCs cultured on nanocrater and nanoisland topographies. (fig. 5.11B).   
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Fig. 5.11. Signalling pathway analysis of STRO-1+ MSCs on polymer demixed substrates. Canonical 
pathways analysis identified numerous well-defined signalling pathways that were most affected in MSCs 
cultured on experimental substrates. General trends showed the genes of interest within these pathways to 
be affected predominantly by minor up regulation on polymer demixed substrates. The Functional Analysis 
of a network identified biological pathways that were most significant to the genes in the network affected 
by the nanotopographies. MSCs cultured on experimental substrates were associated with minor changes in 
gene expression and function, however these were more pronounced in MSCs cultured on nanoisland 
topographies. A statistical threshold of p = 0.05 is indicated. 
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5.3.7. Wnt/β-Catenin Signalling 

Canonical pathway analysis of STRO-1+ MSCs cultured on experimental substrates was 

correlated to significant modulation of genetic pathways linked to osteospecific function. 

Approximately 4% of genes involved in Wnt/β-Catenin Signalling were modulated in 

STRO-1+ MSC populations cultured on nanoisland topographies yet only 1% were 

affected in cells cultured on nanocrater topographies (fig. 5.11A). An in depth 

examination of Wnt/β-catenin signalling revealed changes in gene expression to be 

exclusively up-regulated or unchanged. Nanocrater substrates induced a minor up-

regulation in transforming growth factor beta (TGF-β) expression yet no other changes 

were identified (fig. 5.12A). Increased TGF-β expression was also demonstrable in 

STRO-1+ MSCs cultured on nanoisland substrates, this was coupled with minor up-

regulations in transforming growth factor-β activated kinase-1 binding protein (TAB1) 

and Ca2+/cAMP-response elements binding protein (CPB) (fig. 5.12).  

 

 
 
Fig. 5.12. Modulation of Wnt/β-catenin signalling in STRO-1+ MSCs on polymer demixed substrates. 
(A, B) Wnt/β-catenin signalling pathways were affected in STRO-1+ MSCs on nanocrater and nanoisland 
substrates respectively relative to planar controls. However, more changes in gene expression were noted in 
MSCs cultured on nanoisland topographies. Here gene modulation was restricted to minor up-regulations in 
TGF-β, TAB1 and CPB. Red = up-regulation, green = down-regulation, grey = no change, colourless = 
not tested. 
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5.3.8. Integrin Signalling 

Examination of the integrin signalling pathway revealed only minor changes in gene 

expression in STRO-1+ MSCs cultured on experimental substrates relative to cells 

cultured on planar control substrates. Again the most changes were observed in MSCs 

cultured on nanoisland topographies. On this topography genetic expression of proteins 

involved in integrin signalling was modulated by 3.5%, whereas genetic modulation was 

only 1% in MSCs cultured on nanocrater topographies (fig. 5.11A). The majority of 

genes examined in the integrin signalling pathway were unchanged, however up-

regulations in genes pertaining to α-integrin and Rho synthesis were identified in MSCs 

cultured on both nanocrater (fig. 5.13A) and nanoisland (fig. 5.13B) topographies.  

 

 
 
Fig. 5.13. Modulation of integrin signalling in STRO-1+ MSCs on polymer demixed substrates. Minor 
up-regulation in the expression of genes involved in integrin signalling pathways was noted in MSCs 
cultured on both (A) nanocrater and (B) nanoisland topographies. Red = Up-regulated, green = down-
regulated, grey = no change, colourless = not tested. 
 
 

5.4. Discussion 
This chapter notes the influential role of nanoisland and nanocrater substrates fabricated 

by polymer demixing on osteoblast adhesion and STRO-1+ MSC function. The process 

of substrate fabrication allows rapid transformation of the chemical demixing process to 

substrates possessing random low-aspect ratio topography. Although the final substrates 
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topography differed significantly from the original substrates, typical when embossing 

low-aspect ratio nanofeatures (Dalby et al., 2006b), polymeric replicates were shown to 

be reproducible. This reproducibility factor stemmed from the embossing process, which 

ensured that a single master template could produce near-identical replicates in pMMA.  

The frequency of mature FAs and SMAs in S-phase HOBs cultured on planar control 

substrates was comparable to HOBs cultured on nanoisland and nanocrater substrates. 

Less extensive modulation of osteoblast adhesion was correlated to minor induced 

changes in osteoblast cytoskeletal organisation, cellular morphology and adhesion 

formation, which were further correlated to minor alterations (predominantly up-

regulation) in MSC genetic expression.  

Here again, the presence of vinculin positive SMAs on both experimental and planar 

control substrates was noted. A general trend of reduction regarding all adhesion subtypes 

was noted in HOBs on experimental substrates yet this reduced adhesion formation was 

seen to be more significant on nanoisland topographies, which were also associated with 

more significant changes in MSC function. 

An interesting finding in adhesion modification on polymer demixed topographies was 

the absence of FXs at the time of S-phase HOB fixation (ten days). It can be reasoned 

that this absence in FXs is specific to the S-phase population, although a more obvious 

explanation is the presence of a topographically induced cessation of major cellular 

migration and the generation of stable sites of adhesion following ten days of culture.     

It has been clearly shown that the features dimensions produced by polymer demixing 

induce filopodial and lamellipodial interaction, critical for increased cellular spreading 

and function. Early cellular spreading as identified in HOBs cultured on nanocrater 

topographies has been implicated in the onset of osteospecific differentiation (Kudelska-

Mazur et al., 2005). It appears that both topographically induced cellular spreading and 

mature adhesion plaque formation in the absence of migration are equally crucial for 

enhanced cell function and that these are causative factors in osteodifferentiation. 
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5.4.1. Conclusion    

Due to the nanometric size of cellular components concerned with cell-biomaterial 

interactions, the surface structure of an implanted device influences cell adhesion 

processes when the surface topography is within nanometre range. The degree of 

topography order and feature dimension can influence the generation of integrin mediated 

adhesions in S-phase HOBs as well as induce changes in gene profiles and influence 

functional pathways in STRO-1+ MSCs. Random nanoislands and nanocraters formed by 

polymer demixing facilitated the formation and maturation of adhesion complexes in the 

absence of FX formation and were associated with a minor up-regulation of genes 

involved in many functional pathways. These findings are intriguing as they indicate 

topographical modification capable of reducing cell motility may increase osteospecific 

functionality. 
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6.1. General Introduction 
The standard for fabricating microscale topographies is photolithography performed in 

the near-ultra violet (UV). This process involves exposing a silicon wafer coated with a 

photoresist to a near-UV light source (wavelength is typically 365 or 405 nm) through a 

mask that has the desired pattern on it. This mask selectively allows light through to the 

wafer thereby recreating the pattern in the photoresist. Subsequent development of the 

resist layer brings out the desired features. However, due to the inherent lower limit of 

this method (a function of the wavelength of light used) it is incompatible with creating 

nanometre-size features. This can be overcome to some degree by regulating the exposure 

of the resist layer to the photon source, thereby effectively controlling the feature height 

(Fukuda et al., 1991) which was employed in this study. Photolithography was used to 

fabricate experimental topographies possessing arrays of repeating microscale grooves 

and ridges. As with other fabrication techniques described in section 4.1 and 5.1, samples 

were made in a three-step process of photolithography, nickel die fabrication and 

embossing, allowing for the fabrication of microgrooves with nanoscale depths in 

pMMA. 

The phenomenon of cellular contact guidance on grooved topography has been well 

documented in the literature (den Braber et al., 1998, Karuri et al., 2004, Lenhert et al., 

2005). Nanoscale grooves with dimensions similar to those found in tissue in vivo have 

been shown to cause contact guidance and alignment in vitro in numerous studies 

involving human cell types, including corneal epithelial cells (Teixeira et al., 2003), 

fibroblasts (Dalby et al., 2003c) and osteoblasts (Lenhert et al., 2005).  

Here, photolithography was used to produce two grooved topographies of identical 

groove depths with different widths (10 and 100 µm repeat width, 300 nm approximate 

groove depth, 2 cm length). Again HOBs derived from femoral head and condyle 

biopsies, and STRO-1 immunoselected human MSCs isolated from the marrow of a 

femoral diaphysis were used as cell models to investigate the morphological and 

functional response respectively to grooved topographies. HOB adhesion complex 

formation was quantified and cytoskeletal morphology investigated with SEM and 

fluorescence microscopy. This was then followed up with Human 1718 gene cDNA 

microarrays to compare the reaction of STRO-1+ MSC to the nanogrooves with the 
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cellular response to planar control substrates at 21 days of cell culture. Data were then 

analysed by Inginuity® pathway analysis. Interesting changes were observed in the 

relative level of expression in genes involved in the areas of cell-cell signalling, 

cytoskeletal formation, ECM remodelling and adhesion associated signalling.   

 

6.2. Materials and Methodology 
6.2.1. Experimental Substrates Fabricated by Photolithography 

6.2.1.1. Silicon preparation  

Silicon wafers were cleaned under acetone in an ultrasonic bath for 5 minutes. They were 

then rinsed thoroughly in ROH2O and blown dry with an air gun. Next, they were spun 

with primer for 30 seconds at 4000 rpm, then spun with S1818 photoresist (Shipley, 

Marlborough, MA) for 30 seconds at 4000 rpm, and baked for 30 minutes at 90°C. The 

resulting layer was measured BY AFM to be 1.8 µm thick. The photoresist layer was 

exposed to UV light through a chrome mask featuring an array of parallel slits on a Karl 

Suss MA6 mask aligner for 3.8 seconds. Then the resist layer was developed for 75 

seconds in 50:50, Microposit developer: ROH2O. 

6.2.1.2. Silicon master fabrication  

The specific design pattern, in this case rectangular grooves and ridges, was achieved by 

reactive ion etching using the exposed photoresist as a mask. The silicon substrate was 

etched in the silicon tetrachloride gas plasma of a Plasmalab System 100 machine (gas 

flow = 18 sccm, pressure = 9 mTorr, rf power = 250 Watts, DC bias = -330 Volts). The 

wafer was etched individually at 7 minutes at a nominal etch rate of 18 nm/minute. It was 

then stripped of resist in an acetone ultrasound bath for 5 minutes, followed by a 5 minute 

soak in concentrated sulphuric acid/hydrogen peroxide mixture before rinsing thoroughly 

in ROH2O and drying in an air gun. The final silicon masters had 330 nm deep grooves 

that were either 10 µm or 100 µm in width. Substrates were kindly fabricated by Mrs. 

Mary Robertson and Ms. Sara McFarlane at the JWNC, University of Glasgow. 

6.2.1.3. Nickel shim fabrication  

Ni shims fabrication is discussed in section 4.2.1.2 and reviewed by Gadegaard. 

(Gadegaard et al., 2003a). 
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6.2.1.4. Final substrate preparation  

The embossing process is discussed in section 4.2.1.3. Planar pMMA was used as a 

control substrate as described in section 2.3. 

 

6.2.2. Cell Culture 

Cell models and culture conditions were according to those described in section 2.2.1. 

and 2.2.2. Briefly HOBs derived from a femoral head biopsy of an 84 year old Caucasian 

female and a knee biopsy of a 74 year old Caucasian female (PromoCell®, Heidelberg, 

Germany). MSCs were enriched using STRO-1 antibody and MACS as described in 

section 2.2.2, from bone marrow samples obtained from haematologically normal patients 

undergoing routine hip replacement surgery. Both cell models were seeded onto untreated 

experimental, and planar control pMMA substrates. Prior to cell fixation, the cell cycle in 

HOB populations was synchronised and BrdU introduced into total cellular DNA as 

described in section 3.2.2. 

 

6.2.3. Immunocytochemistry for Light Microscopy 

Materials and methodology was according to those described in section 3.2.3. Briefly 

HOBs cultured on experimental and planar control pMMA substrates were fixed and 

subsequently incubated for 2 hours in an anti-BrdU/DNase-I solution including 

antibodies against one of; anti-vinculin monoclonal anti-human raised in mouse, clone 

hVin-1 (1:200, Sigma, Poole, UK), or anti-β-tubulin monoclonal anti-human raised in 

mouse, clone TUB 2.1 (1:100, Sigma, Poole, UK). 

 

6.2.4. Immunocytochemistry for SEM  

The immunolabelling method was a modified version of that first described by Richards 

et al. and described in full in section 2.4. Briefly, cells were stabilised in 4% 

paraformaldehyde and vinculin was labelled with goat anti-mouse 5 nm gold conjugate 

(BB International, Cardiff, UK) diluted 1:200 in PIPES buffer + 1% BSA + 0.1% Tween 

20 overnight for 12 hours at 22°C. Gold probes were silver-enhanced with a silver 

developing solution for 7 minutes (BBI International, Cardiff, UK).  
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6.2.5. SEM  

The cells were dehydrated through an ethanol series and with a SPI-DRYTM critical point 

dryer (Structure Probe Inc., Leicestershire, UK), before viewing with a Hitachi S-4700 

field emission SEM as described in full in section 2.5. 

 

6.2.6. Image Analysis 

Experimental and planar control substrates were replicated 3 times and fluorescence 

images taken of HOBs on each (n = 15 per replicate) substrate were exported to 

Photoshop® and adhesion complexes scored with an 8 pixel wide straight line as 

described in section 3.4. 

 

6.2.7. Plasmid Expansion and Cellular Transfection 

Bacterial  transformation, plasmid expansion and cellular transfection was accomplished 

using materials and methodology previously described in section 2.7. Briefly, a plasmid 

with an inserted sequence for vinculin plus a YFP tag was replicated by a population of 

E. coli cells. This plasmid was subsequently purified and transiently introduced into the 

HOB genome via electroporative transfection. Adhesion formation in these cells was 

studied via fluorescent live-cell imaging over a period of 36 hours.  

 

6.2.8. RNA Isolation and Microarray Analysis  

RNA extraction (n = 5), microarray hybridisation (n = 5) and gene data analysis was 

according to methodology previously described in section 2.5. Briefly, Individual gene 

expression detection was carried out with 1.7 K spotted DNA microarrays. The functional 

and canonical analyses were generated through the use of IPA Up and down regulated 

genes were associated with canonical pathways in the Ingenuity Pathways knowledge 

base.  
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6.3. Results 
6.3.1. Substrate Characterisation 

Silicone substrates were destroyed during the nickel shim fabrication process. Nickel 

shims fabricated directly from the original substrates possessed an inverted topography 

relative to the original photolithography substrates. Nickel shims were verified by AFM 

to possess anisotrophic arrays of grooves/ridges measuring either 10 or 100 µm in width. 

10 µm wide grooves were verified by AFM to be approximately 310 nm in depth and 100 

µm wide grooves approximately 300 nm in depth (fig. 6.1). Ra on both 10 µm wide and 

100 µm wide grooved substrates was 37.5 and 58.5 nm over 10 mm2 respectively. 

  

 
 
 
Fig. 6.1. Characterisation of Ni shims derived from original photolithography substrates. AFM analysis 
revealed Ni Substrates to possess an inverted topography of the original substrates fabricated in silicone. 
Groove/ridge arrays were (A) 10 µm in width and 310 nm in depth, or (B) 100 µm and 300 nm in depth. 
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The embossing process resulted in the fabrication of two groove/ridge topographies 

possessing repeating grooves and ridges with identical depths and periodicity as verified 

by AFM (fig. 6.2). Topographies possessed either 10 µm wide groove/ridge arrays which 

were approximately 308 nm deep/high or 100 µm wide groove/ridge arrays which were 

292 nm deep/high.  

Planar control substrates had an Ra of 1.2 nm over 10 mm2 as verified by AFM (fig. 2.1). 

 
 

 
 
 
Fig. 6.2. Characterisation of pMMA embossed photolithography substrates. Groove/ridged arrays 
embossed into pMMA substrates were shown by AFM to be almost identical to nickel shims, i.e. 
approximately 300 nm deep and (A) 10 µm or (B) 100 µm in width. 
 
6.3.2. HOB Morphology and Cytoskeletal Organisation  

HOBs cultured on 10 µm grooves formed dense microtubule bundles that were orientated 

in the direction of cell polarity (fig. 6.3B). Cells cultured on 100 µm groove/ridge arrays 

possessed a well-developed microtubule network that appeared similar to HOBs cultured 

on planar control substrates (fig. 6.3A and C). Here the microtubule network was 

observed to radiate outwards from the microtubule dense perinuclear area to the cell 

perhiphery.  



Chapter VI: Microgrooves 
 

129 
 

 

 
 
 
Fig. 6.3. Duel immunolabelling of the tubulin cytoskeleton and S-Phase nuclei of HOBs on 
microgrooved substrates. (A and C) HOBs cultured on control and 100 µm groove substrates formed 
organised tubulin networks. Tubulin density decreased with increasing distance from the nucleus. (B) 
Contact guidance was increased in cells on 10 µm groove substrates. S-phase HOBs formed a dense and 
polarised microtubule network. 
 
 
Nanogroove substrates modified S-phase HOB morphology and cytoskeletal organisation 

relative to planar control substrates. HOBs cultured on both experimental substrates 

experienced cellular alignment, which was inversely proportional to groove/ridge width 

(fig. 6.3 and 6.4 and 6.5). HOBs on 10 µm groove/ridge topographies adopted a non-

spread or a polarised elongated morphology, demonstrating contact guidance (fig. 6.3B, 

6.4B and 6.5B). Actin fibres in HOBs on 10 µm groove/ridge arrays could be seen to run 

either perpendicular or parallel to the grooves, but stress fibres arranged both parallel and 

perpendicular to groove direction rarely occurred in a single cell (fig. 6.4). Cellular 

spreading and stress fibre networks in HOBs on 100 µm groove/ridge arrays appeared 

similar to cells on planar controls.  

Planar control morphology and cytoskeletal organisation is discussed in section 4.3.2. 
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Fig. 6.4. Tri-fluorescent labelling of adhesion complexes and stress fibre organisation in S-Phase HOBs 
on microgrooved substrates. (A) HOBs cultured on planar control substrates formed well-organised stress 
fibres and numerous SMAs (boxed area). (B) Osteoblasts on 100 µm grooves possessed a well-developed 
actin cytoskeleton. Adhesions were large and numerous. (C) 10 µm groove arrays disrupted cellular 
spreading and adhesion formation. Adhesion formation was influenced by groove orientation. Red = actin, 
green = vinculin, blue = S-phase nuclei. 

 
6.3.3. Adhesion Characterisation and Qualification 

Vinculin immunolabelling revealed significant differences in adhesion formation in S-

phase HOBs on nanogrooved substrates relative to control substrates (see section 4.3.3). 

Orientation and location of adhesions was significantly effected in HOBs on 10 µm 

groove/ridge arrays (fig. 6.4B and 6.5B). Adhesion formation occurred predominantly on 

top of the ridge structures and were observed to form either parallel or perpendicular to 

the groove angle. Adhesion formation in HOBs on 100 µm groove/ridge substrates was 

similar to that of HOBs on planar control substrates (fig. 6.4C and 6.5C), unlike adhesion 

formation in HOBs cultured on 10 µm wide grooves, adhesion location and orientation 

was not significantly affected by this topography.  
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Fig. 6.5. Scanning electron immuno-labelling of adhesion complexes in HOBs on microgrooved 
substrates. (A) HOBs cultured on planar control substrates formed adhesion complexes of all subtypes. (B) 
10 µm groove/ridge arrays influenced cellular alignment and adhesion orientation. Cells adopted a 
polarised morphology. (C) 100 µm grooves provided a step topography, which did not significantly affect 
adhesion formation or cellular orientation. 

 
6.3.4.  Adhesion Distribution and Quantification 

Significant differences in the numbers of generated adhesion subtypes were observed on 

10 µm groove/ridge arrays relative to both control and 100 µm grooves. FXs were the 

least prominent adhesion subtype present in HOBs cultured on planar control and 

experimental substrates (fig. 6.6 and 6.7A). FAs were the predominant adhesion sub-type 

in HOBs on planar control substrates and experimental substrates. However, HOBs 

cultured on the 10 µm grooves formed significantly fewer FAs than cells cultured on 

control and 100 µm grooves (100 µm grooves showed no significant difference from 

control). HOBs cultured on the 100 µm groove substrates formed on average 83.8 FAs 

per cell. This was reduced on 10 µm groove/ridge topographies to just 45 per cell. 

Adhesion distribution and quantification in HOBs cultured on planar control substrates is 

discussed in section 4.3.4. 
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Fig. 6.6. Quantification of adhesion complex subtypes in S-phase HOBs on microgrooved substrates. 
SMA formation was greatest in HOBs on planar control substrates. SMA formation was significantly 
reduced in cells on 10 µm grooves. FA incidence was significantly decreased only in HOBs on 10 µm 
substrates. See Table 8.1 for relevant statistics. Included are mean values.  Results are + STD. p < 0.05 
denoted by ★ 

 
SMA incidence was reduced (almost halved) on 100 µm groove/ridge arrays (23.2) 

relative to control substrates and significantly reduced (halved again) on 10 µm 

groove/ridge arrays (12.3). The frequency of SMAs > 8 µm in length was less than 1 per 

cell in HOBs cultured on 10 µm groove/ridge arrays. Very large SMAs (>10 µm) were 

only observed in HOBs cultured on planar control substrates and 100 µm groove/ridge 

topographies (fig. 6.7B). Adhesion distribution was moderately shifted to the left on 

experimental substrates relative to planar control substrates. Maximum FA frequency was 

found to occur at 2 µm in length. This was increased to 2.5 µm on planar control 

substrates.  
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Fig. 6.7. Adhesion complex distribution in S-phase HOBs on microgrooved substrates. Adhesion 
distribution was left-shifted on experimental substrates. (A) Frequency of FAs approaching 2 µm in length 
was increased on flat and 100 µm groove substrates. All experimental substrates show a similar decline in 
adhesion complex distribution as FA lengths approach 3 µm. (B) SMAs are most numerous in HOBs 
cultured on control substrates. SMA frequency declines on all substrates as length increases. 
 
 

6.3.5. Adhesion Orientation 

Planar controls, and 100 µm groove/ridge topographies did not significantly affect 

adhesion orientation. Adhesion orientation was dictated by cellular morphology and 

stress fibre formation on planar and 100 µm groove/ridge arrays. Adhesion alignment in 

HOBs cultured on 10 µm groove/ridge arrays however was significantly influenced. Here 

20% of all adhesions were parallel with respect to the groove orientation (fig. 6.8). 
 

 
 
Fig. 6.8. Adhesion complex alignment on microgrooved substrates. Adhesion complex alignment was 
only affected by 10 µm groove substrates.  The majority of adhesions on this topography deviated less than 
30 degrees from the groove direction. Approximately 20% of adhesions were aligned parallel with the 
grooves. 
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6.3.6. Live Cell Adhesion Modulation  

FA modulation as identified by YFP-vinculin live cell imaging allowed the dynamics of 

FA formation to be studied over a period of 36 hours. HOBs on 10 µm groove/ridge 

arrays rapidly aligned to the topography demonstrating contact guidance, a polarised 

morphology and formed FXs at the leading edge. FXs were replaced by FAs following 8 

hours of culture, which were more prevalent at the leading edge. Following 36 hours of 

culture HOBs were significantly elongated and maintained a similar distribution of 

adhesion formation. Adhesion formation was predominantly parallel to the groove 

orientation in HOBs following 8 hours after cell seeding, following 24 hours however 

adhesions approximately perpendicular to the groove orientation were also prevalent (fig. 

6.9). 

 

 
 
Fig. 6.9. YFP-vinculin analysis of the dynamics of adhesion formation in HOBs on 10 µm groove 
substrates. HOBs exhibited contact guidance 1 hour following cell seeding. FA formation occurred 
predominantly at the polar extremes of the cell and were aligned with or perpendicular to the groove 
orientation. 
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HOBs on 100 µm groove/ridge arrays did not demonstrate significant contact guidance or 

cellular alignment. HOBs formed large lamellipodia associated with peripheral FA 

formation following 8 hours of culture. Rapid cellular spreading was evident by 24 hours 

of culture, also accompanied by extensive mature adhesion formation. HOBs adopted a 

flattened and spread morphology following 36 hours of culture forming large peripheral 

focal and SMAs. Topographical influence over adhesion plaque orientation was not 

evident, however adhesion formation was common at the step interface (fig. 6.10). 

HOB live cell adhesion formation on planar control substrates is discussed in section 

4.3.5.  

 

 
 

Fig. 6.10. YFP-vinculin analysis of the dynamics of adhesion formation in HOBs on 100 µm groove 
topography. Filopodia extensions present at t=1 hour were replaced with lamellipodia following 8 hours 
culture. Adhesions were not aligned by groove orientation but formed rows, which abutted at the 
topographical steps by 24 hours (boxed areas). Cellular spreading and adhesion formation increased with 
time up to 36 hours of culture. Arrow indicates underlying topographical step and abutting adhesions. 
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6.3.7. The Functional Response of STRO-1+ MSCs to Grooved Topographies  

Analysis of microarray data revealed significant changes in canonical genetic pathways 

of STRO-1+ MSCs cultured on both nanogrooved substrates which were dependant on 

groove width (fig. 6.11A). These gene expression changes were linked to several well-

defined canonical pathways.  

Both 10 µm and 100 µm groove/ridge arrays significantly influenced genetic pathways 

linked to STRO-1+ MSC signalling pathways and cellular function (fig. 6.11A). Of most 

significance were relative changes in p38-MAPK signalling in cells cultured on 

experimental topographies. Here the expression of approximately 8% of genes involved 

in this pathway were modulated in STRO-1+ MSCs cultured on 10 µm groove/ridge 

arrays and approximately 10% of genes in this pathway modulated in STRO-1+ MSCs 

cultured on 100 µm groove/ridge arrays.  

STRO-1+ MSCs cultured on 10 µm groove/ridge arrays also showed significant 

modulation of VEGF signalling. Here 7% of genes involved in this signalling pathway 

were modulated relative to cells cultured on planar controls. MSCs cultured on 100 µm 

grooves however, were associated with a significant changes in expression of the genes 

responsible for transcription of PDGF signalling pathway proteins. Here 9% of genes 

involved in this pathway were changed relative to planar control substrates. Both 

groove/ridge topographies were observed to modulate chemokine signalling in 

approximately 7% of the total genes involved with this pathway. 
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Fig. 6.11. Signalling pathway analysis of STRO-1+ MSCs on microgrooved substrates. (A) Canonical 
pathway analysis of STRO-1+ MSCs on experimental substrates identified numerous well-defined 
signalling pathways that were most affected in cells cultured on groove/ridge substrates. Significant 
changes in canonical p38-MAPK signalling were induced by both experimental topographies. Canonical 
VEGF signalling and PDGF signalling was significantly affected by 10 µm and 100 µm groove/ridge arrays 
respectively. (B) The Functional Analysis of a network of identified biological pathways that were most 
significant to the genes in the network affected by the groove/ridge topographies. MSCs cultured on both 
10 and 100 µm groove arrays were associated with significant changes in cell function, in particular 
connective tissue development and cellular proliferation. A statistical threshold of significance p = 0.05 
indicates the probability that the association between the genes in the dataset canonical pathway is 
explained by chance alone. 
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Modulations of canonical signalling pathways were subsequently correlated to large 

functional changes in STRO-1+ MSC populations. Connective tissue development in 

STRO-1+ MSCs cultured on both grooved substrates was significantly influenced. 

Trends indicate significant down-regulations in gene expression occurred in STRO-1+ 

MSCs cultured on 10 µm groove/ridge arrays and predominant genetic up-regulations 

occurred in STRO-1+ MSCs cultured on 100 µm groove/ridge arrays. Cellular movement 

and protein synthesis pathways were also significantly modified in STRO-1+ MSCs 

cultured on 10 µm groove/ridge topographies. Cell morphology was significantly affected 

on both substrates, correlating with the cytoskeletal changes noted in HOBs cultured on 

groove/ridge arrays. Furthermore, significant down-regulations in cell proliferation 

pathways were seen in cells cultured on the 10 µm groove/ridge arrays.  

 

6.3.8. Wnt/β-Catenin Signalling 

Canonical pathway analysis of STRO-1+ MSCs cultured on experimental substrates was 

correlated to significant modulation in genetic pathways linked to osteospecific function. 

An in depth examination of Wnt/β-catenin signalling revealed significant changes in 

expression of multiple genes involved in this pathway. 10 µm wide groove/ridge 

substrates induced down-regulations in 5% of the total genes that regulate the synthesis of 

proteins involved with Wnt/β-catenin signalling, including membrane associated Wnt and 

the cadherins. The transcription factors, sex determining region Y-like, high mobility 

group box (SOX) and retinoic acid receptor (RAR) of the nuclear compartment were also 

down-regulated on 10 µm groove/ridge arrays (fig. 6.12A). 

An up-regulation in expression of 5% of total genes involved in Wnt/β-catenin signalling 

was observed in STRO-1+ MSCs cultured on 100 µm substrates. Up-regulations were 

noted in transforming growth factor beta receptor (TGFBR) coupled with minor up-

regulations in cytoplasmic casein kinase 1 (CK1) and the G-protein Gαq/0. The majority 

of up-regulations were noted in genes encoding transcription factors, including SOX, 

RAR, CPB and Groucho (fig. 6.12B). 
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Fig. 6.12. Modulation of Wnt/β-catenin signalling in STRO-1+ MSCs on microgrooved substrates. (A) 
Significant numbers of down-regulations in genes associated with Wnt/β-catenin signalling were noted in 
STRO-1+ MSCs cultured on 10 µm groove/ride substrates. The majority of these being cytoplasmic 
associated. (B) The majority of affected genes in STRO-1+ cells on 100 µm groove/ride substrates were 
nucleus associated up-regulations. Red = Up-regulated, green = down-regulated, grey = no change, 
colourless = not tested. 
 
 

6.3.9. Integrin Signalling 

Analysis of transmembrane integrin signalling revealed contrasting modulation of STRO-

1+ MSCs function when cultured on 10 µm or 100 µm groove/ridge arrays. Canonical 

pathway analysis revealed that 2% of genes involved in integrin signalling were 

significantly modulated in STRO-1+ MSCs cultured on 10 µm groove/ridge arrays (fig. 

6.12A), down-regulations included genes coding for the adhesions plaque associated 

proteins α-integrin and α-actinin and the Rho proteins. Up-regulations were only noted in 

Genes responsible for FAK and receptor tyrosine kinase (RTK) synthesis (fig. 6.13A). 

There were notable modulations in STRO-1+ MSCs cultured on 100 µm groove/ridge 

arrays. Here 6% of total genes involved in the integrin signalling pathway were changed 

relative to MSCs cultured on planar controls (fig. 6.12B). Up-regulation of adhesion 

associated α and ß-integrin expression and α-actinin were noted as well as a 

corresponding up-regulation in Rho expression (fig. 6.13B). 
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Fig. 6.13. Modulation of integrin signalling in STRO-1+ MSCs on microgrooved substrates. (A) 
Expression of genes involved in adhesion formation and cytoskeletal strengthening were down-regulated in 
MSCs cultured on 10 µm grooves. (B) Conversely, up-regulations in similar genes were noted in MSCs 
cultured on 100 µm grooves. Red = Up-regulated, green = down-regulated, grey = no change, colourless = 
not tested. 

 

6.4. Discussion 
Previous studies have concluded that the interplay between both groove depth and width 

modulate cellular response and induce contact guidance (Sutherland et al., 2005). We 

hypothesised that topography with both nanoscale and microscale dimensions, which 

closely approximate the size of in vivo topographical features found in mineralised 

tissues, would better support osteoblast adhesion and STRO-1+ MSC function. The 

experimental methods outlined in this chapter utilise photolithography to create 

anisotropic topographies of grooves and ridges possessing microscale widths and a 

constant nanoscale depth.  

In this chapter vinculin positive SMAs were again noted in primary human osteoblasts on 

nanogroove and planar substrates. Well-spread osteoblasts such as those found on control 

and 100 µm groove/ridge substrates contained many of these super-long adhesions. It is 

hypothesised that the mechanosensory function of FAs facilitates increased intracellular 

tension on these substrates and anisotropic protein recruitment at the adhesion plaque 

resulting in the generation of elongated adhesions.  

S-phase HOBs cultured on planar control substrates formed predominantly mature FAs 
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and SMAs, indicative of a well-adhered, well-spread phenotype.  HOBs cultured on 

experimental substrates, demonstrated varying degrees of contact guidance and adhesion 

formation dependent on groove width. Adhesion complex formation was most perturbed 

in HOBs cultured on 10 µm groove/ridge arrays. Here frequency of both FAs and SMAs 

was reduced. Immuno-SEM revealed adhesion formation of all subtypes to occur 

predominantly on the top of the ridge structures, a phenomenon previously reported by 

Teixeira et al. (Teixeira et al., 2003). Groove regions facilitated focal and SMA 

formation in the direction of groove propagation, aligning both osteoblasts and peripheral 

adhesions with groove orientation (fig. 6.6B).  

Nanogrooves induced changes in osteoblast cytoskeletal organisation, cellular 

morphology and primarily, adhesion formation, which were correlated to significant 

alterations in MSC gene expression (fig. 6.11).  Gene expression was seen to be modified 

extensively with increasing cellular alignment, which specifically induced a significant 

decrease in the expression of the transcription factors RAR and SOX (fig 6.12), both of 

which play important roles in a variety of developmental processes, particularly during 

organogenesis (Chen et al., 2008, Koopman et al., 2004). It appears that nanogroove 

substrates act as mediators of cellular function through both the regulation of adhesion 

formation and subsequent signalling pathways activated/deactivated by cellular 

elongation and alignment. 

α-Actinin expression was increased in MSCs cultured on 100 µm and reduced in cells 

cultured on 10 µm groove/ridge topographies. α-Actinin is a major stress fibre associated 

protein that plays a key role in bundling and maintaining the stability of the stress fibres 

(Burridge et al., 1988, Byers et al., 1984). In addition to functioning as a organiser of 

stress fibres, α-Actinin also directly connects the stress fibres to FAs via the structural 

protein vinculin (Katoh et al., 2007). A down regulation in α-Actinin expression will 

result in deceased tension dependent adhesion growth, cellular tension and subsequent 

adhesion mediated cellular signalling as noted in cells cultured on 10 µm groove/ridge 

arrays. It appears that nanogroove substrates act as mediators of cellular function through 

both the regulation of adhesion formation and subsequent signalling pathways activated/ 

deactivated by cellular elongation. 
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It has been shown that contact guidance reduces the scaffolding of FAs through reduction 

of proteins such as RACK 1. RACK 1 helps stabilise FAs and hence the formation of 

large adhesions. If RACK 1 is over-expressed, contact guidance is reduced, if it is under-

expressed, super-aligned cells are seen. Thus, it appears that small adhesions are a pre-

requisite for contact guidance. This is sensible if physiological roles for contact guidance 

are considered, i.e. travel of fibroblasts to sites of wound healing. For this process, 

alignment and motility are required, which relies upon remodelling of small FXs (Dalby 

et al., 2008c). 

 

6.4.1. Conclusion    

Dynamic regulation of FA structure and the integrin-cytoskeleton associations 

modulating cellular function, plays a central role in balancing adhesive and migratory 

stimuli in the cell (Cohen et al., 2004). Nanogroove feature dimension influence the 

generation of adhesion complex subtypes in S-phase HOBs as well as modulating 

functional response in STRO-1+ MSC populations. Increasing groove width is associated 

with reduced contact guidance and increased adhesion formation and osteospecific 

function. Conversely decreased nanogroove widths were associated with increased 

contact guidance, reduced adhesion formation and reduction in osteospecific function. 

These findings are intriguing as they indicate a critical frequency of nanofeatures is 

necessary to modulate cellular adhesion and subsequent cellular function and may 

provide valuable insight for the fabrication of osteoinductive biomaterials with significant 

clinical implications. 
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7.1.  General Introduction 
The biological interactions occurring at the cell/implant interface are decisive for the 

clinical success of an implant. The topographical characteristics of an implant material 

are important mediators of cellular adhesion, spreading, migration of cells, and their 

differentiated cell functions (Diehl et al., 2005, Kudelska-Mazur et al., 2005, Lim et al., 

2007, Loesberg et al., 2007). Cell cytocompatibility as a product of adhesion is mediated 

by transmembrane integrins at sites of adhesion; which bind to adsorbed ECM proteins 

secreted by the cell.  

Topographical modification of an orthopaedic implant may be a viable method to guide 

tissue integration and has been shown in vitro to dramatically influence osseogenesis, 

inhibit bone resorption (Marchisio et al., 2005, Santiago et al., 2005) and regulate cell 

adhesion (Dalby et al., 2003b). Non-adhesive surface modification (Pearce et al., 2008) is 

of great potential benefit in the design of orthopaedic implants, in particular where 

internal fixation devices have been reported to induce latent pain (Brown et al., 2001) and 

complications warranting device removal, i.e. infection (Islamoglu et al., 2002) or 

excessive migration (Baums et al., 2006). Osteoblast adhesion and bony tissue 

mineralisation can, for example, complicate the removal of plating systems, increasing 

removal torque and predisposing screw damage and bone refracture (Jago & Hindley, 

1998, Sanderson et al., 1992) 

Prosthetic joint articulation such as that occurring at the acetabular cup – femoral head 

interface, relies on the high durability and low friction properties of the internal 

components to prevent wear particle formation, aseptic loosening and subsequent 

prosthesis failure (Grobler et al., 2005, Kim et al., 2005b). Cellular migration and 

adhesion within this compartment can result in fibrous tissue formation and 

mineralisation initialising inflammation and immunologic response (Konttinen et al., 

2005), ultimately resulting in pain and a reduction in the degree of available motion. 

Thus, anti-adhesive substrates (e.g. Square and Hex nanopatterned materials) could be 

useful in the fabrication of implantable devices that depend on minimal cellular adhesion.  

Conversely, materials that promote osteoblast specific adhesion may enhance functional 

differentiation (Kalajzic et al., 2005) resulting in the neogenesis of mineralised matrix, 

bony tissue formation and deposition. Because polymeric bone cements do not promote a 
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biological secondary fixation, topographically induced tissue neogenesis such as that 

observed on nanocrater and nanoisland substrates greatly aids in implant stability and 

integration, extremely desirable in joint replacement strategies to prevent aseptic 

loosening and device failure.  

Thus the manipulation of a substrate’s topography to affect its adhesive potential and the 

ability of cells to adhere at the cell-substrate interface may be viewed as an approach to 

direct and organise the adhesion and differentiation of migrating cells in bone repair.  

The importance of topographical modification in regulating cell-biomaterial interactions 

and subsequent signal transduction processes has been shown experimentally throughout 

this thesis. Although previous studies have shown nanotopographical structures to affect 

the expression level of adhesion components like integrin, paxillin, and phosphorylated 

FAK in the cell, (Heydarkhan-Hagvall et al., 2007, Karuri et al., 2006) the regulation 

mechanisms of these processes still remain undiscovered. Biophysical signals arising at 

the cell/substratum interface are thought to regulate cell function by mechanotransductive 

mechanisms. One hypothesis is that integrins not only induce intracellular signalling but 

also function as force dependant mechanotransducers, acting via the actin cytoskeleton to 

translate tension applied at the tissue level to changes in cellular function.  

In order to elucidate the effects of topographical cues on primary human osteoblast 

populations, biologically relevant nanoscale substrates were used to examine cell-

substratum adhesion in osteoblasts and the functional response of STRO-1+ MSCs. Here, 

it has been shown that topography with both nanoscale and microscale dimensions, which 

closely approximate the size of in vivo topographical features, better supports osteoblast 

adhesion and osteospecific STRO-1+ MSC function.  

To ensure that only topographical effects are recorded, shims were used to emboss the 

designs into a substrate with stiffness comparable with that of trabecular bone, pMMA 

was chosen for its physical characteristics as well as chemical properties, an amorphous 

stiff polymer with an elastic modulus of approximately 3 GPa. No satisfactory 

conclusions have been reached regarding the elastic properties of bone tissue, however 

current literature places the elastic modulus of trabecular bone between 10 and 20 GPa, 

depending on the experimental procedure (Yamashita et al., 2002).  

 



Chapter VII: Discussion 
 

147 
 

7.2. Subsequent Protocol Development 
A novel technique has been developed in this thesis for the duel immunofluorescent 

detection of vinculin and nuclear localised BrdU to identify sites of FA and S-phase cells 

respectively. This technique was both accurate and rapid to perform and, when coupled 

with the meticulous image analysis technique described in section 3.4, allowed sensitive 

quantification of adhesion formation.  

The rationale behind selective S-phase adhesion quantification arises from findings that 

S-phase cells undergo extreme flattening (Cross & ap Gwynn, 1987, Hunter et al., 1995). 

Non-S-phase cells display a more spherical morphology with less contact area with the 

substrate surface compared to S-phase cells (Meredith et al., 2004). In addition there is 

little sample variation with respect to adhesion density measurements in S-phase cells. 

Thus when measuring S-phase cell adhesion, changes observed are directly linked to the 

material surface properties and culture environment, rather than the cell cycle phase and, 

in the case of this study, are directly related to topography. 

The inhibitory effect of the presence of the nucleotide analogue BrdU, after its binding to 

the DNA, arrests the cell within S-phase. It has been suggested that during this cell cycle 

arrest the nuclear cycle continues to proceed (Owen et al., 2002). For this reason the total 

incubation time in BrdU was kept to three hours before immediate fixing in 

formaldehyde. 

The ability to immunolabel for two separate antigens is reliant on being able to discern 

visually between the structures being labeled or between the two labels themselves. The 

technique described herein is only possible due to the distinct morphological 

characteristics of the nucleus and the FA. The method is extremely fast compared to the 

previous methods (Owen et al., 2002) but does have the disadvantage that it cannot 

visualise FAs below the nucleus, or in very thick (rounded) cell types.  

An interesting future development could be the use of proliferating cell nuclear antigen 

(PCNA). PCNA may offer a reliable alternative to BrdU nuclear detection of S-phase 

cells. PCNA is detectable by immunocytochemically during late G1- and S-phase and can 

be used as a naturally occurring marker for cell proliferation (Hall & Woods, 1990). 

PCNA is detectable only in the nucleus (Lorz et al., 1994), thus immunolabelling of such 

a naturally occurring nuclear constituent may negate the need for invasive toxic 
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substances such as tritated thymidine and BrdU for cell cycle phase determination. 

SEM studies utilising duel vinculin and S-phase nuclei labelling theoretically improve on 

immunofluorescent methods by allowing regulation of depth of signal formation, 

increasing the spatial resolution available and facilitating the simultaneous visualisation 

of topography, whole cells and adhesion sites (fig. 7.1). To investigate the efficiency of 

such a technique the immunofluorescent protocol was adapted for SEM analysis of 

adhesion sites in S-phase cells.  

 

 
 
Fig. 7.1. SEM analysis of adhesion formation in S-phase HOBS on 10 µm groove/ridge nanoarrays 
(Biggs et al., 2008). (A) BSE mode was used for the visualisation of adhesion sites and S-phase nuclei in 
HOBs on 10 µm grooved topographies. (B) SE mode allowed visualisation of topographical structure.   

 
Although this technique was not used for quantitative or qualitative purposes throughout 

this thesis, it has since been shown to be as accurate a technique for adhesion 

quantification in a synchronised population of cells as immunofluorescent protocols and 

allows high magnification analysis of adhesion nanofeature interactions. If time was 

allowing, this would thus be a natural evolution for this study. 

To allow S-phase nuclei labelling in cells fixed for SEM the diameter of the colloid probe 

was reduced from 4 nm to 1.4 nm. Previously problems with signal intensity have arisen 

with the use of colloids < 2 nm in diameter. Owen et al. hypothesise that failure of these 

colloids is due to impaired silver enhancement, as the colloid becomes enveloped by the 

anti-vinculin IgG, effectively adsorbing a layer of protein that resists silver reduction at 

the colloid surface (Owen et al., 2001). Here the problem of small colloid probe 
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envelopment was overcome by the use of a three level detection system where the tertiary 

gold colloid was conjugated to a streptavidin molecule. Streptavidin is smaller than a 

whole IgG molecule and does not aggregate (Laitinen et al., 2006), allowing penetration 

of the nucleus to reach antigens inaccessible to larger gold probes.  

A combination of a soluble silver compound and a reducing agent induces the deposition 

of silver onto the gold probe. This process, termed autometallography enhancement 

(Christensen et al., 1992, Weipoltshammer et al., 2000), permits the user to benefit from 

the low steric hindrance of small colloidal gold markers and the increased sample 

penetration, whilst still being able to visualise the markers at low magnification. The 1.4 

nm gold colloid retains rapid nuclear penetration and high label efficiency (Richards et 

al., 2001a) yet is available following antigen binding for subsequent enlargement via 

silver deposition. 

 

7.3. Nanotopography Influences Osteoblast Adhesion Formation 
S-phase HOBs cultured on all experimental substrates demonstrated a modulation in 

adhesion formation. Recent studies have shown that integrin-mediated adhesions are not 

all alike and different molecular and cellular variants may be distinguished. Because 

adhesion formation is a dynamic and complex process, valuable information was 

generated through subgrouping these cellular adhesions into three forms, representing 

different stages of cell-substratum interaction and also possibly differential cellular 

function. 

HOBs cultured on planar control substrates formed predominantly mature FAs and 

SMAs, indicative of a well-adhered, well-spread phenotype. It can be hypothesised that 

the mechanosensory function of FAs facilitates increased intracellular tension and 

anisotropic protein recruitment at the adhesion plaque resulting in the generation of 

elongated adhesions. These SMAs although morphologically fibrillar, are distinct from 

the fibronectin organising fibrillar adhesion (fig. 7.2) and retain the molecular 

composition of classic FAs, such as proteins associated with transductive pathways 

including vinculin and FAK (Cukierman et al., 2001, Zamir et al., 2000). Indeed SMA 

formation has be correlated to an increase in the association of vinculin and talin to the 
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adhesion plaque which has been shown to activate adhesion elongation and interfere with 

vinculin turn-over, ultimately leading to hypertrophy of the adhesion (Cohen et al., 

2005). It is probable that the generation of these SMAs and the conservation of FA 

associated proteins, most notably FAK, induces increased up-regulation in many major 

survival and osteoinductive signalling pathways (Kim et al., 2007, Leucht et al., 2007, 

Liu et al., 2008a, Liu et al., 2008b). 

The work outlined in this thesis identified HOBs cultured on nanopit substrates to be 

associated with an increase in FX formation coupled with a disruption of mature adhesion 

formation. HOBs formed significantly more FXs then cells cultured on planar control 

substrates. FXs are nascent integrin-mediated adhesions formed during early 

lamellipodial activity at the cell periphery and the leading edge (Zaidel-Bar et al., 2004). 

These only transform into FAs proper following integrin clustering coupled with 

increased intracellular tension. These complexes play a role in motility, providing short 

lived anchoring sites to the ECM, allowing the contractile actomyosin machinery to pull 

the cell body and trailing edge forward (Nicolas et al., 2004, Zamir et al., 2000). An 

increase in FX formation is strongly indicative of a decrease in total cellular adhesion by 

disruption of FA maturation.  

That FAs were predominantly reduced in length indicates an increase in dynamic FX 

turnover and cellular motility. Once formed, FXs either turnover or undergo maturation. 

The molecular basis of this process has received a great deal of attention over the last 

several years because of its central role in cell migration. In particular, locally regulated 

FAK appears to be a key trigger for adhesion turnover as will be discussed in section 7.5. 

Nanopit type substrates have consistently been shown to reduce cellular adhesion in vitro 

(Biggs et al., 2006, Martines et al., 2004), although a decrease in protein adsorption may 

be a regulatory factor and has been shown to influence cellular migration through 

adhesion modulation (Xia et al., 2008). 

SMA formation was significantly reduced in S-phase HOBs on nanopit substrates, shown 

by SEM to be caused by direct nanopit disruption of adhesion formation. It can be 

postulated that pits of this scale could have an effect on the physical properties of the 

substrate, affecting surface free energy and hence potential surface wettability. This has 

been demonstrated to occur on nanofabricated substrates, whereby ordered 
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nanotopography can induce a state of ‘superhydrophobicity’ on a material surface 

(Martines et al., 2005). This in turn results in decreased protein adsorption (Hornekaer et 

al., 2005, Keselowsky et al., 2004), as well as conformational changes in integrin specific 

ECM protein binding domains (Keselowsky et al., 2003).  

 

 
 
Fig 7.2. Super-mature adhesions are distinct from fibrillar adhesions (Biggs unpublished data). FA 
elongation is either associated with (A) SMA formation (vinculin label) or (B) fibrillar adhesion formation 
(tensin label). These structures are morphologically and biochemically distinct and play individual roles in 
cellular adhesion and tissue formation respectively. 
 

 
It is hypothesised here that nanopits reduce SMA formation by directly inhibiting integrin 

clustering, which occurs in FA at the range of 5–200 nm (Arnold et al., 2004, Eisenbarth 

et al., 2006). Thus it seems conceivable that nanopit dimensions (120 nm diameter) 

disrupt the elongation of FXs into mature FAs by inhibiting protein recruitment at the 

adhesion site. Recent findings by Cavalacanti-Adam et al. indicate that indeed defects of 

100 nm do inhibit integrin clustering, adhesion formation and cellular spreading 

(Cavalcanti-Adam et al., 2007). Furthermore, Dalby et al. used immuno-transmission 

electron microscopy (TEM) of vinculin to show that adhesions could not form directly 

over the square arrays of nanopits investigated in this thesis (Dalby et al., 2006a). 

Conversely, polymer demixed nanocraters and nanoislands were shown experimentally to 

significantly disrupt the formation of FXs in S-phase HOBs and also reduce the formation 

of SMAs.  It can be hypothesised that polymer demixed features reduce adhesion number 

but increase cell spreading and osteospecific function by providing both disruptive and 

adherent features. It can be reasoned that in this case, whilst an increase in SMAs was not 
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observed, topographically induced cessation of cellular migration through disruption of 

FXs produces a similar result.  

It has been reported that the dorsal (and also likely the ventral) surface of the FA has a 

corrugated dorsal surface formed by filamentous structures spaced by an average of 127 

nm and protruding by 10 to 40 nm over the interadjacent areas (Franz & Muller, 2005). It 

may be that these dimensions place a limit on the minimum feature size which may 

perturb adhesion formation by direct means. Polymer demixed topographies were shown 

to exhibit a bimodal feature distribution. It is feasible that the large lateral dimensions of 

the polymer demixed islands and lacuni features are perceived by cells as essentially 

planar and therefore favorable for adhesion and it is in fact the stimuli from the second 

phase smaller features that influence cellular adhesion.  

Focal and SMA formation in HOBs cultured on polymer demixed topographies was 

comparable to cells cultured on planar control substrates, indicating the predominant 

effects of polymer demixed topographies to be on FX formation. Although it was 

unascertained whether polymer demixed topographies influence protein adsorption, a 

similar study by Lim et al has shown that substrates produced by polymer demixing 

affected surface wettability dependant on nanoisland height. The smaller the nanoislands, 

the smaller the water contact angle and accordingly, the more cellular adhesion observed 

(Lim et al., 2005b). It could be that this reduction in surface wettability was responsible 

for the minor reductions in adhesion formation observed in HOBs on polymer demixed 

substrates and that the polymer demixed features themselves act as adhesive stimuli, 

while the trapped air between the features is responsible for the reduction in surface 

wettability, protein adsorption and HOB adhesion. Indeed nanotopographical substrates 

with true pillar structures which increase the potential for trapped air have been shown to 

dramatically reduce cellular adhesion (Kim et al., 2005a). 

HOBs cultured on nanogrooved substrates, demonstrated varying degrees of contact 

guidance and adhesion formation dependent on groove width. Adhesion complex 

formation was most perturbed in HOBs cultured on 10 µm groove/ridge arrays. Here 

frequency of both FAs and SMAs was reduced. Immuno-SEM revealed adhesion 

formation of all subtypes to occur predominantly on the top of the ridge structures, a 

phenomenon previously reported by Teixeira et al. (Teixeira et al., 2003) Adhesion to the 
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ridge surface was prevalent in HOBs cultured on 10 groove/ridge arrays but was absent in 

HOBs on 100 µm groove/ridge topographies, as increased inter-ridge area facilitated 

increased osteoblast spreading on both ridge and groove areas. 

FA alignment also occurred in the absence of cellular alignment, a phenomenon 

previously observed only on microgroove topographies (Richards et al., 1997). It has 

been suggested that the geometrical dimensions of the FA plaque facilitate its formation 

and forced alignment within the microscale topographical ridges (Ohara & Buck, 1979). 

FAs are shown to decrease in width from 2 µm at the peripheral terminal to about 0.5 µm 

at the stress-fibre-associated end (Franz & Muller, 2005) which maybe forces adhesions 

to form within the grooves and accounts for the adhesion alignment noted on 10 µm 

groove/ridge arrays. 

Mineralised tissues can be viewed as a dynamic system of self-regulating nanostructures 

containing grooves and ridges imparted by the collagen and mineral constituents. 

Previous studies have concluded that the interplay between both groove depth and width 

modulate cellular response and induce contact guidance (Sutherland et al., 2005). Here it 

is hypothesised that topography with both nanoscale and microscale dimensions, which 

closely approximate the size of in vivo topographical features are capable of modifying 

cellular adhesion and cellular morphology, which in turn alters cellular function.  

Groove regions facilitated focal and SMA formation in the direction of groove 

propagation, aligning both osteoblasts and peripheral adhesions with groove orientation. 

FAs show highly anisotropic growth dynamics in which the additional proteins are 

mostly accumulated in the direction of the force exerted by the cytoskeleton on the FAs 

(Besser & Safran, 2006). Cell and cytoskeletal alignment has generally been found to be 

more pronounced on patterns with ridge widths between 1 and 5 µm than on grooves and 

ridges with larger lateral dimensions (Karuri et al., 2004, Matsuzaka et al., 2000, Teixeira 

et al., 2003) such as those used in this study. However, this may be dependant on cell 

type and size and whilst most studies of contact guidance have studies smaller fibroblasts, 

here larger osteoblasts and MSCs were used and the 10 µm grooves did efficiently align 

the cells. The 100 µm grooves, however, may be better described as step cues, where a 

cell will normally only contact one edge. 
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7.4. Nanotopography Influences Osteoblast Morphology 

YFP-vinculin experiments indicate that adhesion dependant cellular spreading and hence 

intracellular generated tensional forces are perturbed on nanopit topographies compared 

to cells on planar control and polymer demixed substrates. Here cellular spreading 

seemed to be dependant on intracellular tension. It is hypothesised that intracellular 

tension gradually builds within the stress fibres by the action of myosin II and adhesion 

strengthening by integrin clustering. Increased tension results in a rapid expansion of the 

cellular periphery mediated by contractile forces of the peripheral stress fibres and the 

spontaneous generation of intracellular-voids, which are slowly replaced by the flow of 

cytoplasm. This modality of cellular spreading is inhibited on the nanopit arrays as both 

adhesion and subsequent intracellular tension is disrupted. 

Early cellular spreading coupled with mature adhesion formation noted in HOBs cultured 

on both nanocrater and nanoisland topographies has been shown to prevent adhesion 

dependant apoptosis (Frisch et al., 1996). This specialised programmed cell death termed 

anoikis involves cellular detachment from the substrate or inhibition of adhesion 

formation. Recent studies have shown that changes in cell shape (Flusberg et al., 2001) or 

the presence of unoccupied integrins (Stupack et al., 2001) can induce anoikis. The 

established role of integrins in regulating survival signals (Frisch & Ruoslahti, 1997, 

Meerovitch et al., 2003, Zhang et al., 1995) and the role of FA-associated proteins in 

anoikis resistance (Attwell et al., 2000, Xia et al., 2004) suggest that mature adhesion 

formation and cellular spreading events are important for cell survival. 

Early cell spreading may also be an indicator of further expression of osteoblast 

phenotype. A study by Kudelska-Mazur et al demonstrated a correlation between 

increased adhesion formation, cell spreading and osteospecific function. In particular 

osteocalcin, ALP and collagen synthesis were shown to be elevated in well-spread cells 

(Kudelska-Mazur et al., 2005), again alluding to the osteogenic potential of nanocrater 

and nanoisland substrates as modulators of adhesion formation and cellular spreading.  

Cytoskeletal elements were shown to be similar in HOBs cultured on planar control 

substrates and in HOBs cultured on both polymer demixed topographies, while the 

cytoskeleton remained unorganised on nanopit substrates. The interactions between FAs 

and the actin network is complex, due to the fact that actin network in most migrating 



Chapter VII: Discussion 
 

155 
 

cells is not stationary with respect to the substrate, but moves away from the leading edge 

of the cell in a process known as retrograde flow (Cramer, 1997, Harris, 1994), thought to 

be a consequence of the pressure of actin assembly against the membrane and contractile 

forces in the actin network (Suter & Forscher, 2000). It is this flow that is reportedly 

responsible for the ruffling of the leading edge immediately prior to adhesion formation 

(Alexandrova et al., 2008). This dynamic mobility of the actin network and increased 

retrograde flow may account for the lack of microfilament organisation observed in 

HOBs on nanopit arrays. 
The phenomenon of cellular contact guidance on grooved topography has been well 

documented in literature (den Braber et al., 1998, Karuri et al., 2004, Lenhert et al., 

2005). Nanoscale grooves with dimensions similar to those found in tissue in vivo have 

been shown to cause contact guidance and alignment in numerous studies involving 

human cell types, including corneal epithelial cells (Teixeira et al., 2003), fibroblasts 

(Dalby et al., 2003c) and osteoblasts (Lenhert et al., 2005). Andersson et al reported on 

the evidence that cell alignment and elongation increase with groove depth rather than 

groove width (Andersson et al., 2003). Jayaraman et al have reported on the importance 

of microtexture in dental implant osseointegration in which grooved surfaces permitted 

attachment of more cells than a smooth surface and that cell shape and cytoskeleton 

alignment all indicated increased cellular adhesion (Jayaraman et al., 2004). Both cellular 

alignment and adhesion can viewed as desirable elicited responses for successful implant 

integration, however this is implant specific and one may take preference over the other. 

Narrow grooved substrates may enhance the migration and alignment of fibroblasts 

during the wound healing response, leading to enhanced ECM organisation. Conversely 

increased groove width may induce enhanced cellular adhesion and osteospecific 

function, desirable features of orthopaedic devices. Furthermore, it could be postulated 

that if stem cells take on the bipolar morphology imposed by a high degree of contact 

guidance it is likely they will act as fibroblasts, whereas if they are allowed to take on a 

well-spread, polygonal morphology, they may develop into osteoblasts. 

Loesberg et al hypothesised that a cellular ‘‘point break’’ is reached, with decreasing 

nanogroove width, where cells no longer display contact guidance (Loesberg et al., 2007) 

this cut off point was found to be 100 nm in width and 35 nm in depth. A study by Hu et 
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al also on ~300 nm deep grooves concluded that the efficiency of smooth muscle cell 

alignment and elongation increases monotonically with the decrease of groove pitch, 

indicating that nanoscale structures produce cellular alignment and elongation by a 

different modality than microscale grooves (Hu et al., 2005). It may be that on micron 

sized grooves contact guidance is predominantly mechanical – i.e. the cell is forced along 

a topographical edge via a containment effect. On nanometric grooves alignment may be 

more biological, occurring as a consequence of ECM alignment followed by adhesion 

alignment which subsequently direct the cell body/nucleus to align. 

As well as actin cytoskeletal elements, microtubules were also affected in HOBs cultured 

on experimental substrates. Studies indicate that motile cells possess two distinct 

microtubule networks. The majority of their microtubules comprise a highly dynamic 

subset, whose distal plus ends are positioned randomly throughout the cell periphery 

(Salaycik et al., 2005). By contrast, a more stable (less dynamic) subset is typically 

arrayed between the nucleus and its leading edge (Gundersen & Bulinski, 1988). Tubulin 

subunits become stabilised by acetylation along the entire length of the microtubule and 

the acetylation state of the stable microtubules may imbue them with special functional 

properties (Westermann & Weber, 2003). For instance, this increased stability has been 

shown to increase the FA size in vitro (Tran et al., 2007). HOBs observed to possess a 

well defined microtubule network, i.e. on planar control, polymer demixed, and 100 µm 

wide groove/ridge arrays were also associated with mature adhesion formation, and a 

well organised stress fibre network. It can be reasoned that this well developed 

microtubule network is contributing to the stability of the adhesion sites and facilitating 

SMA generation. 

Nanotopographical mediated changes in cytoskeletal morphology have led to the question 

of whether topography directly nanoimprints onto the cell structure and somehow 

influences the propagation of signal transduction. Evidence presented from SEM, TEM 

and fluorescent microscopy detection show that the arrangements of cytoskeletal 

components are consistent with the underlying nanotopography and this has implication 

for cytoskeleton related signalling (Wood et al., 2008). Time-lapse video studies of cells 

moving from areas bearing nanotopography to flat areas and vice versa suggests that the 

nanoimprinting takes 1–6 hours to manifest in the cytoskeleton (Curtis et al., 2006). 
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Studies have further shown that this nanoimprinting is driven by the β3 integrin subunit 

rather than the β1 subunit (Wood et al., 2007). This nanoimprinting of cells may be a 

novel type of cell signalling so far neglected and may contribute to direct 

mechanosignalling. Here modification of cytoskeletal elements in tensegrity units and 

their interactions with the nucleus, may cause organisational changes within the 

interphase nucleus (Dalby et al., 2007c, Ingber, 2006). Nanoimprinting may also 

modulate indirect signalling by influencing cytoskeleton related signalling molecules e.g. 

extracellular signal-regulated kinases (ERK), FAK and MAPK. Examples of cytoskeletal 

nanoimprinting of HOBs on grooves are shown in fig 7.3. 

 

 

 
Fig 7.3. Nanoimprinting of grooves onto the cell cytoskeleton (Biggs unpublished data). (A,B) The 
nanogroove topography is visibly reproduced within the filaments of the actin cytoskeleton in endothelial 
cells. 

 
7.5. Nanotopography Influences MSC Function 
The major event that triggers osteogenesis is the transition of MSCs into bone-forming, 

differentiated osteoblast cells and is controlled by sequential activation of diverse 

transcription factors that regulate the expression of specific genes. In addition to their 

adhesive functions, integrins mediate bi-directional signalling between the ECM and the 

cell interior and are crucial in cell survival and differentiation (Attwell et al., 2000, 

Grigoriou et al., 2005, Stupack et al., 2001). Although integrin molecules provide a 

platform for intracellular signalling, they do not have intrinsic enzymatic activities in 

their cytoplasmic domains (Liu et al., 2000). Therefore, downstream signalling is 

mediated by non-receptor tyrosine kinases (Schaller et al., 1992). Interestingly integrin 
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receptors have been shown in vitro to be spatially associated with the STRO-1 membrane 

receptor (Gronthos et al., 2001), which perhaps indicates another possible mode of 

integrin mediated differentiation in MSC populations, as undifferentiated cells no longer 

express the STRO-1 surface antigen.  

β1 integrins have been shown to be the predominant adhesion receptor subfamily utilised 

by stromal precursor cells for adhesion formation in vitro although, as has been 

discussed, β2 integrins have been implicated in mediating cellular attachment to 

nanostructured substrates (Wood et al., 2008) and it has been suggested they are 

important in the differentiation of stromal precursor cells into functional osteoblast-like 

cells (Gronthos et al., 2001). Only STRO-1 MSCs cultured on nanopit topographies were 

shown to undergo a down-regulation in β-integrin expression, again indicative of both 

reduced cell adhesion and osteospecific function. Integrin mediated attachment activates 

FAK autophosphorylation, which provides a binding site for the Src family kinase (Src) 

(Chan et al., 1994) and promotes FAK binding to a number of signalling molecules 

(Klemke et al., 1997) including talin and paxillin (Chen et al., 1995), which link the 

integrin–FAK signalling complex to the actin cytoskeleton (Kim et al., 2007).  

FAK has been shown in previous studies to be an important mediator of adhesion 

turnover and is well established as a regulator of the actin cytoskeleton and cell motility, 

particularly in invasive metastasis (Behmoaram et al., 2008). Indeed, FAK-null cells 

assemble large and stable adhesion complexes leading to a reduction in cell migration 

(Sieg et al., 1999). Curiously although HOBs cultured on nanopit topographies were 

associated with small FX formation, STRO-1+ MSCs cultured on nanopit topographies 

were associated with a decrease in FAK synthesis. This may be indicative of a general 

reduction in FX turnover, suggesting that perhaps cellular motility is not increased on this 

topography as previously speculated, rather HOBs adopt an elongated morphology in 

response to FA perturbation. In agreement to this, it is has been seen in RACK1 knockout 

cells, where large FAs cannot be formed, that elongated cell morphologies spontaneously 

form on planar materials (Dalby et al., 2008c).  

Furthermore, a study by Leucht et al demonstrated that a down-regulation of FAK 

expression reduces the cellular response to physical stimuli. It was noted that bone 

marrow cells in which FAK activity was knocked-down no longer up-regulated 
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skeletogenic genes, collagen fibrils remained disorganised and the mechanically-induced 

osteogenic response was lost (Leucht et al., 2007). 

Conversely, MSCs cultured on 10 µm groove/ridge arrays were associated with an 

increase in FAK expression. Here cells also adopted a polarised morphology and 

increased total FX formation, suggesting a true increase in FX turnover. Indeed, many 

previous studies have shown grooved topographies to be associated with an increase in 

cell motility (Kaiser et al., 2006). As would be expected in cells that form stable and even 

SMAs, FAK expression was not modulated on the 100 µm groove topographies or on 

both polymer demixed substrates – topographies shown to reduce FX turnover.  

Force application to bound integrins promotes FA assembly by activating the small 

guanosine triphosphatase Rho and stimulating its downstream targets mammalian 

diaphanous protein 1 (mDia1) and Rho-associated kinase (ROCK) which interplay to 

promote actin filament polymerisation, induce cytoskeletal tension and regulate ECM 

organisation (Bhadriraju et al., 2007, Yoneda et al., 2007). Studies indicate that FAK can 

negatively regulate Rho activity, which was up-regulated in STRO-1+ MSCs cultured on 

nanopit substrates. This can probably be explained by an increase in lamellipodia 

formation and has been shown previously that RhoA activity is decreased on 

nanostructured topographies relative to planar substrates (Hu et al., 2008). 
Conversely, inhibition of Rho activity reduces cell spreading and FA organisation and has 

been shown to promote the formation of unusual arborised cell projections (Anastasiadis 

et al., 2000, Noren et al., 2000). STRO-1+ MSCs cultured on 10 µm nanogroove 

topographies demonstrated decreased Rho expression coupled with this reduction in FA 

formation and cell spreading, typical in cells undergoing increased cell migration, when 

FXs and lamellipodia are more prominent than FAs and stress fibres (Bershadsky et al., 

2003). Rho expression was increased on 100 µm groove/ridge topographies and both 

polymer demixed topographies correlating to an increase in FA formation, stress fibre 

formation and cell spreading. 

As well as integrin mediated signalling, complex signalling pathways of osteospecific 

interest were modulated by experimental topographies. The canonical Wnt/β-catenin 

signalling pathway has recently been found to play an essential role in osteogenesis, bone 

development and postnatal maintenance of bone mass (Day et al., 2005, Hill et al., 2005, 
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Krishnan et al., 2006). Wnts are secreted growth factors, of which there are 19 Wnt 

family proteins in total. Canonical Wnts transduce their signals through intracellular beta-

catenin. Importantly, Wnt signalling has previously been shown to be regulated by 

cellular adhesion and to control the ubiquitination and stability of the FA proteins (Deng 

et al., 2008, Piters et al., 2008). 

The modulation in expression of transcription factors RAR and SOX by the Wnt 

signalling pathway indicates that topography can induce an epigenetic modulation of the 

commitment to a skeletogenic lineage (Leucht et al., 2007). Translation assays show that 

both RAR and SOX can repress translation, and move mRNA away from polysomes, 

consistent with prevention of translation initiation (Chen et al., 2008, Takash et al., 

2001). Conversely both RAR and SOX transcription factors are also able to bind to 

promoter regions of DNA to activate the transcription of target genes (Kamachi et al., 

1999, Mendelsohn et al., 1991). There is growing appreciation that simultaneous 

activation and repression of gene expression is a feature of multiple developmental 

signalling pathways and importantly it is this crosstalk between Wnt signalling and other 

developmental pathways that regulates transcriptional events.  

STRO-1+ MSCs cultured on both nanopit and 10 µm nanogroove topographies were 

associated with a general reduction in Wnt/β-catenin signalling culminating in a general 

reduction of cellular transcription, suggesting that these experimental substrates may 

prevent the onset of osteospecific differentiation by the prevention of cellular adhesion 

and spreading (Kudelska-Mazur et al., 2005). Such a scenario also points to a possible 

role of FX formation in cellular de-differentiation. It may also be conceived that cellular 

alignment may be associated with fibrospecific differentiation. 

It can be further postulated that the onset of MSC differentiation occurs following 

cessation of cellular migration. In vivo bone tissue regeneration is characterised by 

sequential stages that start with osteoblast proliferation, followed by their differentiation 

and finally mineralisation of the ECM, produced as the endpoint of osteoblast phenotypic 

expression. This scenario is associated with an observed increase in focal and SMA 

formation; cellular spreading and a reduction in FX turnover as identified in HOBs 

cultured on polymer demixed and 100 µm grooved topographies. This up-regulation in 

Wnt signalling has been observed previously in preosteoblastic cells cultured on 
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hydroxyapatite substrates, where a 4.4-fold increase in SOX9 expression was noted (Song 

et al., 2008). 

Although analysis of the Wnt/beta-catenin signalling pathway revealed significant 

modulation of gene expression, the experimental work of this thesis identified the p38–

MAPK pathway as one that was most significantly modulated by experimental substrates 

(fig. 7.4-7.6). p38–MAPK signalling, acting through tissue-specific transcription factors, 

may generally control progenitor/stem cell lineage processes in mesenchymal tissues and 

has been shown to positively regulate osteogenic differentiation through bone 

morphological proteins and other growth factors (Ge et al., 2007). Here significant 

changes in p38–MAPK signalling in MSC populations were identified as being caused by 

modulation of transforming growth factor (TGF)βexpression. 

From recent reports TGF-β exerts its effects on MAPK-dependent signalling through 

phosphorylation of p38 and activation of transcription factors that have binding sites in 

DNA, inducing an immediate increase in differential function (Oka et al., 2007, 

Woodman et al., 2008). TGF-β is the most abundant growth factor in bone and has been 

shown to be important in osteogenesis during mandibular development (Oka et al., 2007). 

In addition to a proliferative effect on osteoblast function, TGF-β controls bone 

resorption by inducing the formation of osteoclasts (Fox & Lovibond, 2005). 

TGF-β expression was effected in STRO-1+ MSC populations on all experimental 

substrates except 100 µm groove/ridge topographies. The observed down-regulation of 

TGF-β in STRO-1+ populations cultured on 10 µm wide grooves, combined with a 

fusiform morphology may be indicative of a more fibroblastic phenotype. Interestingly, 

modulated TGF-β expression was associated with both up and down-regulation of p38–

MAPK signalling proteins. This suggests that an interplay of multiple signalling 

pathways controls the topographical modulation of MSC function and perhaps indicates 

that the indirect mechanotransductive signalling pathways discussed above may be 

complemented by direct mechanotransductive mechanisms to regulate progenitor cell 

function.  

Direct mechanotransduction is thought to occur as surfaces change adhesion morphology 

and hence regulate gross cellular morphology (as can be seen in this thesis). The 
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inhomogenity that the cytoskeleton provides to the cytoplasm is thought to allow such 

changes in cellular morphology to be conveyed to the nucleus (i.e. as the cell changes 

shape so will the nucleus) (Wang & Suo, 2005). It is presently not understood how this 

mechanical linkage from adhesion to nucleus works, but it is generally considered that an 

interconnected percolation network (Forgacs, 1995), possibly as a specialised tensegrity 

structure (Ingber, 2003), links microfilaments directly tethered to adhesions via 

interaction with microtubules and intermediate filament to the nucleus as cytoskeltal 

intermediate filaments directly associate with nucleoskeletal intermediate filaments 

(lamins). It is further likely that this works through tension with rounded cells being 

relaxed and then spreading passing tensile forces to the nucleus. This is considered to be 

the case as it would be hard to push (i.e. apply compression) through the rather stringy 

cytoskeleton and also as the lamins cannot be compressed as they are very dense when 

relaxed, but can be expanded (Dahl et al., 2004).  

It is now accepted that interphase chromosomes occupy discrete territories within the 

nucleus. These territories are complex folded structures with interchromatin channels 

penetrating into the territory interior and allowing diffusion of transcriptional activators 

(Cremer & Cremer, 2001). The telomeric ends of the interphase chromosomes are linked 

to the lamins and should thus be responsive to tension and it has been shown that cells 

responding to topography and changing morphology will change the relative positioning 

of their centromeres (Dalby et al., 2006a, Dalby et al., 2007c). Such changes in 

chromosomal morphology may: change the ability of transcription factors to penetrate the 

territories, alter the proximity of genes to polymerase rich transcription factories 

(Osborne et al., 2004) or even stall polymerase motors in response to changes in DNA 

tension (Bryant et al., 2003),  
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Fig. 7.4. p38–MAPK signalling in MSC populations cultured on nanopit substrates.  STRO-1+ MSCs 
cultured on both nanopit topographies demonstrated significant up-regulation of TGF-β expression. This 
was coupled to widespread down-regulations in the p38–MAPK signalling pathway. (A) Square nanopit 
arrays, (B) hexagonal nanopit arrays. 
 
 
 

 
 
 
Fig. 7.5. p38–MAPK signalling in MSC populations cultured on polymer demixed substrates. Polymers 
demixed substrates were associated with significant up-regulation in TGF-β expression in STRO-1+ MSC 
populations, however further downstream signalling processes and transcriptional events were only 
minimally affected. (A) Nanocraters, (B) nanoislands.  
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Fig. 7.6. p38–MAPK signalling in MSC populations cultured on nanogroove substrates. p38–MAPK 
signalling was markedly changed by varying the groove width. (A) 10 µm grooves were associated with a 
down-regulation in TGF-β expression. (B) 100 µm grooves induced an up-regulation in TGF-β receptors 
as well as a number of transcription factors.  
 
 
 

7.6. Summary 
In the developed world in 1950, there were 9.3 people under 20 years old living for every 

person over 65, by 2025 this ratio is forecast to be 0.59 people under 20 years old for 

every person older than 65. Currently surgeons face a mounting pressure due to an aging 

population and associated problems of rheumatoid arthritis as well as a more sports active 

younger populations and problems associated with osteoarthritis. Due to the present 

lifespan of many orthopaedic procedures (The 10 year failure rate for revision hip surgery 

was 26% in a Norwegian study of 4762 operations) (Lie et al., 2004) patients will have to 

wait longer with pain before surgeons will consider operations. Metallic devices can be 

hard to work with due their material properties and so success to date with surface 

treatments to encourage direct bone growth and hence develop implants for life has been 

limited.  

It was hypothesised in this thesis that nanoscale topographical features are important 

mediators of cellular adhesion and subsequent cellular function, and that surface 

modification is a potent tool for enhancing cytocompatability with an aim to improving 
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orthopaedic device functionality by regulating cell-substratum interactions. The scope of 

this thesis was twofold. Firstly to investigate the interactions of osteoblast populations 

with polymeric nanoscale topographies, with an aim to understanding how integrin 

mediated adhesion is modulated by nanotopographical structures. Secondly, to correlate 

these modulations in adhesion formation to functional responses, and in particular MSC 

differentiation.  

Ordered nanoscale pits fabricated by EBL significantly modulated both cellular adhesion 

and function. These pits were shown to prevent direct adhesion formation in cellular 

populations, instead HOBs cultured on these topographies formed small FAs and 

numerous FXs at the interpit regions. Nanopits also significantly reduced the expression 

of genes involved in many functional pathways in MSC osteodifferentiation.  

Random nanoislands and nanocraters fabricated by polymer demixing were also seen to 

affect cellular function. Both topographies induced the formation and maturation of 

adhesion complexes and were associated with a minor up-regulation of genes involved in 

many functional pathways. These findings are intriguing as they indicate topographical 

modification capable of reducing cell motility may increase cellular functionality. 

Finially nanogroove substrates were fabricated by photolithography. Groove width was 

shown to influence the generation of adhesion complex subtypes in S-phase HOBs as 

well as modulate functional response in STRO-1+ MSC populations. Increasing the 

groove width was associated with reduced contact guidance and increased adhesion 

formation and osteospecific function. Conversely decreased nanogroove widths were 

associated with increased contact guidance, reduced adhesion formation and reduction in 

osteospecific function. 

The findings presented within this thesis indicate that cellular populations do react to 

topographical features and that a device may be fabricated with topographical cues 

capable of regulating both cellular adhesion and MSC function. Furthermore, these 

topographically modified devices may have critical implications for enhanced bone repair 

and the potential for future clinical translation.   
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7.7. Future Work 
7.7.1. Undercut Features and Cell Adhesion  

As already stated, a major issue with orthopaedic joint prosthesis is to establish their 

permanent fixation to the adjacent bone. Nanotopographical features have been shown in 

this thesis to regulate cell adhesion at the cellular level by modulating integrin mediated 

adhesion formation at the cell-substratum interface. When designing a device which 

relies on permanent fixation it would be beneficial to enhance increased adhesion at the 

cellular level and also promote a physical interlocking of the device with the surrounding 

tissue.  

Internal fixation stability can be achieved by either the application of a cement between 

bone and prosthesis, or by encouraging bone growth into to the prosthesis surfaces. The 

use of topographical modification for increased biologic attachment of implants offers a 

valuable alternative to pMMA bone cement as a means of fixation.  Undercut surface 

features may be one methodology for further increasing cellular adhesion (by steric 

hindrance) at the tissue-device interface (Curodeau et al., 2000). Undercutting describes a 

tapering of a topographical feature towards the opening, which in effect allows bone and 

ECM infiltration but dramatically increased interlocking by restricting tissue-implant 

separation.  

One of the unique advantages of high-resolution top-down techniques in substrate 

fabrication is the ability to couple these with advanced etching techniques that allows re-

entrant features such as undercuts and overhangs within the topographical features. 

Interestingly, a recent study by Ogawa et al has demonstrated that the strength of 

osseointegration was increased by a factor of three by the inclusion of nanoundercut 

features (Ogawa et al., 2008). One intriguing question that this raises is whether single 

cell adhesion, rather than whole tissue invasion would be modified if a level of undercut 

was introduced to the topographical features outlined in this thesis? Although it seems 

unlikely that undercut would increase adhesion on nanopit array substrates as these were 

shown to prevent direct cell-substratum interactions, it may be possible that introducing a 

level of undercut to the nanopit substrates could further diminish cellular adhesion 

formation by trapping air more efficiently and increasing hydrophobicity. Conversely 

undercutting may also enhance protein adsorption by trapping and thus increase cellular 
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adhesion.  

Undercut may be of benefit when combined with groove/ridge topographical features. 

Grooves 100 µm in width were shown to increase osteospecific differentiation in MSC 

populations while facilitating cellular spreading and adhesion formation. This increased 

cellular adhesion may be complemented by fabricating the grooves to resemble base-up 

anisotropic prisms. Certainly, at whole tissue level, this topographical modification would 

increase pull-out forces 90° to the implant surface as well as dramatically restrict lateral 

movements in one plane (fig. 7.7). Increasing the contact forces in two dimensions would 

be of great benefit in load-bearing prosthesis design, particularly hip replacement, which 

are associated with forces parallel to, as well as 90° to the implant. 

 

 
 
Fig 7.7. Topographical undercut grooves may increase implant stability. (A) Orthogonal arrays of 
grooves/ridges increase surface area and increase the force required for lateral movements to occur relative to 
planar surfaces F(l). (B) Undercut features also increase this lateral inertia but simultaneously increase the 
pull-out force relative to orthogonal groove/ridge arrays F(p). 

 
The investigation into the effect of undercut nanoscale features on cell adhesion is at 

present very much neglected. It has already been documented that minute changes in the 

order of nanoscale features greatly effect the cell response (Dalby et al., 2007d), it seems 

reasonable that minor changes in the morphology of a specific nanofeature, by 

introducing undercut, may also modulate the cellular response as well as promote greater 

tissue adhesion.  
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7.7.2. Podosome Formation 

Podosomes are ring-like structures formed on the ventral surface of the plasma membrane 

that appear to be involved in a wide range of physiological and pathological aspects such 

as sealing-ring formation in osteoclasts. Podosomes are self-organised, dynamic, actin-

containing structures that adhere to the ECM via integrins (Collin et al., 2006, Linder, 

2007). Like FAs, podosomes are dynamic microstructures whose known functions 

include both mechanotransduction (Collin et al., 2008) and local ECM degradation. Of 

five different integrin-dependent adhesions (FAs, FXs, fibrillar adhesions, SMAs and 

podosomes), podosomes are the least understood in terms of dynamics and physical 

features. Podosomes are characterised by a dense central column of Filamentous-actin, 

the actin core, which is surrounded by a loosely organised actin meshwork, called the 

podosome cloud (Collin et al., 2006) which co-localises with adaptor and regulatory 

proteins such as vinculin and the integrins. Podosomes are small, highly dynamic, dot-

like structures that have a similar size-range as that of FXs (0.5–1 µm). Indeed 

podosomes have been observed to initiate from FAs due to changes in the 

phosphorylation status of adhesion plaque proteins, most notably Src, which, as 

previously discussed, is an important binding partner of FAK (Oikawa et al., 2008). A 

recent study by Destaing et al indicates that Src null osteoclasts have fewer podosomes 

than normal cells and that these podosomes have a longer life span, suggesting that Src 

promotes both the initiation of podosome formation and podosome disassembly 

(Destaing et al., 2008). In osteoblasts, podosomes are thought to play a dual role in cell 

proliferation and bone mineralisation and have been shown to be dynamic 

mechanosensors and sensitive to substrate stiffness (Collin et al., 2008, Furlan et al., 

2007), although the exact mechanisms of this process and whether podosome formation is 

sensitive to topographical cues is still under investigation.  

 

7.7.3. Transient Receptor Potential Channels 

Although integrin mediated adhesion sites are central to the transduction of mechanical 

forces by both direct and indirect mechanisms, other mediators of transduction may also 

play important roles in the modification of cellular function by mechanical stimuli. Most 

notably transmembrane pores are increasingly being recognised as potential 
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mechanotransductive structures in skeletal cells. In the initial phase of 

mechanotransduction, deformation of the cell membrane by stretch as well as shear stress 

results in the mechanical opening of transmembrane ion channels (Hughes et al., 2005). 

Recently, proteins in the transient receptor potential (TRP) families have been identified 

as being involved with signalling in a variety of mechanosensory cells, mediating calcium 

entry and downstream signalling cascades in response to mechanical stimuli and altered 

cellular morphology (Kindt et al., 2007). TRP channels form pores in the lipid bilayer of 

the plasma membrane, regulating ion fluxes across the membrane.  

Presently, TRP channels are known to comprise a superfamily of proteins subdivided into 

at least seven different subfamilies; furthermore these TRP channels have been shown to 

be regulated by integrin mediated adhesion formation (Davis et al., 2002). In particular 

TRP vanilloid type 4 channel receptors have been shown to play a function in signal 

transduction in response to flow or shear stress and may be important in 

nanotopographical mediated mechanotransduction. A preliminary study of these receptors 

has shown that they are highly expressed in endothelial cell aligned on nanogrooved 

topographies and further to this they are located extensively on cellular filopodial 

extensions (fig.7.8). 

 

 
 
Fig 7.8. TRPV4 expression in endothelial cells aligned on a nanogrooved topography (Biggs 
unpublished data). (A) High levels of TRPV4 expression were noted in endothelial cells aligned by 
nanoscale grooves. (B) Cellular filopodia were associated with a high density of TRPV4 channels (white 
arrows). 
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7.7.4. Translation to the Clinic 

It is predicted that the percentage of persons over 50 years of age affected by bone 

diseases will double by 2020 (Navarro et al., 2008). Clearly this represents a need for 

permanent, temporary or biodegradable orthopaedic devices that are designed to 

substitute or guide bone repair.  When a polymeric device can provide mechanical 

fixation comparable to metallic materials, the use of bioresorbable polymeric implants 

has several advantages over the use of traditional metallic fixation. For example, 

biodegradable implants reduce bone resorbtion via stress shielding and eliminate 

subsequent surgeries that may be necessary to remove metallic implants. They also aid in 

post-operative diagnostic imaging, avoiding artefact and obscuring from metal implants.  

Initial uncertainty regarding the adequacy of biodegradable materials to withstand 

functional stresses obliged clinicians to implement these biomaterials in non-load-bearing 

applications such as fixation of the maxillofacial skeleton (Cutright & Hunsuck, 1972). 

Of all fractures of the maxillofacial skeleton, those of the mandible place the greatest 

demands on internal fixation devices and internal fixation (even with metal devices) is 

complicated by the highest failure rate in the maxillofacial skeleton. Modification by self-

reinforcing (SR) techniques (Suuronen, 1993), has allowed progressive extension of 

bioabsorbable fixation to fractures of the maxillofacial skeleton subject to greater 

functional loading. This approach consists of reinforcing the polymer matrix with 

oriented fibres or fibrils of the same material. Recent studies indicate that SR 

bioresorbable devices support healing of mandibular fractures, in a manner comparable to 

that of titanium fixation (Ashammakhi et al., 2004, Ferretti, 2008, Yerit et al., 2002).  

Orthopaedic biomaterials for CMF fixation should be designed with optimal physical and 

chemical properties to promote tissue regeneration as well as bioactivity to induce 

specific cellular responses at the molecular level and modulate cellular function. It can be 

hypothesised that third generation biomaterials, in particular SR biodegradable devices 

may be modified to control cellular interactions with an aim to enhancing bone union. 

Recently SR composites have been modified to contain osteoconductive elements 

(Niemela et al., 2005) which could effectively accelerate bone tissue healing. In 

particular bioactive polymer-hydroxyapatite composites have been shown to promote 

osteoblast adhesion and differentiation in vitro and hold great promise for the fabrication 
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of CMF devices (Zhang et al., 2007). The next stage then in the evolution of polymeric 

fixation may rely on the topographical modification of self-reinforced resorbable 

polymers encompassing a bioactive phase, with an aim to regulating cellular adhesion 

and differentiation followed by controlled construct resorbtion.  

The fabrication of complex three-dimensional polymeric devices to include nanoscale 

features is a complicated process associated with low reproducibility. However, the 

fabrication of next-generation orthopaedic devices may be facilitated by upscaling 

through injection moulding. Large-scale replication of nanostructures into polymer 

surfaces by injection moulding is already demonstrated for mass storage applications 

(CD/DVD). The main advantages of injection moulding in comparison to hot embossing 

include its 10 to 1000-fold shorter production cycle time (seconds), its ability to shape 

surface structure in a single process, and its allowance for simultaneous surface 

structuring of all object faces (Gadegaard et al., 2003a), advantageous properties for the 

fabrication of three-dimensional orthopaedic devices. Recently the fabrication process for 

the nanoscale pit arrays used in this thesis has been up-scaled by injection moulding for 

cell studies (Hart et al., 2007) indicating that injection moulding may facilitate the 

production of orthopaedic devices fabricated to include topographical structures. 
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8.1. Statistical Table 
 

Table 8.1. Statistically significant data pertaining to adhesion subtype quantification. Kruskal-Wallis 
one-way ANOVA was used to estimate equality of population medians among substrate groups. Rank 
differences were generated between FX, FA and SMA formation on experimental substrates. The largest 
rank difference was seen in SMA formation on planar and hexagonal nanopit groups. Data group 
comparisons indicate a significance of p <0.05. 
 
 

Comparison Diff. of Ranks 
Control SMA vs Hex SMA 232.262 

Control SMA vs Square SMA 204.42 
Square FX vs Nanolacuni FX 178.404 
Square FX vs Nanoisland FX 176.747 

Nanoisland SMA vs Hex SMA 145.39 
Nanolacuni SMA vs Hex SMA 138.223 

Hex FX vs Nanolacuni FX 137.828 
Hex FX vs Nanoisland FX 136.170 

Control FA vs 10 µm grooves FA 125.878 
Control SMA vs 10 µm grooves 

SMA 
117.018 
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