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Abstract

During the last 30 years, the semiconductor industry has had a significant influcnce on
our society through advances in computers, communications, energy., and
transportation. Semiconductor technology exploded [ollowing the development of
exquisitely precise and versatile miniaturisation techniques that allowed features on
computer chips to be reduced to submicron dimensions. In addition, microfabrication
tools developed for the microelectronics industry have also entered the basic science
arena and are beginning to serve as a driving force for discovery in cell biology, and
tissue engineering in the utilisation of this technology for fabricating precisely defined
cell devices. Recent advances in semiconductor technology have enabled scientists to
tabricate devices in the nanometer range. In this thesis electron beam lithography was
employed 1o labricate nanometric piliars in quartz, which were then reversed
embossed into a range of biocompatible polymers gencrating a reliefl pattern of
nanopits. The effects of this type of topography on ceil behaviour was then
investigated using a combination of light, fluorescence, video scanning electron and
atomic force microscopies. The results of using this type of topography revealed a
marked decrease in cell adhesion, this was due to the super-hydrophobicity gencrated
by fabricating ordered nanotopography. This reduction in cell adhesion had
subsequent effects on cell behaviour, namely increased motility, a reduction in celi
and focal adhesion size coupled with a disruption in cytoskeletal development. The
work carricd out in this thesis have possible implications for the future design of
biomaterial implant surfaces as well as possible uses in the design of future in-vitro
tissue engineering devices where the lack ol cell adhesion in specific regions is a

desirable outcome.
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Chapter 1

Introduction

It has long been known that cells are greatly influenced by their environment,
One of the first pioncers of cell biology was Ross Harrison. Observations he
made in early cell culture experiments, lead him to recognised that this
lechnique was valuable in being able to guide the extending nerve fibre, His
experiments with cultured neural tissue (Harrison, 1910) led him to conclude
that the nerve tip was positively stercotropic, in that it requires a solid support
in order to extend through the medium. This was developed upon in
experiments with cells from cold and warm blooded animals (Harrison, 1911;
Carrel and Burrows, 1911; Burrows, 191 1) and the general rule became clear
that all tissue cells require a solid support in order to translocate.
Stereotropism had already been mooted as necessary for cell movement in
vive 12 years earlier, (Leob, [898) however it was Harrison (1912) who
carried his investigations further and pinpointed many of the featurcs which
we now describe collectively as contact guidance. Harrison cultured various
tissuies on drawn out spider webs, and concluded that “The behaviour of cells
with reference to the surface of the cover slip and the spider webs shows not
only thai the surface of a solid is nol only necessary condition, but also that
when the latter has a specilic linear arrangemeit, as in the spider web, it has
an action (n nfluencing the direction of movement as well as upon the form

and arrangement of cells’.




Weiss (1945) was the (irst scientist in the feld to postulate how and why cells
react 1o the topography of their surroundings, work which sicmmed from the
guidance of cells on fibrillar matrices. Weiss hypothesised that cells reacted to
the molecular orientation of their environment. Weiss extended this
hypothesis showing cell orientation on glass fibres by fibrillar colloidal
exudate produced by explants. He claimed thal the colloidal exudale was
oriented to the glass fibres via capillary forces and this in turn cauvsed cclls
migraling {rom tbe explants to become oriented. However, when single cells
were pul on the fibres in the absence of colloidal exudate, they became

aligned, contradicling Weiss’s previous observations.

Curtis and Varde (1964) later proposed that cells responded (o the topography
of their environment, and werce influenced by discontinuities of angle or radii
of curvature. Dunn and Heath (1976) added further to these findings by
studying the behaviours of fibroblasts on cylindrical substrata of varying
diameters. They suggested that substrate shape and morphology exact
restrictions on the formation of linear bundles of microfilaments located
belween the focal adhesions of the leading lamella and within the nuclear
region. These microtillaments are comparatively inflexible, so any attempt by
the cell to conform o an angled topography would result in a shortening of the
leading lamella. The lamella is key in terms of spreading due to the
furthermost part of a ccll during locomotion as suggested by its more
descriptive name “the leading edge™. Dunn and Heath concluded that as the
radii of curvature shartened below 50 pm or prism angles increased 16° over

that of the planc, the famelta would become to undersized and unable o exert

sufficient traction to allow cell spreading and migration in that direction. This




work was cchoed to great acclaim 20 years later when Chen et al., (1997a)
altered the size of polystyrene beads (and hence angle) and produced an
abatement in cell spreading to the point of apoptosis in mammalian cells.

An carly example ol this work was carried out by Maroudas (1972), who grew
cells on glass beads of ranges of 20 to 60 pm. He found that BHK cells failed
to grow and proliterate upon beads in bellow 20 pm in diameter, and on larger
diameter beads the cells tend toward multilayers of a thickness found on a
culture dish, mndicating that the shape of a cell seems to govern the required
dimension of substrate.

Dunn and Heath’s theory certainly appeared to give an cxplanation ol cell
reaction to a single topography, however (O’Hara and Buck (1979) suggested
that it did not explain cell reaction to substrates with multiple [eatures like
grooved surfaces. Using multiple grooved substrata with features smatier than
cell size, Lhey showed that cells were agile enough to bridge the grooves, in
that ccll substrate contact was restricted to the ridges at the top the grooves.
This implied that the substrate was constraining the pattern of the focal
adhesions to confines of the grooves, in turn controlling the freedom of the
cytoskeleton to determine where contact upon the substrale would be. This
had the knock-on effect of influencing direction of cell movement. In an
expansion of this work Meyle et al., (1993, 1995) suggested that cells align to
their substratum to avoid distortion of their cytoskeleton. They observed that
intraccllular F-actin [ibres must be straight and not bent if they are to exert

forces upon the topography.




Constructs for tissue engineering

At the heart of the tissue-engineered replacement is the biomaterial construct
or scaffold, in which a given cell population is seeded. One of the challenges
in tissue engineering 18 to find a mote suitable method for the fabrication of
scallolds of defined architecture to guide cell growth and development {Desai
20002). Ideally, a biomaterial scaffold should have well-controlied
microarchitectures, including well-defined pore sizes and porosity,
reproducibility, biocompatibility, thermal and biochemical stability. These
physical factors should allow nutrient supply and vascularisation of the cells

in the implant and permit development of a fibrous tissue layer.

Buasement membranes comprise a complex mixture of pores, ridges, and
[ibres, which have sizes in the nanometer range. Abrams and coworkers
(Abrams et al, 1997) used scanning clectron microscopy, transmission
electron microscopy, and atomic force microscopy to measure the sizes of
features on the surface of the corneal epithelial basement membrane of the
Macaque monkey. The average feature heights were between 147 and 191 nm
and the average fiber width was 77 nm (Abrams et al., 1997, Abrams and
Presser, 1997). They found that pores made up 15% of the total sarface area of
the membrane and had an average diameter of 72 nm . Similar features were
observed on the human corneal cpithelial bascmient membrane and on
Matrigel™, a commercially avaifable basement membrane matrix (Abrams ct

al., 1997).




Shirato et al., (1991} studied the glomerular bascment membranc of the rat
kidney and obscrved a meshwork of [ibrils 5-9 nim thick and pores 11-30 nm
wide on the lamina rara interna and 6-11 nm fibrils and 10-24 om pores on
the lamina rarae externa (Shirato et al, 1991), Yamasaki and coworkers
exantined the pores and fibers present inbovine glomerular and tubular
basement membranes (Yamasaki et al., 1994). They found pore diameters
near 10 nm in the glomerular membranes and pores near 12 nm in diameler in
the tubular membranes. Fibrous strands were seen to have widths of 3-15 nm,
Another study by [Iironaka et al., (1993) found that the glomerular, tubular,
and Bowman’s capsule basement membranes of the rat kidney all had mean
fiber diameters of 6-7 nm while having mean pore diamelers of 9.7, 14.1, and
13.1 nm, respectively (Hironaka et al., 1993).

Many tissue engineering constructs use porous or mesh-like polymeric
matrices, these mairices should also allow for cell in-growth and structurat
maintenance for tissue regencration. It 1s also prudent to acknowledge that a
tissue engineered surface may also to prevent cell integration. ¢.g. the blood
interface of a vascular graft.

Several polvmer-processing procedures are currently used, including solvent
casting, [iber bonding, and membrane lamination (Thompson et al.,, 1997,
Mikos ct al., 1993). The fibre bonding technigue depends on choice of
solvent, polymer immiscibility, and melting temperatures to achieve the
desired shape. Solvent casting is employed in combination with particulate
leaching to prepare porous scaffolds and can be applied to polymer systems
that are soluble in a given solvenl (Lo et al., 1995; Mooney et al., {994). The

handicap of this technique lies in the fact that porosity is achieved by varying




the amount and size of salt particles during evaporation. Moreover, in scveral
of these techniques, microarchitecture is achieved by altering solute or solvent
concentration, thus making it difficult to attain precise reproducible features in
the 1icro- and nanometer range (Desai, 2000b).

A tissue engineered construct that is has a well defined microstructure will
better maintain cell morphology, differentiation, and functionality over long
periods ol time (Desia, 2000b). A key feature of these constructs will be the
replication of ir vivo geomelry and dimensional size scale that will aid in the
maintenance of an in vivo-like cell phenotype. The development of
microlabricated  constructs  using  established natural and  polymeric
biomaterials might permit us to cogineer highly controlled interfaces, which
are more physiologically relevant and hierarchically arranged. This would
result in a reliable biologically, mechanically and optically compliant
material. Indeed using microtechnology, we may creale lissue-engineering
implants with precise microarchitectures for immunoisolation, cellular in-
growth, and drug delivery.

Silicon microfabrication techniques make it relatively casy to gencratc Lhe
complex geometries on the nanometer and micron scale. This is required to
maodel physiological environments in living tissue. Although microfabrication
has traditionally been applied to semiconductor materials due to their
oxidation and etching properties, techniques to translate structures from
inorganic to organic polymeric materials were introduced by Brunette
(Brunetle et al.,, 1983). Bruneite used epon, a hard epoxy, Lo reproduce
features by reverse embossing, in grooved silicon wafers. Since (hen, several

different approaches have been employed to create microstructurcd polymet.
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Polymer embossing from clectron heam etched quartz (Curtis et al., 2002)
microtextured membranes (Deutsch et al,, 2000), molding of
polydimethylsiloxane for micro [uidics and biological applications (Folch et
al., 1999; Kapur ct al., 1996) was another approach. These developents have
opened up unigue opporiunities in subsirate development for biological and
tissue engineering applications.

One of the first studies using microfabricated subsirates to study cellular
behavior was performed by Brunette et ai., (1983). His group established the
use of a silicon mask etching technique to prepare grooved swrfaces to control
the direction of cutgrowths of human gingival explants. They found enhunced
osseointegration and indoction of mineralized tissue using surlace
microtexture (Brunette et al., 1999). In their studies, titanium coated
microgrooves varied the ingrowlh of adjacent epithelium in percutaneous
skull implants, yiclding important implications for maxillofacial or dental
reconstruction. In addition, Campbell and von Recum (1989) described how
surface micropatterns could be used to reduce the inflammatory responsc al
the implant Ussue interface. In the ensuing period, there have been many
studies showing topographical control of cells and tissues (reviewed by
Singhvi et al,, 1994) where the techniques of microfabrication and
micromachining have been used to create more complex biomaterials with
defined surfaces incorporating microchannels or micropores for celiular
interfacial control (Matsuda et al., 1994; Desai et al., 2000b).

By culturing cells on novel swaces with defined topography or surface
chemistry, investigators have begun to address crucial issves such as cell

migration, orientation and adhesion, as well as tissue integration, and




vascularisation (Ito, 1999). For example, microtexture has signilicant effects
on cell proliferation and adhesion (Den Braber et al.. 1995, 1996 and 1998).
Surfaces with pacallel grooved microtopography can augment [ibroblast
attachment and inducc contact guidance of these cells (Clark ot al., 1991,
Meyle et al., 1995). Furthermore, van Kooten et al., (1998) showed that gene
expression was influenced by microtexture (Chon et al., 1995) and that celis
on 10 pm wide grooves proliferated tess than cells on 2 win and 5 pin grooves.
The organization of cells in controlled two and three-dimensional
arrangements has been shown to have beneficial etfects on cell differentiation,
mainftenance, and functional longevity (Kapur ct al., 1999).

Many researchers have demonstrated that topography can influence and direct
cell migration. Moreover, the width and spacing of the lines can be used to
control the speed of cell movement. For example, etched parallel grooves can
control cell spreading and migration in the axis of the lines, even when the
depth and spacing of the grooved features are as small as 500 nm, about ten
times smaller than the typical length of a mammalian cell, (Flemming et

al., 1999 Curtis and Clark, 1990; Curtis and Wilkinson, 1997).

Spatial control of cells

In this thesis, a novel method for the spatial control of cells using arrays of
nanonmctrically arranged pitted structures, embossed into the hiodegradable
polymer polycaprolactone (PCL), will be detailed and discussed in the
ensuing chapters. This work is novel in the respect that topography is the
driving force behind the control. However, the spatial control of cells has been

stzdied by the use of many different approaches.




Surface hydrophobicity or electric charge of polymer snbstraies strongly
influences cell adhesion, This effect was visualised by using micropatlerning
methods, embracing hoth photelithography and chemical coupling with silane
or transterring [rom a patterned stamp alkanethiol self-asscmbled monolayers
(SAM),

Matsuda's group (Matsuda et al., 1990; Matsuda and Tnoue, 1990; Matsuda
and Sugawara, 1995) reported the development of micropatterning lechnology
lor cultured cells by defined surface regional modification via photocheimical
lixauon of phenyl azido-derivatized polymers on polymer surfaces, The
photoreactive polymers included poly (N, N-dimethylacrylamide-co-3-
azidostyrene), bis-4-azobenzamide-polyethylene glycol, and pely (styrene-co-
3-azidostyrene). ‘I'he photochemical fixation of these photorcactive polymers
consisted of three steps: (1) coating of a photoreactive polymer on a material
surface; (2) uttraviolet irradiation through a photomask; and (3) removal of
nonreacted polymer by a solvent. Two different types of regionally modified
surtaces were prepared; one was a hydrophilic pelymer regionally Tixed on a
tissue culture dish and the other was a hydrophobic polymer regionally fixed
on poly (vinyl alcohol} (PVA). Photochemical swface microfabrication
permitted micron-order-dimensional precision, which was verified by the
micropatterned lissue formation of bovine aorta endathetial cells (ECs) when
they were seeded on these surfaces. ECs adhered, spread, and confluently
proliferated only on uncoated tissuc cultwre dish surfaces or hydrophobic
regions on PVA. Thus, the regionally differentiated cell adhesion regions were

created by photochemically driven surface microprocessing,
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Other photolithographic techniques have been used to spatially control cell
populations (Ranieri et al., 1993; Sockarno et al., 1993; Valentini et al., 1993
and Thomas et al., 1997). Dewez et al., {1998) repotted the adhesion of some
mammalian cells, such as human epithelial cells, PCL2 pheochromocyloma,
MSC8B0 schwannonoma, Hep G2 hepatoblastoma, and rat hepatocytes, on
patterned (produced by photolithography and oxygen plasma treatment)
polystyrene surfaces having tracks (width in the range of a few tens of pm) of
reduced hydrophobicity.

DeFife et al., (1999) examined the surface effect of electric charges of swrface
polymers. Poly (cthylene terephthalate) [ilins were coated with poty(benzyl N,
N-diethyldithiocarbamate-co-styrene) and progressively exposed to monomer
solutions for photoirradiation. A photomask was placed over different regions
to gencrate micropatterned surfaces with graft polymer stripes of three distinct
ionic characters. Nonionic polyacrylamide greatly inhibited adhesion and
induced clumping of the few monocytes that did not adhere. Macrophage
adhesion and spreading led 10 high degrees of interleukin-13-induced foreign
body giant cell formation on both the anionic poly(acrylic acid), sodium salt,
and benzyl N, N-diethyldithiocarbamate portions of the culture surface. In
spite of the highest observed levels of monocyte/macrophage adhesion on
cationic poly (dimethytaminopropylacrylamide), the adberent cells did not
undergo fusion to form foreign body giant cells. These investigators
concinded that inflammatory cell responses may be spatially controlled in a
manner that may be ultimately exploiled to improve the biocompatibility of

medical devices (De Fife et al., 1999). Lee et al., (1993a) used an Na~ ion-
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implantation technigue for selective cell adhesion. They used an ion heam
instead of ultraviolet light for the lithography.

On the other hand, self assembled monolayers (SAM) ol alkanethiolates on
gold have heen employed by some researchers to control cell attachment to
substrates. Stenger el al., (1992) and Spargo et al., {1994) used SAM formed
from two materials, an amino-alkylsilane, NH, (CH» )» NH(CH; )z Si (OCHs,
33 (EDA) and a perfluorinated alkylsilane CF; (CF> )s (CHa )» Si(CH; )» Cl
(13y). Deep ultraviolet {193 nm) radiation was used o induce photochemical
changes in the cell adhesive EDA monolayers. X-ray spectroscopy indicated
that the amine groups of EDA were removed by this exposure, leaving only
Si-OH or alkyl fragments having less than three carbons. The exposed
substrates then reacted with {3 to form mixed monolayers or hydrophobic
monolayers that inhibited cell adhcsion in the irradiated regions, These
patterns were used to spatially control the adhesion of porcine aortic
endothelial cells in vitro and direct outgrowth of rat hippocampat neurons.

The group of Ingber and Whiltesides (Singhvi et al., 1994a; Chen et al., 1997h
Mrksich el al., 1990) demonstrated, by patterning the formation of SAMSs
using microcontact printing into regions that promote or resist adsorption of
protein, attachment of cells to surfaces could be confined to rows 10-100 umn
wide, or Lo islands whose size was equivalent to that of a single ccll. Using
this technique, it was possible to place cells in predetermined locations and
arrays, distributed by defined ranges, and to dictate their shape. This limited
the degrec of spreading and granted control over cell growth and protlein

secretion.




Scotchford et al., (1998) culiured primary human osteoblasts on SAM of
alkylthiols on gold with carboxylic acid and methyl (ermini, and ascertained
the kinetics of cell attachment and proliferation on these substrates, After 24
hours, the number of cells attaching Lo carboxylic-acid-terminated monclayers
was 10 times the number adherent to methyl-terminated monolayers. Cell
morphology and cytoskeleton actin organization was also dilferent. Cells
attached almost cxclusively to carbuxylic-acid-functionalized sections of the
patterned surfaces, leaving methyl-functionalized regions bare. The patrerns
influenced the morphology of the attached cells. After 24 h, cells with
carboxylic-acid-terminated regions separated by 75 pm were observed to
bridge, but not those separated by 150 pm methyl-terminated regions. After 6
days in culture, osteoblasts formed multitayers on the carboxylic-acid-
terminated regions of the pattern.

Qiu ct al., (1998) cultured rat bone marrow stromal cells on a conductive and
transparent indium tin oxide (ITO)} pattern-coated substrate. On positively
charged ITO, cell attachment was enhanced in scrum-supplemented and
scrum-free media.  Furthermore, decreases in cell spreading, alkaline
phosphatase activity, and osteoponiin were detecled in cells cultured on the
positively charged ITO. This result esiablished that positively charged
surfaces enhance cell attachment but suppress cell spreading and
differcntiation of rat marrow stromal cells.

There is considerable interest in controlling newron cell adhesion and ncurite
outgrowth for studies of the influcnce and development of cytoarchitecture in
dissociated neuronal cell cultures and investigations of neurite polarity in

response {0 molecular coes (l.ochter and Schacher, 1999). Micro contact
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printing (LCP) has been exploited specifically to control neuron cell
attachmeni and neurite morphology (Wheeler et al., 1999; James et al., 1998;
Branch ct al., 2000}. Poly-L-lysinc has been pallerned onto silicon oxide,
silicon nitride, and glass surfaces in order to design neuron cell networks for
studying dissociated cell development and long term network architecture
plasticity. Using a two- level technique similar to that used by Kleinfeld and
other researchers (Kleinfeld et al., 1988, Stenger et al., 1992, Lom et al.,
1993) have printed poly-l-lysine sfructures and modified the remaining
surface area with a cell-repulsive molecule to enhance the stability and
longevity of cell guidance for long term cultures (Wheeler et al., 1999; Branch
ct al.,, 2000). Rceently, Jaines e al, (1998) have printed poly-L-lysine
structures onto the surface of microfabricated muitielectrode arrays. This
approach provides three advaatages. T'irstly, the vield of vecorded celis is
increased due to the guidance of celis 1o the recording sites. Secondly, the
cell-electrode coupling can be enhanced by sclectively placing proteins
immediately adjacent to elecirode sites and, thirdly, cell networks with
specifically designed architecture can be studied on a long-term basis.
Working in this regime, they have patterned surfaces with 2 to 20 wm wide
poly-l-lysine structures and recorded extracellular field potentials. This
technology allows a wide range of possible nctwork designs to be constructed
in order 0 explore issues such as synaptogenesis and synapse refinement

during development.

Nanoscale Topography
In the past twenty years, scieatists have taken advantage of Lhe Lools made

available by the semiconductor industry to fabricate well-defined surface
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featurcs in materials ranging from silicon and quariz 1o polystyrene and
silicone clastomer. Such tools have enabled the design and patterning of
features in the range of 100 of micrometers, down to the 10s of nanomelers
and led researchers (o probe the effects of features comparable to the size of a
single cell down o the nanometer range of sub-celtular processes.

The structural features that a cell might encounter when in ifs natural
environment include features that fall within the size range of nanometers to
micrometers. Most studies, such as those bhegun by Curtis and Wilkinson
(19973, Curtis and Clarke (1990) von Recum and von Kooten (1993) and
Oakley and Brunette (1986), have addressed the effects of ‘microgrooves’ on
cell lines such as fibroblasts, epithelial cells, and endothelial cells ( Clarke and
Connoly, 199]; Den Braber et al.,, 1995, 1996, von Recum et al.,, 1998;
Wojciak-Stothard et al., 1995a; Chou et al., 19953; Curtis and Wilkinson, 1998;
Walboomers et al., 1998). The majority of these studies have shown that cells
will align with the grooves and thal groove depth and width play crucial roles
in the degree of alignment. Fewer groups have looked at the effects of pillars
or spikes on cell growth. Such studies have fooked at cardiaoc myocytes and rat
epitenon cells as well as fibroblasts and condothelial cells (van Koolen et al.,
1998; Rovensky et al., 1991; Wilkinson ct al.. 1998; Casey et al.,, 1997,

Deutsch el al., 2000.)

Turner’s investigations (Turner ¢t al., 1997) have focused on the growth of
central nervous system cells on columnar structures. They have shown how a
transtormed astroghial cell line, LRM35 cells, as well as primary caortical

astrocy(es respond to nanomelter-scale columnar silicon structures (TFigure [.1)
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(Turner et al., 1997; Craighead et al., 2001). Glial cells were plated on
substrales with two different forms of surface texture: one a rough ‘silicon
grass’ surface and the other a silicon grass surface that had been smoothed
with a wet chemical etch. Transformed astrocytes from a continuous cell line
showed 4 preference for wet-etched regions over grassy regions. In contrast,
primary cortical astrocytes from neonatal rats showed a preference for silicon
grass over the wet-etched surface (Figure [.2). For the transformed astrocytes
cells, the degree of response was continuous with the degree of wet-etch
modification. Wilkinson et al., (1998) locked at the attachment of rat epitenon
cells after 1 h to nanometer-sized polystyrene pillars and found that there was
a significant decrease in the number of cells that attached comparcd 1o the

smooth controd surfaces (Wilkinson et al., 1998).




Figure 1.1 a 60° tilt SEM of a typical region of silicon grass; image

taken from Turner et al., (1997).
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silicon grass

Figure 1.2 Scanning confocal micrograph of LRMSS cells adhering
preferentially to the wet-etch modified regions of the silicon substrate. The

lighter regions of the substrate are the silicon grass; the darker regions have

been wet etched. (Image taken from Turner et al., 1997).



They propose that such nano patterned surfaces might be used as non-
adhesive layers [or implant devices. Based on these studies it is apparent that
different cell lines respond differently to nanometer-sized surface featores.

The response of glial cells to more regular arrays of columnar structures has
also been examined. In one study, the silicon pillars were 0.5 pim in width, 1.0
or 2.7 um in height, and separated by 1.0 um (Craighead ct al., 2001). In this
case, they found that both the LRMS3S cells and the primary astrocytes
demonstrated a preference for the pillars vather than the {lat silicon suiface
anl no discernable preference for either pillar height. To further this cfforr,
they cxamined the growth of LRMSS cells on pillar arrays of different
geometries (Turner et al., 1997). In this study, the leatures were wells and
pillars ranging in size from 0.5 to 2.0 pm in diameter, Cells preferred to attach
and grow on the pillars rather than the smooth silicon, regardless of the
distance between pillars, and showed a lack of affinity for the surfaces with
wells. Scanning electron micrographs and immunochemnical staining revealed
that the cells attached to the tops of the pillars with no contact being made
with the silicon floor between the pillars. The attachment and growth of
embryonic rat hippocampal neurons on these same pillar surfaces have been
studied and have yielded very clear topographical cffects. Other groups, such
as Rajnicek et al., (1997), have also looked at the attachment and growth of
central nervous system cells on surface structures (Clark et al., 1991; Rajnicek
et al., 1997; Stepien et al., 1999; Bayliss ct al.,, 1999). They have studied
neuronal cells on materials such as porous silicon, scratched glass, vltra-fine

quarlz gratings and quartz. microgrooves, where the primary focus has been
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the degree of alignmen( brought about by the surface structures as well as the
viability of the cells on these materials.

Nanostructures can also be formed by methaods other than planar processes. In
recent work. for example, Mattson el al., (2000) have cullured embryonic rat
neurons on mulii-walled carbon nanotubes. With the application of 4-
hvdroxynonenal, they werc able to promole neuritc outgrowth on (hese
nanotubes. Based on the strength, clectrical conductivity, and chemical
[unctionality that carbon nanotubes can exhibi(, they have proposed that such
tubes may be used as nanomcter scale neural probes. In the past few decades,
researchers have discovered the remarkable electrical, mechanical and optical
properties of yel another form of carbon, C-60 (bucky balls)., A recent study
by (Lin and Wn, 1999), looked at the adhesion of buman platelets to
polyurcthane surtaces immabilized with these fullerenes and they observed an
increase in platelet adhesion and activation on the surfaces modified with C-
60.

At the nanoscale, chemistry and topography converge. An interesting
approach to creafing new biomaterials involves the creation of topographical
features that mimic chemical species. Ratner et al. (1996) for example, have
studied a method of nano-scale patterning ot solid substrates using proteing as
templates (Boeck, el al., 1998; Shi et la., 1999; Ratner et al., 1996; Shi and
Ratner, 2000). Their work provides evidence that proteins will adsorb more
readily to a surface if the surface is patterned with the ‘imprint’ of that
protein. They have proposed thal pano-imprinting of proteins can be used to

make more biologically compatible implant devices




Ordered nanotopography

Only a handful of groups have fabricated a regular nanometric surface
features such as those used in this thesis, The first {0 fabricate nanoscale
features were Casey ct al., (1997) who developed a process whereby
nanometric features were uniformly transferred into a thermoplastic with the
use of embossing. Master surfaces were made by using electron beam
lithography. dry etching and electroplating and with these dies featurcs as
small as 60 nm were produced in the polymer cellulose acetate. (This work
waus the inspiration for the work carried out in this thesis).

Turner et al. (1997) have examined the response of glial cells to more regular
arrays of columnar structures. In one study, the silicon pillars were 0.5 pm in
width, 1.0 or 2.7 wm in height, and separated by 1.0 pun. In this case, they
found that both the LRMS35 cells and the primary astrocytes denmonstrated a
preference for the pillars rather than the flat silicon surface and no discernable
preference for either pillar height. To further this effort, they also examined
the growth of LRMS3S5 cells on pillar arrays of different geometries. In this
study, the features were wells and pillars ranging in size from 0.5 (0 2.0 pm in
diameter (Figure 1.3). Cells preterred to attach and grow on the pillars rather
than the smooth silicon, regardless of the distance between pillars, and
showed a lack of affinity for the surfaces with wells. Scanning electron
micrographs and immunochemical staining revealed that the cells attached to
the tops of the pillars with no contact being made with the silicon floor

between the pillars (Figure t.4). The attachment and growth of embryonic rat
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hippocampal neurcns on these same pillar surfaces has been studicd and has
yielded very clear topographical effects.

The most important feature of the above mentioned work is the emphasis on
ordered nanometric features as opposed (o disordered features. The role of
symmetry is addressed in this thesis as well in Curtis et al., (2001) where the
symmetry of the nano patterns appcars to play a key role in the reaction of

cells to nanotopography.
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Figure 1.3 An SEM of rat hippocampal neurons cultured for 24 hours
on silicon pillars coated with poly-L-lysine (scale bar 20 pm). (Image

taken from Craighead et al., 2001)



Figure 1.4 Primary cortical astrocytes immunocytochemically stained
for vinculin (focal contacts) (shown in green) and actin filaments
(shown in red) (scale bar 50 um). (Image taken from Craighead et al.,

2001)




Surface roughness

Surface roughness is a random type of surface topography. The degree of
surface of roughness is determined cither by machine process during the
preparation of a surface, or by the subsequent modification of the surface, The
most common methods Tor obtaining general surface roughness, include
turning surfaces; plasma spraying, coated surfaces, sandblasting, reactive ion
etching, isotropic etching, acid etching and electro-polishing. These surfaces
present an extremely varied lopography thal cells can encounter, when used o
pattern implant material surfaces. There is substantial in vitro evidence that
increasing surface roughnmess resulls in increased compressive, tensile and
shear forces (Wilke et al., 1990; Feighan et al., 1995). In some studies an
increase in the bone in contact with an implant surface was noled with
increasing surface roughness (Bruser et al., 1991). /n vitro studies have
exantned the allachment of [ibroblasts (Inoue et al., 1987; Meyle el al., 1993;
Cochran et al., 1994) epithelial cells (Chochran et al., 1994) macrophages
(Salthouse, 1984) and osteoblast-like cells (Bowers et al., 1992: Keller and
Spieth, 1994; Martin et al., 1995) (o surfaces of dilfering roughaess. Most ol
these studics relate to the ability of the cells studied (o attach to the different
surfaces, to proliferate and differentiate and to secrete extracellular matrix and
proteins. Studies that have looked at macrophage attachment show an increase

in cell attachment with increased surface roughness.




Cell adhesion

The association with cells and the extracellular matrix initiates the assembly
of specific cell-matrix adhesion sitcs. These sites arc implicatcd in the
physical attachments of cells to outward surfaces, which is imperative for cell
migralion and (issue [ormation as well as for activation of adhesion-mediated
signalling tesponses and their integrins, which are belrodimeric
transmembrane receptors for ECM components (Hynes, 1992). Following
association with their ligands, integrins induce reorganisation of the actin
cytoskeleton and associated proteins, ensuing in the formation of cell-matrix
adhesion sites.

The best known class of matrix adhesions in cultured cells are the focal
contacis (FCs), which can be visualised by immunocytochemistry (Geiger and
Berdshadsky, 2001), clectron microscopy and interference reflection
microscopy (Abercrombic and Dunn, [973; Jockusch et al., 1995). These sites
contain a mulititude of anchor and cytoskeletal molecules such as vinculin,
paxillin and talin (Chrzanowska-Wodnicka and Burridge, 1996) as well as
signal transduction molecules, such as focal adhesion kinase (FAK), C-
terminus Src Kinase, protein kinase C and others. Recent studies have shown
that the assembly and tyrosine phosphorylation of FCs relics on actomyosin
contractility, which in turn is regulated by cytoplasmic factars such as rho,
caldesmon, or microtubule integrity (Jockusch et al., 1995; Bershadsky and

Chausousky, 1996; Pclham and Wang, 1997).




Molecular complexity of Focal adhesions

Classical focal contacts are flat elongated structures associated with the ends
of actin filament bundles (stress fibers) in a wide varicty of cultured adherent
cells and can be visualised by fluorescence, interference reflection or electron
microscopy (Abercrombie and Dunn, 1975, Heath and Dunn, 1978). These
structures appear 10 be extremely crowded with different molecules, To dale
over 3 distinct molccules have been reported ta reside in them, and the list is
rapidly expanding (for review, Petit and Thiery, 2000)

One of the characteristic properties of most focal contact proteins is their
multi-domain  structure.  TInterestingly  vinculin, can interact (not
simultaneously) with at least L0 other focal contact components, including
actin, tensin, paxillin, hic-5, talin, ot-actinin, vinexin, ponsin, vasodilator-
stimulaled phosphoprotein (VASP) and phosphatidylinositol 4,5-bisphosphate
(PI[4,5]P> )}, and many of these can further hind to multiple additional
partners. Another noteworthy observation is that about half of the known
molecular residents of focal contacts are established components of different
signal transduction pathways, among them protein tyrosine kinases {e.g. focal
adhesion kinase (FAK) and pp60°™ (Parsons, et al.. 2000) serine-trhronine
kinascs, protein phosphotases and leukocyte common antigen related tyrosine

phosphotase and adaptor proteins (Zamir and Geiger 2001a)

Cell adhesion and the role of force

Cells generate forces against the focal adhesion that they form with the BCM

in order (o heal wounds, maintain correct tissue shape and perform




physiological organ functions. Although it is extensively accepted that the
biochemical composition of the ECM influences the signalling pathways,
recent studies have shown that the cell also responds o the mechanical
stiffness of the ECM (Chouget et al., 1997 and Halliday, 1997} and the area
the area of ECM available for binding (Chen ct al., 1997b). As the cell
spreads, 1t determines the size and the spatiat distribution of the contacts that it
can form with the ECM (Chen et al., 1997b). The cell then arranges ils
cytoskeleton 1o exert force against its adhesive contacts and to structurally
support the cell interior (Sims et al., 1992). The cell sets an internal stress
field (the distribution of intracellular forces at mechanical equilibrium) that

results from the combination of the forces generated within the cytoskeleton.

Tension generated by the cytoskeleton
The organisation of the actin cytoskeleton allows the spreading cell to exert
contractile forces against the ECM. Activated rhoA, a ras-related GTP binding
protein, stimulates the appearance of stress fibres, focal adhesions and
tyrosine phosphorlylation in quiescent cells (Ridley, 1996). 1t has been stated
that myosin light chain phosphorlylation activates vho, which stimulales
coniractility and drives the formation of suress fibres as well as the
aggregation of diffusely distributed integrins into focal adhesions
(Chrzanowska-Wodnicka and  Buridge, 1996). This Rho mediated
contractility may also be important in promoling the assembly of fibronectin

Lo a ibrillar matrix.
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Possible mechanisms of force transmission between the KCM

and intracellular structures.
Two types of model have heen proposcd to cxplain how a cell is able to scnse
the mechanical environment of the ECM: a tensegrity model (Ingber, 1997}
and a cytoskeleton-ECM force transduction model (Sheetz et al., 1998). The
tensegrity model suggests that the cell is rigidly coupled, or hard wired, to
instantaneously respond to mechanical stress transmitted through integrins
that are physically coupled the cytoskeleton and the ECM. Alternatively, the
cytoskeleton-ECM force transduction model predicts that forces acting on
particular cytoskeletal links produce biochemical signals that are sufficient to
modify cell {unction without the need for a rigid mechanical transmission
linkage.

Chloride channels and their role in mechanical tension
reception

H has been reporled (Tobasnick and Curtis, 2001) that stretch sensitive
chloride channels may be involved in the ecarliest stages of the reaction of
epitenon cells to substratum topography (such as groove-ridge structures) on
the micrometric and nanometric scale. The reaction of cells to these structures
includes cell extension, elongation and orientation to the grooved topography.
They reported that rat epitenon-cells can develop appreciable lateral and
mechanical tension that could stretch both the force generating cells
themselves and those nearby. Tobasnick and Curtis showed that cells in

medium in which more than 8% of the chloride has been replaced by nitrate
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show little reaction to topography. Spreading of the cells takes place but is
much reduced along the direction of the groove-ridge topography but is
however, enhanced across the topography. Chloride channel inhibitors were
also utilised in experiments and produced similar results, which are further
acceniuated when these inhibitors are present in low chloride medium.

The results of the chloride channcl experiments are cousistent with the
hypothesis that an active chloride channel systen s required for the reaction
of cells with topography. The changes in tension shown in these experiments
are consistent with the idea that the treatments used have reduced the reaction

of cells to their own mechanical ensions.

Cell crawling
The crawling cell vsually has a polarity, the most conspicuous feature of
which are the leading lamella, thin veil-like structures that are free of
organelles visible in the light microscope and that extend [rom the organelle-
rich cell body in the direction of movement (Trinkhaus, 1992). The lamella,
which may have smooth or serrated anterior edges, appear to glide forward,
pulling the cell body passively behind them. As the lamella advance, they
consolidatc their progress by transient attachment to the underlying surface.
Thus, the crawling machinery requires, in addition to the restructuring of the
peripheral substance of cells, reversible adhesion of externally disposcd
plasma membrane moleculcs to the substrate along which the cell crawls

{Hynes, 1992).
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Cells put out variable numbers of lamella, but only the lamella that contact the
substrate on which cells are crawling are capable of generating locomotion. Of
these, usually onc becomes dominant in an actively crawling cell. As the
dominant lamella expand, the others withdraw coordinately. Contractions at
the junction of the lamella and the celi body and also at the rear of the ccll
deform the cell body and propel its internal contents forward to the leading
lamella. The flat anterior portion or the polarised cell and its narrow tail give
it a shape that resembles a hand-held fan.
The advance of the leading lamella may proceed in different ways, depending
on the cell type or the external environment. Cylindrical spikes, called
filopodia, may protrude, and they sometimes coalesce to form extensions or
the leading lamella. Alternatively, the protrusion takes place by the extension
of small bubbles or bicbs that subscquently flatten, A typical feature of an
advancing lamella is a vertical thickening that begins at the leading edge and
then moves back rearward. The most extreme version of this phenomenon is
ruifling, in which the leading edge of the lamellar veil lifts upward from the
substrale and, while continuing to protrude, bends backwards to a position
perpendicular to the adherent portion of the lamella. The dorsally extended
veil, called the ruffie, then migrates rearwards across the plane of the atrached
larmella toward the cell body. During ils retrograde journey, the ruffle
continues to fold over backwards as it simuitaneously retracts and eventually
dissipates near the cell body (Hynes, 1992),

As the lamella advances, selected external maolecules on the lamellar
surface diffuse randomly in the plane of the membrane. Others move forward

toward the leading edge where they remain immobilized, and still others,
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especially those crosslinked by antibodies or lecting, migrate rearwards, a
phenomenon known as capping (Dembo and Hatris, 1981). The term ‘Cortical
flow” encompasses ruftling, capping, and related ceniripetal movements of
larmmelar substunce. The lamella of spreading cells exhibit circumfrential
cortical flow from the entire periphery to the cell body (Dembo and Harris,
1981). Although coctical flow always accompanies cell locomotion, this
process can be slower than lainellar protrusion and is therefore probably not

direetly responsible (or it (Theriot and Mitchison, 1992).
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Aims of Project

The introduction of this thesis highlighted the importance of surface chemistry
and topography in influencing a desired cellular response to materials.
Constructs used for future cell devices may have detined chernical and
topographical surface features. It will be a major advantagc for us to
understand how cells respond 1o surfaces with a defined chemistry and most
relevant to the work in this thesis, the design and control of the surface

topography and its ctfect upon cellular response.

The purpose of this thesis was to investigate the reaction of cells to a defined
topography. This work was to take previous work upon cellular reaction to
microtopogaphy to a further level. This was Lo lurther scale the fealure size
down to the nanomeler scale and to see what if any cffect a predetermined
topography would have on cell behaviour, This work was novel in the respect
that the nanotopography was precisely controlled on a nanometer scale and

any effect that was elicited by the topography, could be reproduced exactly.

The major aim of this project was to examine the effects of nanotopography
on cell behavior and also what specific aspeets of the [abriculed topography
are influencing cell behavior. Ditferent microcopies were utilised to analyse
the cellular response comprising atomic force, light, fluorescence, confocal,

scanning electron, and video microcopies.




Chapter 2

Materials and methods

Cell lines

p388D1 Macrophage like cells

p388D!1 mouse macrophage were routinely cultured in the Centre for Cell
Engincering laboratory, University of Glasgow, but were originally a gift from

Prof. P Bongrand, Marseilles.
MDCK cells

Maden Darby Canine Kidney (MDCK) cells tor initial experiments were from
departmental stock. However, fresh cells were later bought from the European
Collection of Cell Cultures catalogue number 84121903 (passage 12) as a
growing culture for experimental work. These were expanded at passage 13,
then frozen in liguid nitrogen following the manufacturers instructions. For

cxperiments, cells were used af passage 16-30.

Isolation and primary culture of epitenon cells

One male Sprague Dawley rat was anaethelised using halothane. A small
transverse incision was made at the base of the middle digit of the hind paw
under tourniquet control. The tendons were then removed for transfer into
polystyrene culture dish. Tendons free of attachments to bone and muscle
were washed in Ham's serum-free media (Gibeo BRL, life technologies,

Paisely, UK), then treated with 0.5% collagenase (Clostidiopetidase A; EC
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3.4.24.3; Sigma cheniical Co., Poole, UK) for 10 minutes at 37°C. The freed
cell population was centrifnged at 200g for 6 minutes and plated into Petri
culture dishes at a ccll density of of 1 x 10° cells/ml. Then cells were
incubated in colture medium containing a 3:1 (v/w) mixture of DMEM
(Gibco) supplemented with [0% tryptose-phosphate broth (Gibco) and Hams
F-12 nutrient mixture with 10% calf serum {Gibco-biocult, Paisley, UK} and

antibiotics. For experiments, cells were used at passage 5-20.

Cell culture solutions and final media

All soluations, excepl MDCK cell antibiotic mix, cryopreservant solution and
final media, were prepared by Graham Tobasnick and Gordon Campbell,

Division of Infection and Immunity, University of Glasgow.

Lagles water

Millipore™  reverse osmosis (MilliQ RO) purified water (hat was

subsequently antoclaved and stored at 4°C.
Ilepes water

I litre Milli Q RO water plus 5.25 g HEPES (N-2 hydroxyethyl piperazinc-N’

2 ethane sulphonic acid) (Sigma) pH adjusted to pH 7.5 and stored at 4°c.
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7.5% Bicarbonate

7.5 g Sedium bicarbonate/100 ml distilled water then filter sterilised.

HEPES saline buffer

Sodium Chioride 8¢
Potassium Chloride 04¢g
D-Glucose lg
HEPES 2.38¢
Phenol-Red Sodium Salt Olg

Made to 1 litre with RO water and pH to 7.5

Yersene buffer

Sodium Chloride 8g
Potassium Chlonde 04¢g
D-Glucose  Sigma lg
HEPES Sigma 238 ¢
Phenol-Red Olg
EDTA (Di Scdium Salt) 02¢g

Made (o | litre with RO water and pH to pH7.5

(o8]
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Genceral antibiotics mixture

Glutamine Gibco 144 mM
Ampholericin Gibeo 11.9uM
Penicillin Gibco 100 pg/ml
Streptomycin Gibco 100 U/ml
Bicarbonate  Gibco 7.5% wiv.
PBS

5 Sigma PBS tablets added to | litre RO water and pH adjusted to 7.3

ITS (Insulin, Transferrin, Selenite solution)

S wg/ml of transferrin (iron saturated), Insulin and 5 ng/m! selenite.
Lyophilised (ransferrin was dissolved in water (pH adjusted to pH3 with

acelic acid). The solution was filter sterilised and stored at -20°C.
Trypsin

Sterile trypsin (Gibco) 0.25% w/v was dissolved in Hepes Saline (stored at -
20°C). TFor cell dissociation; 0.5 ml trypsin solution was added to 20 ml

versene.



Media recipes

MDCX cell media (MEM)

MEM (Sigma)
Glutamine Gibeo
Streptomycin Gibco

Penicillin Gibco

Hepes Water

HamsF10 [0x Gibco
Antibiotics mix

Foetal Calf Serum Gibco
ITS

Bicarbonate niix

200 M final concentration
100 ug/ml final concentration

100 U/ml Inal concentration

180 mi
16 ml
5ml

6 ml
2ml

1 ml

(RPM]I) for culturing mouse macrophages

HEPES Water

RPMI 10x Gibco

Antibiotics mix

Call Serum

Bicarbonate mix

180 mi

16 ml

5 ml

20 ml

5ml
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Methods of routine culture

HGTFEN cell culture

HGTFN endothelial celis were cultured al 37°C in 25¢m” Falcon tissue
cultuce flasks with tlam’s F10 media and were opened on the third day for 10-
15 minutes o allow re-oxygenation of the media unless passaged. For
subculture, the cells were washed twice with hepes saline (37°C) 10 remove
serum (a trypsin inhibitor) then 5ml trypsin-versene (37°C) was added for 30
seconds to | minute (or until cells began to round up) and excess trypsin-
versene poured off. The cells were returned to a 37°C hot-room and observed
using phase contrast microscopy until detached. Immediately upon
detachment, 15ml of Ilam F1Q + serum (pre-warmed Lo 37°C) was added to
neutralise the trypsin. The cells were then pelleted by centrifugation for 4
mtinutes ai 600g and 4°C. Ouce pelleted, the supernatant was removed and the
cells resuspended in 10ml of Ham F10 then plated in 25cm” tissue culture

flasks.

MDCK cell culture

MDCK cells were cultured at 37°C, passaged every three to four days and rc-
seeded at medium densily (approximately 20% flask coverage). Initially, the
cells were washed with hepes saline ar 37°C. If the cells were ncarly
confluent, they were incubated in Versene (37°C) for 5 minutes to “loosen”
the Ca™ dependent adherens junctions. They were then subcultured by adding

Sml trypsin versene (37°C) (most of which was removed after 10 seconds
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leaving a thin film) until detached from cach other’s sides. They were further
incubated for vp to 5 minwes or until released from basal adhesion by gently
tapping the flask. Following delachment, they were centrifuged, re-suspended
in MEM + (0% TCS (37°C) and plated at approximately 10-15% conflucnce.
An additional Sml of 100% CO, was sterile [filtered into the flask for

buffering.

p38SD1

p388D1 macrophage were cultnred at (37°C), passaged every 3 days and
seeded at approximately 10% confluence. Due to the low adhcrence of these
cells, they were detached from the flask by tapping by hand. The cell
suspension was centrifuged at 600g for 4 minutes to pellet the cells, which
were resuspended in RPMI media (370(3] and plated into 25¢m? tissue culture

flasks.

Cryopreservation of stock cells

Cells were detached, centrifuged and resuspended as previously described.

Where trypsin was used, the cells were given an additional resuspension. They
were then cenwifuged and re-suspended in 90% FCS + 10% dimethyl
sulfoxide. To reduce the cooling rate, cell suspensions were incubaled f[or four
houss at —20°C in a foam surround within a sealed polystyrene box then

overnight at —70°C. This method was used as a temporary storage situation



for three-month working stock. Additional vials were translerred to liquid

nitrogen for leng term storage.

Cell counting

Cell counts were performed using a haemocylometer (Fuchs-Rosenthal
ruling). The eight squares volume was 10™ml. Therefore 32 squares werc

counted, for better averaging.

Cell secding on structures

Epitenon cells were seeded directly onto structures in a media droplet
(approximately 300 pl of media with the required cell density) and allowed (o
attach for 30 minutes (to prevent sclective adhesion of a subset of cells). Once
the cells had adhered the remaining media was added and the cells incubated
for a total of 3 hours and 18 hours (HGTFN cells) or until the diversity of cell
morphologies could be assessed (MDCK cells). HGTEN cells were then
formalin fixed and stained with Coomassie blue. MDCK cells were video
taped for movement analysis. The cell paramclers measured are described

later.
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Cell staining

Coomassie Brilliant Blue

Methanol 225ml
Gilacial Acetic Acid 50mi
Walcr added 1o 500ml

Coomassie Brilliant Blue R-250 1.25¢g

Stirred for 30 minutes and filtered through Whatman number | filter paper.

Cells were washed in [xPBS (pre-warmed to 37°C) and fixed in 4% buffered
formalin (37°C) for 5 minutes. They were then washed with IxPBS and
stained with Coomassie Brilliant Blue for [-2 minutes or until the required

stain density was achieved.

Video capture and analysis

tmages for MDCK cell movement vidco were captured at 4x and 10x
magnification (Zeiss Axiovert 20 microscope) by CCD camera in SVHS
format on a Panasonic time-lapse video recorder. The individual frames werc
captured on a Macintosh PowerPC Compuler fitted with digitising card using
NIH Image soltware. Images were converted to tiff stacks and subsequently,

QuickTime movies.
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Fluorescent staining reagents and protocol

Formaldehyde Solution (Calcivm 1% w/v)

Phosphate Buffered Saline
37% formaldehyde
Sucrose

Detergent wash

Phosphate Buffered Saline

Tween 20

Blocking agent (For reducing non-specific binding)

Phosphatlc Buffered Saline

Bovine Serum Albumin

Permeabilising buffer

Water

Sucrose

Sodium Chloride
Magncsium Chloride.6H-O

HEPES

200 m!
4,32 ml

48

100 ml

0.5ml

100 ml

lg

100 ml
103 g
0.292 ¢
0.06 g

0.476 ¢
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pH adjusted to 7.2 Then added

Triton x 100 0.5 mi

Antibodies and actin stain

{Dilution}
Mouse Anti 3-Tubulin (Sigma) 17100
Mouse And vinculin (Sigina) 1/100
Anti Vimentin {Sigma) 17100
Rhodamine Phalloidin {Molccular Probes) 1100
Biotin Anti-mouse [gG (Vector Laboratories) 1/50
FITC-Streptavidin {Vector Laboratories) 1/30

All anlibodies were diluted in “Blocking Agent”

Fixation

Cells were washed in Ix PBS for 3x 5 minutes at 37°C. They were then fixed
with pre-warmed 4% buffered formaldehyde for [0 minutes al 37°C.

The fixative was removed by washing 2x for 5 minutes with 1x PBS.

Cell permeabilising

‘The PBS was removed and the cells incubated in “Permeabilising Buffer” for
5 minutes at 4°C.,

The permeabilising butfer was removed and the cells incubated in blocking

bufter.
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Immunofluorescence and cytoskeletal observation

After 2 and 3 days of culture, the cells on the test materials were lixed in 4%
formaldehyde/PBS, with 1% sucrose at 37°C for {5 minutes. When fixed, the
samples were washed with PBS, and a permeabilising buffer {10.3 g sucrose,
(.292 g NaCl, 0.06 g MgCh, 0.476 g Hepes buffer, 0.5ml Triton X, in {00 ml
water, pIT7.2) was added at 4°C for 5 min. The samples were then incubated
at 37°C for 5 min in 1% BSA/PBS, followed by the addition of primary
antibody (1:100 in 1% BSA/PBS, Sigma, Poole, UK) for 1 bk (37°C).
Simultaneously, rhodamine conjugated phalloidin was added for the duration
of this incubation {1:100 in [% BSA/PBS, Molecular Probes, Oregon, LISA).
The samples were next washed in 0.5% Tween 20/PBS (5 minutes x 3). A
secondary, biotin conjugated untibody, (1:50 in 1% BSA/PBS, monocional
horse anti-mouse (1g(), Vecior Laboratories, Peterborough, UK} was added
for | h (37°C) followed by washing. A FITC conjugated streptavidin third
layer was added (1:50 in 1% BSA/PBS, Vector Laboratories, Peterborough,
UK} at 4°C for 30 min, and given a linal wash. Sumples were then viewed by

scanning confocal fluorescence microscope {Noran).

Image acquisition
Images were captured on 2 NORAN confocal microscope with Metamorph 3
imaging application software. Post capture image analysis and 3D
constriction was performed using Metamorph 4.5 Windows 98 SE PC and

NIH Image on a Macintosh computer.




Polymer casting of master surfaces

Polycaprolactone beads were melted on glass slides heated to 60"C with a
temperature controlled hotplate. Once the beads had merged to form one
droplet, the surface (o be cast was inverted onto the polymer. Following this.,
another glass slide was put on top and the rwo slides pressed together. The
composite was removed and allowed to cool. The cast surface was then

removed by water immersion.

Microscopy

Confocal microscopy

Cytoskeletal images were captured on a NORAN confocal laser-scanning

microscope (Middleton, WI) using Mctamorph 3 image acquisition software.

Atomic force microscopy sample preparation
All samples imaged were cut with a scalpel blade to a diameter of 13 mum or
less, then they were attached to a 13 mm stainless steel puck with an adhesive
tab, touching the edges gently with the point of a scalpel to secure 1o the
adhesive. The samples were then transferred using tweezers into the AI'M
holding bay ready for scanning. The principles of Contact mode operation are

contained in figure 2.1,




AFM operation

The machine was set to contact mode for standard operation. A contact mode
tip (Digital instruments, Santa Barbara, CA) was then introduced to the
sample holder placed approximately 1 to S mm above the sample.

The laser contained in the AFM holding bay was aligned to the centre of the
tip using x and y control knobs, and then was preciscly aligned via the tilt
mirror lever located at the back of the holding chamber.

The tip was Jowered down to within touching distance of the sample. The tip
is was checked visually to assure horizonlal positioning to the sampie, to
position the tip horizontally the front and back height controls were adjusted
fo facilitate repositioning of the tip.

The tip was engaged aulomatically using the nanoscope Illa software
command of engage.

The nanoscope [a controls were then set as follows:

Feedback controls
Intcgral gain: 1
Proportional gain: 2
Lookahead gain: 0.00
Deflection set point: $.00v

Other controls
Microscope mode: Contact
Z:limit: 2.00 pm

Units: Metric

Colour table: 9
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Channel 1

Data type: Height
Data scale: 100 nm
Line direction: Trace
Realtime planefit: Line
Offline planefit: Full
Highpass filter: Off
Lowpass filter: Off

{Tor an even more detailed operation of this equipment please refer to the
Multimode SPM instruction manual Version 4.3 1ce)




Contact mode operation

Feedback Laap Maintains

Constant Cantilever Dieflection
»| Controller
Electronics
[ JLaser
-
Scanner

Detector

Efectronics
Measures .
A1 B N
of detlaction
asignal

-~

sptit ¥ B
Photodicde "~

Detector Cantilever & Tip

il <o

Figure 2.1 Contact mode AFM operates by scanning a tip allached to the end
of a cantilever across the sample surface while monitoring the change in
cantilever deflection with a split photodiode detector. The tip contacts the
surface through the adsorbed [Muid layer on the sample surface. A teedback
foop maintains a constant deflection between the cantilever and the sample by
vertically moving the scanner at each (x,y ) data point to maintain a "setpoint”
deflection. By maintaining a constant cantilever deflection, the force between
the tip and the sample remains constant.(fmage taken {rom Mullimode SPM

instruction manual Version 4.3 [ce)

The force is calculated from Hooke's Law:F=-kx
* ' = Force

» k = spring constant

* x = cantilever deflection.

Force constants uswally range from 0.01 to 1.0 N/m, resulting in forces
ranging from nN to uN in an ambient atmosphere. The distance the
scannermoves vertically at each (x,y) data point is stoved by the computer to
Jorat the topographic image of the sarple surface.
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Fabrication of (uartz master surface

Electron beam lithography

The fused silica masters for the embossing process were produced uvsing
electron bearn lithography and reactive ion etching. The fused silica substrates
were 25 % 25 mm and consisted of 5 x 5 mm”® areas of nanometre-scale pillars.
Electron beam lithography was catricd out using a Leica Micro- Syslems
Lithography EBPG SHR beamwriter {Bannockburn, TL) on fused silica
samples, I mm thick. The substrales were cleaned belore use by refluxing in
Opticlear (Kimble, Vincland, NJ) 30 minutes prior to successive ultrasonic
rinses in acctone, methanol and veverse osmosis (RO) water. A 50 nm thick
ttanium layer was then deposited using an electron beam evaporator. This
ttamum (ilm acts as a charge conduction layer during lithography and also as
an intermediatc etch layer during reactive ion etching (Elvenspoek et al.,
1098). Prior to application of the resist, hexamethyldisilazane primer was spun
onto the samples at 3000 rev. / min for 1 min belore baking at 80°C. The
pattern was specified using Shipley WIII DUV resist (Delmar, MD) which
was applied (0 the substrates by spin coating at the same speed for { minute.
The samples were then soft-baked on a hotplate at 135 °C for | minute. The
electron beam hthography patterns needed to form the pillars were arrays of
nanomeltre-scale circles. This was necessary in order to ensure Lhat
metallisation and lift-off resulted in arrays of metal pillars. The patlerns were
writlen using the beamwriter to write a large square area using a smali beam

spot size and a large pixel step size. 'or exampie, if a 15 nm spot is used o
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write a square of side 150 nm, then the square is written using a raster scan
method with the distance that the spot moves between expostres being sct by
the pixcl step size. Therefore, if the pixel step size is set to 300 nm, then the
15 nm spot exposes the resist every 300 nm, producing arrays of dots on a 300
nm pitch. The actual dot size obtained depends on the dose and the beam spot
size used. Using this method, the patterns were written using doses ranging
from 2 to 30 uC/em” and spot sizes from 15 to 56 nm. This produced dot sizes
ranging from 60 to 150 nm. Development was carried out using Shipley CD26
developer at room temperature for | minute followed by rinsing in RO water.
A 30 nm-thick layer of NiCr (60:40) was then evaporated onto the subslrates
and lifted off in acetone to define the nickel-chromium pillars on the titaninm-
coated fused silica. Afler lifting off the nickel-chromium film, the samples
were dry etched to define the pillars in titanium and then in silica. The
intermediale (itaninm layer was eiched away using chlorine chemistry in an
Oxford Instriuments Plasmalab System 100 reactive ion etcher (Oxford, UK).
SiCly was used with a flow rate of 18 sccm at a pressure of 10 mTorr, 200 W
RF power and a DC bias ol -325 V. The removal of the titanium etch took 6
minutes at an etch rate of 8 nm/minute. The nickel-chromiwm pattern masks
the titanium during this process, thus leaving a NiC1/Ti bi-layer mask for the
guartz. etching. The silica was etched in CHF: using a Plasma Technology
BP80 RIE machine (Oxford, UK) with a flow ratc of 30 sccm, a pressure of
23 mTorr, RF power and a DC bias of 310 V. The silica was etched for 3
minutes al an cleh rate of 8 no/minute and gave a linal etch depth of
approximately 100 nm (See figure 2.2 for diagrammatical representation of

fabrication process).




Fabrication of topography

NiCr
| _Silicon substrate 4
Si0, thermal growth NiCr evaporation
ZEP 520 resist

Resist application Lift-off in warm acetone

N

3
EBL patterning REI with CF,

and development

~J

Wet Cr etch

Figure 2.2 Diagram of electron beam lithography process for fabricating
nanopillared master surfaces used in this thesis. This is the schematic
representation of the lithographic process in detailed in full in the fabrication

of quartz master surface section of Chapter2.
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Poly-l-lysine coating of polymer surfaces
Surfaces with and without nanotopography were coated with poly-i-lysine,
which was incubated at a concentration of 0.1% w/v, in water. | pul of Lhe
poly-I-lysine solution was diluted with Iml phosphate buifered saline. Then
Sml of the resulting solution was added to each sample and was then

incubated for 15 minutes at 17°C.

SEM freeze-drying
Ireeze-drying of the eryoscetions took place in a Baltec BAF 060 (Balzers,
Liechtenstein) freeze-etch unil. The grids were transferred to the recipient at —
160°C. The freeze-drying protocol was carried out ai pressures around 6 X [{Y
% mbar and proceeded as follows: -145°C (1 hour), -135°C (2 hours), -125°C
(2 hours),-115°C (8-12 hours).-105°C (2 hours),-95°C (2 hours),-83°C (2
hours),-60°C (1 hour),-40°C (1 hour). The samples were then coated at —40°C
with 8 min carbon by an clectron beam heated gun at an elevation angle of 60°
and under rotation of the specimen stage (120 turns/min) to get a stable carbon
coverage on all surface areas, then slowly warmed up to room temperature
(0.5 hours). Samples that were not immediately transferved to the electron
microscope were stored in a closed box containing drying beads until use on

the same or the next day.

A
2




Chapter 3

Fabrication and initial investigation of the cellular reaction to
defined nanotopography

Introduction

Topographical cues, independent of biochemistry, generated by the
cxtraccllular matrix (ECM) may have significant effects upon cellular
bchaviour. The topegraphy of the bascment membrane is a complex
meshwork of pores, fibres, ridges and other features of nanometre sized
dimensions (Flemming, et al., 1999}, it is an established and well documented
fact, that synthetic surlaces with topographical features have been shown (o
directly influence cell behaviour (as reviewed in Curtis and Clark, 1990; von
Recum and van Kooten, 1995; Curtis and Wilkinson, 1997; Svinghi et al.,
1994). Consideration of this fact leads to the hypothesis that the topography of
the basecment membrane plays an imaportant role in regulating cell behaviour
in a manner distinct from that of the chemistry of the basement membrane.

As early as 1962 and 1963 Rosenberg claimed (Rosenburg, 1962 and 1963),
that nanomel‘.l..‘e sized features influenced cells. He used monolayers of stearic
and behenic acids that were transferred to quartz slides by the Blodgett
technique. Troughs of different depths were cut into these mutilayers, and
additional monclayers were superimposcd. When embrvonic cells were
cultured on these substrata, the cells were entrapped within troughs whose
depths were as small as 6 nm. The resuits demonstrate cell guidance by
alterations in mono-molecular films. Despite such early work on features in

the nanomeitre range, little work had been carried out at the nanometric scale
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until the following decades (Flemming, et al., 1999). The reason for this was
primarily due to the limitations of the fabrication methods that were available
hioengineers. Recently significant work in this field has moved from the study
of cetfular behaviour on micrometric grooves, to behaviour on nanometric
grooved substrata.

Howcever the cmphasis of this thesis is on what effects regular pitied or
pillared nanotopography has upon cell behaviour. The first credible adventure
into the world nanometric lopography was an investigation into a microporous
filter that was nylon dip-coated (Campbell and von Recum, 1989). The size of
Lhese pares ranged from 200 nm to 10 um in diameter (depth not listed). The
experiments were conducted in an in vivo canine model. Results showed that
the implants were non-adherent contracting capsules around implants with
pore sizes below 300 nm. In terms of in vitro studies involving
nanotopography, Konnonen (Kononen et al., 1992) used (itanium substrates
that were (reated by electro-polishing, etching, and sandblasting to create a
random surface roughness with peak to valley heights of 140 nm, 410 nm and
800 nm respectively. The random nanotopography made by sandblasting,
prevented cells from spreading and from forming actin bundles and vincutin-
containing focal adhesions.

It was not until 1997 that Turner (Turner et al., 1997) employed the use of
reactive ion etching followed by photolithographic and isotropic wel etching
in the fabrication process to modify silicon surfaces for biological ends.
Transformed ral astrocyles and primary rat cortical astrocytes were vsed o
study the cellular interaction with nanotopography and the underlying

chemistry that was ercaied Ly the fabrication process. Transformed cells




attached prelerentially o wet etched regions rather than reactive ion etched
silicon grass; transformed cells on the wet etched area, spread in an epithelial-
like manner and were smooth; transformed cells on columnar regions were
loosely attached, and exhibited complex surface projections. Transformed
cells preferred arcas exposed to increasing amounis of wet etching; primary
rat cortical astrocyles preferred silicon grass of the reactive ion etched areas
and did not spread on wet etched area.

Previous studics on the interactions of cells (o nanotopography were taken to
another level employing electron beam lithography to define the substratum
topography (Casey et al., 1997). This work was pioneered by Casey ¢t al.
(1997) who made substrates that had a new feature missing from previous
studies, in having precise control of surface roughness. This mcthod of
fabrication made it possible ta define surfaces with a high degree of accuracy
so that these topographies counld give a defined assessment of cell adhesion
and motion on nanotopographic surfaces. The rcaction of two different cell
types: ‘macrophage like’ (P388D1) and fibroblasts (tendon epitenon) were
assessed on 15 nm and 60 nm diameler pillars. The results of the cell adhesion
experiments demonstrated that the presence of these pillar arrays of either size
seriously hinder cell adhesion to the surface.

This seminal work on precisely defined and controlled nanotopography was
the driving force behind the initial experiments in this chapter. The aim of
these preliminary studies was (o investigate how to fabricate nanostructures
into a polymer reliably and overcome fabrication problems with the previous
method. The problems previously cocountered were  related 1o the

microcracking of the polystyrene surfaces during the fabrication process,
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which added an unwanted topography. Scveral surfaces were accwately
manulactured. Epitenon cell adhesion at various time points was investigated,
and whether general cell adhesion to nanotopography was cell specific. Also
addressed in this chapter were the effects of topoagraphics manufactured wilh
varying polymers. Polycaprolactone (PCL) polyurethane and polystyrene were
used to investigate this question.

Nanostructurcs used in all of these experiments had nanopits of a dimension

of approximately 80 nm deep with a centre to centre spacing of 300 nm.
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Results

Fabricating nanotopographical structures in polycaprolactone.

The motivation behind this work was to produce ordered well-defined
nanostructures in a suitable binocompatible polvmer. The goal of this work was
to develop suitable surface modifications to control the long-term behaviour
of cells on the surface of an implanted device.

The Fabrication of the quartz master surface (Fig 3.1) was detailed in
Materials and Methods (Chapler 2). The guartz surface used in the initial
experiments had pillar features with a centre to centre spacing of 300 nm and
an overall height ol 80 nm. This surface was used as a template to replicate in
reverse the nanofeatures into a suitable polymer substrate. Polycaprolactone
was chosen due to its favourable attributes. It has FDA approval, has a low
melting point of around 68°C, is biocompatible, and biocdegradable.

Initial experiments were carried out by dissolving polycaprolactone pellets in
chloroform (5% w/v). This allowed the polymer to be solvent cast at room
tcmperature,  The AFM scan (Fig 3.2) shows the replication of the
nanostructure in the polymer to be accurate and true down to a flew
nanometres.

This method for fabricating nanostructures was adequate for producing
reliable structures. However this method did have its drawbacks for use in cell
biology experiments; the time taken of 40 minutecs per structure was
impinging on production of large amounts of nanostructure, and alsc the
optical properties of the polymer were not suitable for viewing live cells. This

was duc to the opaque nature of the polymer due to crystallite formation,




furthermore the solvent cast films were very thin and had a tendency to roll up
and float. Tt was necessary to formulate a novel method of structure
fabrication o overcome hese problems. Mell moulding was seen o be the
answer to the constraints of the polymer casting method.

The melt moulding method is based on the premise that ordered polymer
chains would result in a polymer with a transparent appearance, as opposed to
the typical crystallite formation, which wonld scatter light and yield a
translucent polymer. Crystallite formation needs mobitity of the polymer
chains, therefore cooling it fast enough would prohibit rearrangement,

‘freezing’ the polymer in its transparent state (Richle et al., 2002).

Detailed method for producing super cooled PCL embossed
nanostructures

. Polycaprolactone beads were washed in methanol for 21 days. (Washing
in miethanol removes residue that coats PCL beads).

2. Beads were then spaced on a grid 10 mm apart, in between two glass
plates, clamped with buildog clips and placed in an oven at 60°C

overnight,

[F3}

Glass plales were removed from the oven, left to cool at room
temperature, and separaled to leave an even sheet of PCL.

4. Sheet of polymer was then cul into 25 mm x 25 mm sections
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5. The polymer sectionn was placed on a standard microscope slide heated on
a hot plate to a temperature of 60°C. When the polymer was molten the
surface of the quartz master was pressed into the molten polymer with the
thumb.

6. Two Copper discs were then placed in liguid N until cooled.

7. The molten polymer, slide and master surface were sandwiched between
the 2 copper discs. {The cooling of the polymer takes around 10 seconds to
complete).

8. The polymer was then transterred to a beaker containing 100ml of RO
water (the RO water is necessary due to its purity and is key as acting as a

primitive but effective mould release agent).

The apparatus used in this method is detailed in figurc 3.3. Tt can be quite
clearly shown that therc are some major benefits to this procedure. In figure
3.4 a comparison of the 2 sinfaces is shown, The clear pelymer has been

supercooled by the copper discs.

To fabricatc structures that are not required to be transparenl ie. {or
experuments that do not require cells to be imaged in their live state, steps 6
and 7 can be omitted from the protocol and the molten polymer construct can

then bc emmersed straight inio the RO water for separation,
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Figure 3.1 Quartz nanostructure fabricated by electron beam lithography
(detailed in Chapter 2). It should be noted that the top of the nanostructure is
not rounded and is slightly different from pillar to pillar. The spacing of 300
nm centre to centre is constant as is the 80 nm height of each pillar. Image
obtained via atomic force microscopy in the contact mode. The tops of the
pillars are uneven; this is thought to be due to a fabrication artefact coupled

with wear caused by the embossing process.
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Fig 3.2. An array of pits at a 300 nm centre to centre spacing, with an average
depth of 80 nm in polycaprolactone. This is a typical example of a
polycaprolactone nanopitted topography revealed by atomic force microscopy
(contact mode). This method of fabrication (polymer casting) was used for
initial experiments detailed in this chapter. A quicker method of melt
moulding was employed for the remainder of the work. All experiments where
polymer casting was used are directly referred to. In all other cases. it will be

assumed that melt moulding was used.
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Figure 3.3 Apparatus used for melt moulding of polycaprolactone

nanostructures. Panel A shows the hotplate used in the process. Part B shows
the glass slide with PCL section at melting temperature. Panel C contains an
image of the nickel shim with a nano-patterned surface. Panel D is the
embossing process where pressure is applied to the nickel shim in a downward
motion, exerting enough force to evacuate air bubbles between shim and
polymer. Panel E shows the reversed embossed PCL replica. The Opalescent
appearance of the nanostructured surface indicates successful replication of
nanostructure due to refraction of light by the 80 nm layer of intermediate
refractive index, formed by the ordered nanostructures which gives rise to

interference.



Epitenon cell adhesion to nanotopography at various times

Epilenon cells were cultured upon polycaprolactone nanopitted surfaces with
dimensions of 80 nm deep with a centre to centre spacing of 300 nm, made by
reverse casting from PCL dissolved in chloroform (Rig 3.1). The primary
hypothesis of how cells would react to the topography concerned bow the
cells would react (o the regular topography of the vanopitted region, il was
conceived hat the cells extracellular matrix could possibly be influenced by
the substrate and thus have an ordered pattern imparted upon it. This however
was merely speculative and with hindsight appears fanciful.

The number of cells that adhered to the nanopitted arcas was assayed via
counts ol cells adhering to the nanopitted region were directly compared to the
numbers of cells cultured upon a planar topography. The following results
show that adhesion of cpitcnon cells to the nanopitted topography wus
significantly reduced after 4, 20 and 96 hours (figures 3.4 to 3.6) and in some
cases, almost non-cxistent alter 21 days (figure 3.7) when compared to planar
topographies. ‘the conclusions that can be drawn from these experiments are
manilest; cell adhesion is greatly reduced when cells encounter this type of
otdercd nanctopography with these specific dimensions. Therefore the
topographic cue is directly influencing cell hehaviour to the extent that, with
time, epitenon cells find it almost impossible to adhere to this specilic

nanotopographic substrate.
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Number of rat epitenon fibroblast cells adhering to planar and
nanotopographic surfaces after 4 hours
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Figure 3.4 Cell adhesion of rat epitenon fibroblasts to nanopitted and planar
polycaprolactonc after 4 hows. Cell adhesion upon nanotopography was
significantly diflerent (P< 0.0001) when compared to adhesion of epitenon
cells to a planar topography (Counting area 1.65 mm?). Means of counts for
30 arcas.
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Number of rat epitenon fibroblast cells adhering to planar and
nanotopographic surfaces after 20 hours
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Figure 3.5 Cell adhesion of rat epitenon {ibroblasts 1o nanopitted and planar
polycaprojactone after 20 hours. Cell adhesion upon nanotopography was
significantly different (P< 0.0001) when compared to adhesion of epitenon
cells to a planar topography (Counting area 1.65 mm?). Means of counts for
30 areas.

65




Number of rat epitenon fibroblast cells adhering to planar and
nanotopographic surfaces after 96 hours
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Figure 3.6 Cell adhesion of ral epitenon fibroblasts to nanopitted and planar

polycaprolactone after 96 hours. Cell adhesion upon nanotopography was

significantly different (P< 0.0001) when compared to adhesion of epitenon

cclls to a planar topography (Counting arca 1.65 mm?). Means of counts for

30 areas.
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Figure 3.7 Coomassie blue stained cells after 21 days on nanofeatured
Polycaprolactone (solvent cast); 150 nm diameter, 300 nm centre to centre
spacing, 80 nm deep pits, see fig 3.1 for AFM scan of surface. The broken line
indicates the border of the nano-featured area. The planar region is to the
righthand side of the vertical dotted line and the region above the horizontal
dotted line. Scale bar = 200 um

In this image the reaction of epitenon cells to the two opposing topographies
is markedly different between the two opposing topographies. Epitenon cells
cultured on the planar topography have formed a confluent layer, whereas the
nanopitted region has very few cells attached to this type of ordered

topography.
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BHK 21, B10D2, and HGTFEN adhesion to nanopitted
topography after 4, 20, and 96 hours

It was necessary to establish that the reduced adhesion of cells to the
nanopitted topography was not a cell type specific phenomenon, To address
this question a selection of ‘in house’ cell types (RHK 21, B10D2, and
HGTFEN) were uwsed and cultured for 4, 20 and 96 hours uwpon a
polycaprolactone nano-patterned and pianar substrate. The results detailed in
Figure 3.8 to 3.14 clearly show that the observations of significantly reduced
cell adhesion with epitenon cells were not cell specific. The endothelial,
fibroblast and macrophage-like cell lines have significantly different patterns
of cell adhesion 1o one another (by means of an ANOVA post-hoc testing),
futher incresing the scope of the nanotopographys potential use.

These experiments were crucial in showing that the non-adhesive behaviour of
cpitenon cells was not cell type specific and demostrates the propensity of the
nanopitted topography in being able to lower cell adhesion, in many other cell
types. This was crucial in  establishing whether the surface was
interchangeable in a tissue engineering coniext, demonstating its effect was
widespread amongst these specific cell types, The different cell types Lhat
were cultured upon the nanopitted topography were by no mcans a
comprehensive collection of different cell types but do go some way (o
snggest that this would provide a suitable surface for a tissue engineering
consiruct that required low or no cell adhesion. These experiments highlight

the possible use for this surface pattern, produced in PCL, being ulilised upon
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a cell engineering construct surface, as a means to reduce cell adhesion in &

defined and controllable manner.
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Number of BHK 21 Cells adhering to planar and nanopitted
topography after 4 hours
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Figure 3.8 Cell adhesion of BHK 21 cells to nanopitted and planar
polycaprolactone after 4 hours. Cell adhesion upon nanotopography was
significantly ditferent (P< 0.0001) when compared to adhesion of BHK 21
cells to a planar topography (Counting area (.65 min?). Means of counts for
30 arcas.

70




Number of BHK 21 Cells adhering to planar and nanopitted
topography after 20 hours
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Figure 3.9 Cell adhesion of BIIK 21! cells to nanopitted and planar
polycaprolactone after 20 hours. Cell adhesion upon nanotopography was
significantly ditferent (P< 0.0001) when compared to adhesion of BHK 21
cells to a planar topography (Counting area 1.635 mm?). Means of counts for
30 areas.

71




Number of BHK 21 Cells adhering to planar and nanopitted
' topography after 96 hours

250
225 = -
200 - -
175 -
150 -
125 -
100 -] -
75 -
50 -

25 -

Mean number of cells

Nano Planar
X = Sample sum
X = Standard deviation

Nano Planar Nano Planar

Mean 19 222 Max 29 245

Std Dev |4 15 Min 11 195

Std Error | 1 2 X2 15796 2168393

Count 44 44 X 672 9221

Figure 3.10 Cell adhesion of BHK 21 cells to nanopitted and planar
polycaprolactone after 96 hours. Cell adhesion upon nanolopography was
significantly different (P< 0.0001) when compared to adhesion of BHK 21
cells to a planar topography (Counting area 1.65 mm?). Means of counts for
30 areas.
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Number of HGTEN endothelial celis adhering to planar and
nanopitted topography after 4 hours
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Figure 3.9 Cell adhesion of HGTFN cclls lo nanopitied and planar
polycaprolactone after 4 hours. Cell adhesion upon nanotopography was
significantly different (P< 0.0001) when compared to adhesion of HGTEN
cells to a planar topography (Counting area 1.65 mm?). Means of connts for
30 areas.
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Number of HGTFEN endothelial cells adhering to planar and
nanopitted topography after 20 hours
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Figure 3.10 Cell adhesion of HOGTEN cells to nanopitted and planar
polycaprolactonc after 20 hours. Cell adhcsion upon nanoiopography was
significantly different (P< 0.0001) when compared to adhesion of HGTFN

cells to a planar topography (Counting area 1.65 mm?). Means of counts for
30 arcas.
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Number of HGTFN Cells adhering to planar and nanopitted
topography after 96 hours
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Figure 3.11 Cell adhesion of TIGTEN cells 0 nanopitted and planar
polycaprolactone after 96 hours. Cell adhesion upon nanotopography was
significantly different (P< 0.0001) when compared to adhesion of HGTEN
cells to a planar topagraphy (Counting area 1.65 mm?®). Means of counts for
30 areas.
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Number of B10D2 endothelial cells adhering to planar and
nanopitted topography after 4 hours
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Figure 3.12 Cell adhesion of BJOD2 cells to nanopitted and planar
polycaprolactone after 4 hours. Cell adhesion upon nanotopography was
significantly different (P< 0.0001) when compared to adhesion of B10D?2 cells
to a planar topography (Counting area 1.65 mm®). Means of counts for 30
arcas.
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Namber of B101)2 endothelial cells adhering to planar and
nanopitted topography after 20 hours
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Figure 3.13 Cell adhesion of BIOD2 cclls to nanopitted and planar
polycaprolactone alter 20 hours. Cell adhesion upon nanotopography was
significantly different (P< 0.0001) when compared to adhesion of BL0OD2 cells
to a planar topography (Counting area 1.65 nun®), Means of counts for 30

arcas.
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Number of B10D2 endothelial cells adhering to planar and
nanopitted topography after 96 hours
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Figure 3.14 Cell adhesion of BI0D2 cells to nanopitted and planar
polycaprolactone after 96 hours. Cells adhesion upon nanotopography was
significantly different (P< 0.0001) when compared ro adhesion of B10D2 cells
to a planar topography (Counting arca 1.65 mm?), Means of counts for 30

arcas,
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Cell adhesion to polystyrene, polyurcthanc and polycarbonate
fabricated structures

It was hypothesised that the significantly reduced adhesion obscrved on the
nanopitted region may be duc 1o polymer specificity imparting an effect that
was influencing celi behaviour, and indeed not the topography at all. To test
this hypothesis I fabricated the nanotopography in a variety of polyniers (0 lest
whether the effect that was observed was due to the topographical cue
generated purely by surface shape or polymer type. As opposed to that of a
cue generated by somehow changing the surface chemistry, to impart what
would be a purely *’chemical cue’ to reduce adhesion.

Polyslyrene was the first polymer to be chosen, due to its universal vse as the
primary polymer for culturing tissue cells. The polymer was dissolved in
chloroform, and the solution was then solvent cast onto the master surtace. [n
a previous study polystyrene had been used by Casey et al., (1997) for cell
adhesion studies. Onc drawback of polystyrene, for laboratory casting, was
the tendency for the polystyrene to micro-crack, resulting in an intermittent
topography. This was due (0 the manual separation of the polymer from the
master, However, this could be avoided by leaving the polymer to free itself
(rom the master overnight in RO water. The data in Figure 3.15 showed that
cell adhesion of epitenon celis was significantly reduced after a 96-hour
incubation period.

Polyurethane is an in-house polymer that is vsed for polymer casting, and has

also been used in clinical trials by Aoricc Ltd (persenal communication),
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Glasgow, UK. as a possible material for (ri-leallel heart valves. This made this
polymer relevant for use due to its industrial applications.

Polycarbonate is a relatively new type of polymer to use in vitro. This was
chosen [or three principal reasons; firstly it has very good optical properties
making it very desirable for use in a cell culture environment, secondly its
widespread use in DVD production means that its properties for precise high
level fabrication have already been cstablished by the electronics industry.
And thirdly, its relative cheapness of fabrication due to the scaling-up (or
mass production, which has already heen implemented by many sectors of

industry,
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Number of Epitenon cells adhering to Polystyrene
nanostructures after 48 hours
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Figure 3.15 Epitenon ccll adhesion to polystyrene nanopitted and planar
topographics {or 48 hours. It has been demonslrated via Post hoc
Bonferroni/Dunn testing that the cell adhesion between the two types of
topographies is statistically significant P< 0.0001. Counting area 1.65 mm?,
means of counts for 30 areas.
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Epitenon cell adhesion to Polyurethane nanostructures after 48

hours
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Figure 3.16 Epitenon cell adhesion to polyurcthane nanopitted and planar
topographies for 48 hours. It has
Bonferroni/Dunn testing, that the cell adhesion between the two types of
topographies is statistically significant. Counting area 1.65 mm?, means of
counts lor 30 areas.
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Epitenon cell adhesion to Polycarbonate nanostructures after

48 houxs
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Figure 3.17 Epitenon cell adhesion to polycarbonate nanopitied and planar

topographies for 48 hours. It

has been demonstratcd via TPost

hoc

Bonferroni/Dunn testing, that the cell adhesion between the two types of
lopographies is statistically signiticant. Counting area 1,65 mm?® means of
counts for 30 areas.
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Cell adhcsion to nanotopography in serum -free culture
conditions

It beeanic clear from the experiments detailed in this chapter that cell adhesion
was being significantly reduced on nano featured sampies compared to ftat. It

was also clear that the effect was neither cell specific nor was it polymer
specific. The question arose, whether there was differential protein adsorption
on the diffcrent surfaccs. This was an extremely relevant question due to the
fact that the [eature in question was within the same range of size as the
protein typically found in the cell culture conditions. It was possible that the
proleins encountering the nanotopography were in some way influenced by
the topography imparting a conformation change and lence a functional
change vpon the protein. A simple answer to this question was to see what
effect, if any, cultaring cells in serum-free media had upon ccll adhesion?

Epitenon celis were cultured upon nanopitted Polycaprolactone for 24 and 96
hour o test the possibility that the proteins contained within the serum
containing culture media were having an effect upon cell adhesion. In figures
3.18 and 3.19, it was clear that from the statistical analysis of a post hoc
Bonfarroni/Dunn lesting that the difference of adhesion, in serum-free culture
conditions, was significantly reduced (P< 0.0001), upon the nanotopography,
when direcly compared to the adhesion of cpiicnon cells to the planar

topography.
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Cell adhesion to nano and planar topography in serum-free

conditions after 4 hours
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Figure 3.18 Cell adhesion to nano and planar lopography in serum-free media

conditions after 4 houss in colture. Cell adhesion on the two types of surface

was significantly diflerent (P< 0.0001),
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Cell adhesion to nano and planar topography in serum- free

conditions after 24 hours
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Figure 3.19 Cell adhesion (o nano and planar topography in serum-free media

conditions after 20 hours in culture. Cell adhesion on the two types of surface

was significantly ditferent (P< 0.000).




Discussion

Fabricating nanotopographical structures in polycaprolactone.

In many areas of commercial manufacturing, cmbossing is uscd as a low cost,
large-scale method of producing plastic shapes and patterns. The most
common uses for this pattern transfer mefthod are in the fabrication of
holograms and compact disks, where metal dies are used to repeatedly stamp
out patterned plastic features. The advantage of this process in producing
small features is that it is cheap, allows high throughput and yields large areas
of uniformity. In addition, it requires only one [abricated die to produce many
identical samples (Casey et al., 1997),

These factors were all taken into account when embarking npon a method ol
pattern transfer. All of these factors were [ulfilled in the fabrication of
nanostructures, the cost per sample was low, the quantity of nanostructures
produced was high, and above all else, the uniformity and accuracy of the
nanostructures was true. Another problem common to the industrial pattern
transfer process is the vse of a mould release agent, which has a major
biocompatibility problem. This was casily circumvented by the replacement of
this agent with water.

Another important problem that faces many cell biologists wishing 1o study
the cell hiomaterial interaction was addressed; that of polymer opacity. ‘t'he
development of what is believed to be novel and cost clfective method for the

production ol translucent nanostructured biomateriais has been achieved.
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Epitenon cell adhesion to nanotopography after varying time
points

At the beginning of this set of experiments a hypothesis wus formulated. It
was thought that the nano-topographical substrate would act as a cue and this
cue would have an effect upon cell behaviour. This part of the statement was
truc, however, the rest of the hypothesis stated that the effect the ordered
nanotopography would have upon cell behaviour would be to orient the
collagen production of individual cells. From these experiments this was
found not to be the case. Over a period of 4, 20, and 96 hours cell adhesion to
these surlaces was significantly redueed (p< 0.0001). It could be scen that in
some cascs, cell adhesion was being drastically altered. kn figure 3.7, a culture
of epitenon cells was stained with Coomassie brilliant blue ftotal protein stain
to reveal that cell adhesion on large regions on the nunopitted (opography was
almosl non-existent,

These experiments became pivotal in determining the thrust of this thesis,

what was happening al Lhe cell-biomaterial interface and why?

BHK 21, B10D2, and HGTEN adhesion to nanopitted
topography after 4, 20, and 96 hours

In this set experiments the question being asked was: is the significant
reduction in adhesion of epitenon cells by the nanopitted topography ccll
speeific? This was addressed by the use of 3 different cell types. The results of
the experiments demonstrated that over varying time points the three cell
types; BHK 21, HGTFN and B10D2 all showed a sigsificant reduction in

adhesion to the nanotopography when directly compared to a control surface
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of planar topography. In regards to the question of the mean number of cells
in relation to time cells on planar topography proliferated with time, however
proliferation of cells on nanopits was not observed.

From these cxperiments it was possible (o postulate that the effect o nano-
adhesion of Rat epitenon fibroblasts, could be widened to incorporate the
reduction in adhesion of the aforementioned cell types. It could therefore be
argued that this effect was not a cell specific phenomenon, It was also clear
that the nanopitted topography embossed into PCL was a having a direct
effect upon cell behaviour by presenting some form of cue. This prevented a
normal cell-biomaterial interaction, occuring on the nanotopography whereas
a normal reaction was observed on the planar topography.

Cell adhesion to Polystyrene, Polyurethane and Polycarbonate
fabricated structures

The next question to be addressed in this chapter was whether ov not this
cffect was 4 polymer specific phenomenon? By (ubricating the pilted
nanotopography into different types of polymer, and conducting celi adhesion
experiments upon their surfaces, the results of the cell adhesion experiments
invelving rat epitenon fibroblasts were given greater credibility. They showed
that the cell adhesion to the identical nanopitted topographies were
significantly reduced (P< @.0001) in each of the polymers, namely,
polystyrene, polyurethane and polycarbonate.

This sct of experiments finally confirmed that the observed reduction in cell
adhesion was neither cell specitic nor polymer specitic. It was now guite clear
that this influence on cell behaviour was due to a topographical cue and not

some intrinsic property of the polymer being altered in some way by the nano-
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fabrication process. The fact that the nanotopographic pattern could be
transferred into a variety of polymers gave scope for a possible expaasion of

polymer types that could be utilised in the future, for possible cell devices.

Cell adhesion to nanotopography in serum-free culture
conditions

The yuestion of whether or not protein adsorption was having a direct affect
on the adhesion of cells to the nanotopographic pattern was addressed. With
the support of the data in figures 3.18 and 3.19, it was shown that cells grown
in the absence of serum proteins showed a significant difference (P< 0.0001)
in adhesion to the two different rypes of embossed topography. This showed
that the proteins present in the serum were not involved in the redoction in
adhesion shown in the previous experiments. Therefore the reduction in
adhesion is morc likely to be a direct result of the cell-material interaction as
opposed (o any interaction resulting from a possible change in serum-protein
conformation.

It is also shown from these experiments that cells in serum-free conditions arc
not able to divide and their cell numbers have not increased in 24 hours in
culture. This was however a direct result of the lack of serum, which is shown

to depress protein synthesis and cell growth (Alberts et al., 1994).
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Chapter 4

Spatial control over cells

Introduction

Swrlface-microfabrication techniques have heen widely utilized for the spatial
control of cells in culture. Many strategies have employed variations in
surface charge, hydrophilicity, and topology to regutate cell functions such as
attachment. Chemical surface modification of a substrate is one key to long
term interaction with biological systems. Control over biomaierial surface
chemistry and atomic microstructure can sesult in a regulated cell response
(Tto, 1999). In geperal, surface modifications fall into two categocies: (1)
chemically or physically altering the molecules in the existing swrface
(treatment, etching, chemical modification), or (2) coating the existing surface
with a material which possess a different composition (coating, grafting, thin

{ilm deposition) (Ito, 1999; Ratner, 1996).

The chemical patterning of adhesive and non-adhesive regions on a subsirale
at the resolution of single cells (i.e., sub-micrometer) has relied on a variety of
techniques, photolithographic patterning of swrface chemistries with either
covalent linking or chemical adsorption of the protein, (Ratner et al., 199¢6;
Drumheller and Hubbel, 1995) microcontact printing of self-assembled
monolayers of different chemistries or proteins (Healy ct al., 1994; Sechriest,

2000; Mrksich et al., 1996; Bhatia et al., 1993; Bhatia ¢t al.,1997) and solution
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coating of microfabricated surfaces (Zhang et al., 1998) we other cxamples.
Using these approaches, substrates (typically planar) can be designed to
promote cell atrachment or cell repulsion, provided that the appropriatc cel-
specific ligands are used. Ultimately, these approaches may provide clues

aboul chemical cues (hat direct tissue assembly and regeneration.

Recent advances in cel! biclogy have highlighted the importance of the
ligand—-receptor interaction for controlling cellular adhesion. In particular,
approaches have been developed to coat swfaces with extraceilular matrix
proteins to create adhesive regions (1lubbell, 1995; Folch and Toner, 1998) or
o covalently link integrin ligands to the surface (James et al., 1998). The
well-known integrin binding RGD (Arg—-Gly-Asp) cell adhesion ligand
provides a simple mechanism of modifying surfaces on the microscale to
nmimic the extracellular matrix. Peptides that contain the RGD attachment site,
together with the integrins that serve as receptors for them, constitute a major
recognition system for cell adhesion and cell-substrate interaction (Ruoslahti,
1996}. The RGD scquence is the cell attachment site of a large number of
adhesive extracelluiar matrix, blood and cell surface proteins. This integrin
binding aclivity can be reproduced by short synthetic peptides containing the
RGD sequence atlached o a given surfuce (Pierschbacher and Ruoslab,
1984) and small peptides with RGD, e.g. 20 peptides {ong, are frequently used
to prevent adhesion by application in media. Since integrin-mediated cell
attachment influcnces and reguniates processes such as cell migration, growth,
diflerentiation, and apoptosis, the RGD peptides can be used to camouflage

synthetic materials and mimic actual physiological systems. Substratum
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adhesiveness can be micropaticrned using peptides to create a model [or
morphogenetic cues controlling cell behavior (Britland et al., 1992a; Britland

etal., 1992b).

The previous chapter established that varying cell types had dramatically
reduced adhesion on a nanopitted region fabricated into a number of different
polymers. Therefore the possibility of using this surface to spatially control
and patiern cells was investigated. As detailed above, many research groups
have lackled this subject matter (o try to control the spatial arrangement of
cells in culture conditions in a predetermined fashion. A notahle fearure ol
previous methods developed for the spatial control of cells is the one-
dimensional approach ol chemical patterning. More preciscly, micro contact
printing is used as the driving force to encourage selective adhesion. This
approach of utilising chemistry has a several major drawbacks when
considering its potential use in vivo. For instance, how will the chemistry react
to whole blood or the whole plethora of body fluids and environments?
Another potential drawback coulfd be the reaction of the body to the material
when transferred from an in vitro set.ting, potentially activating the
complement pathway. Using fopography as the conlrolling [actor of cell
behaviour could possibly circumvent this problem and provide a viable
alternative to surface chemistry. In theory, topography should not be aflected
by chemistry and thus will have the major advantage of relying on suwiface

shape alone as its major controlling mechanisn:.
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Results

It was postulated that with the use ol a nanopitted structore it would be
possible to have a more precise and accurately defined spatial control over
cells in culture. A dramatic demonstration of this was to have the word
“CELL” written in planar topography surrounded by nangpitted topography.
The width of planar lettering was 500 pm in width with a height of 3 mm. The
nanopitted and planar interface is revealed via atomic force microscopy. This
shows the simplistic nature of the design with two types of (opography side by
side (Figurc 4.1).

Epitenon cells were then cultured upon the nano-embossed PCL substrates
for 48 hours under normat culture conditions. Atter the culture period, the
cells were fixed and then stained with Coomassie brilliant blue cell stain.

The results of this experiment were quite striking (Figure 4.2). The cells
demonstrated an obvious preference to adhere to the planar lopography over
the nano-embossed regions. It was possible to observe wilh the naked eye that
the epitenon cells were preferentially attached to the planar region and hence
were spatially arranged to make up the word ‘CELL’. The framing of the
nanopitied area by a further region of planar topography populaled with
epitenon cells was a reinforcement of this phenomenon. ‘These results
demonstrated that it was possible 10 use the nanotopography to control the
spatial arrangement of cells grown 1n culture. Some epitenon cells were found

to adhere to the nanopitted topography, however this was an unusual
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occurrcnce demonstrating a significant preference (o attach to the planar
topography.

When the tmages are examined at a higher magnification (Figure 4.3 and
Figure 4.4), the accuracy of the spatial control can be better appreciated. As
previously mentioned, some cells do attach to the nanopitted topography but
are not fully spread and do nat appear to proliferate; this is emphasised by the

lack of confluent arcas of cell jn the patterned areas.

95




Digital Instruments NanoScope

Scan size 1.500 pm
Scan rate 2.035 Hz
Number of sawmples 256

Image Data Height
Data scale 250.0 nm

X 0.500 pw/div
T um Z 250.000 nw/div

Figure 4.1 Atomic force microscopy scan of pit planar interface of a hot
embossed PCL template used for the spatial control of epitenon cells and
nanotopography. The nanopit area of the surface A is embossed from a pillar
master. Note that in sections at B there is a certain curvature, perhaps it is this
curvature, rather than a sharp edge, which prevents adhesions. C shows a
domed crown at the diagonal between pits that are curved. D is a section of

planar topography.
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Figure 4.2 PCL sample of spatial arranged topography. Epitenon cells are

stained after 48 hours in culture with Coommasie brilliant blue. The cells in
the image are preferentially arranged in regions of planar topography. In the
bottom right of the image, the word “cell” written in planar topography. is

made visible by the staining of the sample. (Scale bar = 5000 um).
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Figure 4.3 Enlarged image of epitenon cells stained with Coommasie blue
after a culture period of 48 hours. This image shows the preference for cells to
take up the available planar topography that has been fabricated to make the

word cell. (Scale bar = 2500um).
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Figure 4.4 Embossed PCL sample cultured with epitenon cells (stained with
Coomassie blue) for 96 hours. Epitenon cells in the image are demonstrating
their propensity to adhere to the planar topography as seen in B with reduced
adhesion in region A. It can be seen that cells have a propensity to form
confluent sheets in the space surrounding the nanopitted region (Scale bar =

5000 pm).
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Discussion

The results from these experiments demounstrate the possible uses of
controlling the patierning of the nanopitted regions. PCIL. samples of
predefined arcas of nanopits linked with regions of planar topography
produced a spectacular display of spatialy arranged epitenon cells. The
outcome of these experiments highlighted that il is possible to orient the
spatial arrangement of cells in a very precisc and deliberate manner. Tt was
shown that it is feasible (0 isolate cells growing in culture on planar regions of
topography  completely  surrounded by nanopitted topography. The
argamsation ol cells on planar topography spelling the word “CELL”
surrounded by the nano-pilled regions was such that when they were stained
with Coomassie blue, the pattern was then visible to the naked eye, further
llustrating the simplicity of the method to yield a tangible resuit.

The resuits also showed that in the longer term cultugres (96 hours), it was
possible to culture the cells Lo confluence and in the middle of this region have
a non-confluent arca made up of a 20 mm x 5 mun rectanglc of ordered
nanopits, exerting a dircet influence of drastically reducing the adhesion of
cells to the arca. This demonstrated that at even higher densities of cells,
nanopits will exclude cells proliferating oupon them.

The fabrication approach used in this thesis has several distinct advantages
over that used by other groups. The vse ol microcontact printing has yeilded
similar results in regard to selective cell attachment, however the employment
of micro contact printing has the major disadvantage that the driving force is

chemical in pature and this raises potential doubts as to its possible transfer to
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an in-vive setting, due to the possible immune rejection that could occur. This
would be potentially overcome by the use of nanotopography lor the selective
attachment of cells. Yet another significant advantage of the topographical
fabrication method is the high degrec of control over the precise dimensions

of the surface pattern where it can be fabricated at the nanometer scale,
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Chapter 5
Cell Migration
Tntroduction

Cell migration plays a central role in many biological processes, including
embryonic development, wound healing and the immune response. During
development, many different cell types travel long distances through changing
environments (o reach their final destination. Inlrinsic to this process are
decisions made by cells aboul when to migrate, the paths to be taken, and
when to stop (Huttenlocher et al., 1995),

Cell nugration requires a dynamic interaction between the cell, its subslrate,
and the cytoskelelal-associated motile apparatus. Initiation of cell locomotion
involves a directional protrusion of the leading edge, presumably via actin
polymerisation, to form a lameilipodium, with its subsequent aitachment to
the substratum (Stossel, 1993; Lee et al. 1993h). Cell adhesion receptors then
serve to connecl the substratum with the cytoskeleton, Aflter the formation and
stabilisation of the lamellipodium, cells use these adhesive intcractions to
generate the traction and the foree required for cell movement. The final step
in the migratory cycle is the release of adhesions at the rear of the cell, with its
subsequent detachment and retraction. This model for cell migration, although
based on a fow cell types such as fibroblasts, appears to apply to many diverse
cell types, including thosc from lower eukaryotes (Sheets, 1994; Cramer et al.,

1994).
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Rapid ccll migration requires not only regulation of the adhesive interaction
belween cell surlace adhesion receptors and the substratum, but also between
these receptors and the cytoskeleton. In addition, the adhesive interactions
between the cell and its substratum must be dynamic and require rapid rates of
formation and dissolution o allow a cell o progress over its substratum, The
adhesive strength at the cell front must be sufficient to generate force and
traction (o pull the cell forward. In contrast, the adhesive strength at the rear of
the cell must be weaker to atlow the cell to release from its surface (Di milla
ct al., 1991). This suggests an asymmetry in adhesive sirength between the
cell front and the rear. Therefore, an understanding of cell migration requires
not only identification of the factors controlling this adhesion and de-adhesion
process, but also an appreciation ol their spatial and temporal relationships.

Cell migration also requires the complex integration of muotility-promoting
and motility-inhibiting signals. Vasl literature has accumulated describing the
effects of many agents on cell migration. These inctude growth factors,
cvlokines and ECM components {(Manske and Bade, 1994, Stoker and
Gherardi, 1991). One class of motility-promoting molecules are the anti-
adhesive ECM-components, such as SPARC, renascin and thrombospondin
(Murphy-Ulrich and Hook, 1989), These factors may be presenl al increased
concentrations in areas of inflammation, and probably enhance cell migration
bath hy their anti-adhesive effects and by stimulation of the expression of
genes encoding matrix-metalloproteinases, as seen in some cell types
(Tremble et al., 1994). These anti-adhesive BCM components promote focal
adhesion disassembly, which may be a mechanism by which (o stimulate

migration (Murphy-Ulrich and Hock, 1989%; Murphy-Ulrich, 1995}, It is clear
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that many other migration promoting-factors also affect the organisation of
focal adhesions. Certain growth factors and cytokines, including hepatocyte
growth factor/scatter factor and interlukin-8, also destabilise focal adhesions
and promote cell migration {Matsumoto ct al., 1994, Dunlevy and Couchman,
1993).

An increasing body of literature points to the concentrations of substrate,
receptor, and adhesion-related  cytoskeletal components as  critical
determinants of migration rates. Indeed variations in suhstrate concentration
produce a clear optimum that corrclates well with migralion rate. Maximal
migration is obscived on ECM components at intermediate substrate
concentration (Koo et al., 2002). Smooth muscle cells adhere weakly and do
not migrate on fibronectin, whereas high fibroneclin concentrations increase
cell spreading, focal adhesion formation and inhibition of cell movement
(DiMilla et al., 1993). Maximal nugration is also scen at intermediate cell
surface integrin concentrations. Cells with low or high levels of cell surface
o531 or 021 expression have lower migration rates than do intermediate
levels of receptor expression (Bauer et al., 1992; Giancotti and Rushlahti,
1990; Keely ef al., 1995). Thus, both substrate concentration and cell surface
integrin expression levels play an important tole in regulating cell motility;
however, their inter-retationship has not been fully explored.
Integrin-cytoskelcton linkages are alse important for vegulating cell migration.
Alteration in levels of cyloskeletal associated proteins moduiate the migration
rate. For example, decreases in [evels of vinculin or @-actinin, achieved by

anlisense techniques, incrcasc the rate of cell migration (Fernandez et al.,
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1993) (Gluck and Benzeev, 1994). The expression of antisense -actinin

message wlso increases migration and tumor metastasis in vitro.
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Results
Time lapse video microscopy

It was vital to observe what was occuring when cells encountered a nanopitted
substrate. To investigate this, epitenon cells were cultured upon a hot
embossed polycarbonate substrate for 96 hours. The resulting video showed
quite clearly what was happening to the cells when they were cultured upon
the nanotopography. The main video described below is the description of cell
behiaviour of epitenon cells cultured for 70 hours under normal culture
conditions. The complete footage of this ime-iapse footage accompanics this
scquence on CD-ROM format al the back of this thesis.

Cells appear to encounier the surface in three different ways, on their own,
physically attached to other groups of cells and in groups attached to a planar
topography probing the nanotopography. Each of the behaviours are discussed

below,

Single cell attachment
As single cells approach and make contact with lhe nunotopography, they
settle and begin to spread as they begin to attach. After approximatcly 3 hours,
cells would “ping” off or retract from the surface in one quick movement and
immediately revert to the rounded morphology that they had when they first
encountered the nano-sarface (The effect could be likened to what would be
expected to betall a spread cell during trypsinisation). Rounded cells would
then scek Lo reattach to he surface and the same cycle of detachment and
reatlachment would occur. When single cells did attempt to adhere to the

surface, they would hecome highly motile and would appear to probe the

106

o



surface before inevitably disengaging from the surface and rounding up. This
process continued repeatedly throughout the 70 hours of the experiment. This
attachment and detachment would frequenily be coupled with increased

motility as illustrated with the aid of video stills in Tigure 5.1.

Cell clustering

One rather striking feature of the cell behaviour that was observed when cells
of a rounded morphology would make a valiant attempt to adhere Lo the
surface, would be the propensity of the cells to aggregate with ather cells of a
partially spread or rounded morphology. It became appwarent that when two or
more cells would collide in an attempt to adhere lo the surface they would
aggregate, developing cell-cell adhesion and form a cluster of cells (Figure
5.2). This is shown in Figure 5.3, where two groups of cells can be scen
migrating in clumps towards each other. When these clusters of cells come
into contact with each other they combine to form one larger cluster of cells. It
is then observed that the newly formed larger cluster of cells continues to
migrate in what appears (o be a random fashion, continuing to pick up other
cells on the way to create an increasingly larger cluster. Closer examination of
this closter of cells reveals that only some of the cells are in contact with the
surface, and these are the cclls that are driving the locomolion of the cluster
around the nanopitted polycarbonate. Other cells in the cluster have no direct
contact with the nanopitted topography only forming adhesions with other

cells within the cluster.
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Figure 5.1 Time lapse footage of epitenon cells adhering to nanopitted

topography. In part A the arrow points to general rounded morphology
assumed by all cells at the start of the sequence. In frames B to F it can be
seen that an epitenon cell starts to spread and then in frames G and H it is
starting to lose its grip and then finally in frame I the cell resumes the rounded

morphology it was exhibiting at the start of the sequence.
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Figure 5.2 In Frame A two clusters of cells are visible upon a nanopitted

surface. In frame B they can bee seen to migrate towards each other, making
contact and forming a larger cluster in frames C and D. In frame E another cell
is migrating towards the cluster this cell becomes part of the main cluster in

frame F.
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Figure 5.3 A large cluster of approximately 10 cells has formed upon the nanopitted

surface. It should be noted that some cells are in contact with the substrate, these cells
are the driving force of the cluster migration. Others cells within the cluster are only
exhibiting cell-cell contacts within the cluster and not making any attempt to make

contact with the underlying topography.
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The planar/ pit boundary

In Figure 5.4 both nano and planar topography are visible, It can be observed
that the cells in the planar region are behaving in a predictable manner i.e.
their primary behaviour is that of proliferation, and kceping migration 1o a
mintmum. From this Figure (and more clearly in Movie 2) it can be seen that a
group of cells is straddling both nano and planar topographies. The cells
anchored on the planar region probe the nanopitied topography attempting
adhesion for around two hours, alter which time the failure to adhere causes
them to completely retract prefeiring the more stable plapar region for
adhesion and proliferation upon the planar topography. It has also been
observed that a spread cell would leave the planar topography and enler the
nanopitted area where il adberes te 4 stationary rounded cell and then relurns
with the cell attached (o the planar topography. The previously rounded cell
that was picked up from the pitted topography would then resume a “normal”

cell biomaterial interaction of adhering to and spreading upon the topography.
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Figure 5.4 In this sequence the boundary between the planar and a broken line

illustrates the nanopitted topography. The planar region is at the top of the
frame where the majority cells have congregated. In this sequence it can be
seen that a cluster of cells aggregated in the planar portion are probing the
nanopitted region. These cells attach to a cell “struggling” on the planar
topography and then pull backward to the planar topography taking the new
recruited cell with it to the relative stability of the planar topography




Scanning clectron microscopy investigation of cellular reaction
to nanotopography

To gain a better insight into the direct interaction between the cell and the
nanotopography. scanping elcctron microscopy (SEM) was carried oul.
Standard in-house protocols for SEM preparations require the use of a solvent
(HMDS) which degraded the polycaprolactone, leading to the destruction of
the topography. Here a technique of (reeze-drying was employed (o allow the
PCL sample to be viewed and scanned. Bpitenon cells were cultured upon the
nanotopographical surface for 48 hours, freeze dried, sputter coated and
scanned using a Hitachi S900 SEM (detailed in chapter 2).

In Figure 5.5, a typical cpitcnon cell reacting to nanctopography can be seen
in ihe micrograph. The cell appears to be probing the swrounding
environment, in this case a nanopitted topography via its filopodia. A
noticeable featurc 1s that the diameter of a pit is approximately the same width
as the [ilopodia that the cell has sent out to probe the underlying substrate.
Analysis of SEM micrographs revealed several features of the cellular
interaction with the nanotopography not visible by conventional lighl
microscopy. The meost noticeable of these was the probing of the
nanotopographical surface by the cell’s filopodia.

It could be seen quite clearly, that the filopodia wordd not, in general, enter
the pits (Figure 5.6). Through the analysis of the micrographs, it was
cstablished that the cells prefer filopodia not to enter the pit directly but they
appeared to prefer to sit upon the ridges of the pits. In Figure 5.7 it can be

scen using post hoc statistical testing that this difference was statistically

[13




significant in respect to a preference of the filopodia Lo atlach Lo the top ridge
versus the pits directly.

The micrograph shown in Figure 5.8 shows a region of planar topography
surrounded by nanopits. It can be clearly seen from this image the obvious
preference cells have for the planar topography over that of the nanopitted
region. The vast majority of the cells in the image are spread and
demonstrating their preference to the planar topography by congregating and
adhering within this region. This is a demonstration of what is happening in
general with regards to the cell behaviour upon the surface topography.
Another noteworthy eature of the micrographs relates to the diameter of the
filopodia, which are of a similar size to that of the pit diameter (Figure 5.5).
This illustrates that the e-beam fabricated features of the structure in the
nanomelre range, have a great biologteal relevance, duc to the similar sizing
of this pacticular cellular feature. This is made all the more relevant as
filopodia have been directly implicated in a several morphogenetic processes
(Wood ct al., 2002). This suggests it is possible that fabricating structures in
the nanomctre range conld have a direct effect upon cell features and thus cell

behaviour,
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Figure 5.5 A SEM micrograph of an epitenon cell cultured on a nano
topography for 48 hours. The cell in this micrograph has many filopodia
emanating from the cell. These cell processes are thought to be one way in

which a cell senses a substrate.




Filopodia positioning of epitenon cells on nanopitted PCL
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Figure 5.6 Graphical representation of filopodia behaviour; ridge hugging or
pil plugging. Filopodia deemed to be cither adhering to the ridge of the
nanotopographic  pattern  were classified as ridge huggers.  Other
configurations of fillopodia of either partially or completely covering a pit are

denoted as pit pluggers.
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Figure 5.7 Epitenon cells probing the nanotopography with their
filopodia. The filopodia highlighted in these micrographs are
displaying a preference to attach to the top of the ridges formed by the
nanopits as opposed to entering the pits or indeed sitting on top of or

plugging the pits.



Figure 5.8 A micrograph of epitenon cells cultured on planar and nanopitted
topography. The planar region (the darker grey rectangle) denoted in the
figure, demonstrates the general preference for cell adhesion on planar

topography.




AFM investigation of cell interaction

With the advent of atomic forec microscopy by Binnig and colleagues in 1986
(Binnig et al., 1986) the world of scanning probe microscopy has enabled
scientists (0 utilise this techmnology to investigate surfaces in a4 new and
exciting way. One key advantage of this technology for the cell engineer is to
examine cells and their interactions with their susroundings, in their live state.
This permits investigations into the cell substrate interactions, circumventing
the need for fixation of biclogical samples and building up 4 more detailed
and a truer picture of the celi-biomaterial interaction.

Epitcion cells were culfured upon nanopiited polycaprolactone for a period of
40 days. The sample was kept in carbon dioxide buffered culture media and
imaged via contact mode atomic force microscopy. The resulting images
obtained from scanning the surface revealed some surprising features of the
cell-material interaction. In Figure 5.9 il can be seen from the resulting scan
that the epitenon cells appear to have deforined the surface quitc considerably.
This was apparent via the micron-sized craters, which appeared to have been
pulled from the surface. Scans of the pitted surfaces, which had been kept in
identical experimental conditions except tor the addition of cells, showed that
the polvmer surface, which is biodegradable in nawre, did have visible wear
but was not damaged. This was embodied by pit widening after 40 days of
culture (Figure 5.10). Howcevcer, the surfaces, which were scanned, did not
show any evidence ol the micron sized craters that were apparent in the

samples wherte cells were cultured for a 40 day period.

119




Figure 5.9 AFM scans in tissue culture media of epitenon cells upon
nanopitted topography cultured for 40 days. In these images the arrows
indicate the apparent degradation of the structure. It is speculated that this
deformation is caused directly by the cells pulling portions of the
polycaprolactone from the surface or it could possibly also be due to the

enzymatic degradation of the polymer surface.
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Data type Height
Z range 500.0 nm

Figure 5.10 AFM san of a nanopitted surface kept in culture conditions
without cells for 40 days. The surface is showing signs of biodegradation
which is highlighted by the widening of the pits. However, in comparison to
surfaces cultured with cells in the previous Figure (5.9), the surface has

remained relatively intact.




Cell motility speeds
The motility of cells encountering the nanotopography was directly compared
with that of the motility of epitenon cells measured on the planar topography,
The motility of cells encountering a planar topography is significantly slower
(P< 0.0001) when compared with that of the highly motile behaviour
exhibited by the epitenon ceils on the nanopitted topography (Figue 5.11).
The locomotory velocity of cells encountering a nanotopographic substrate
was 21 \m per hour, which was found to be 8 fold quicker than that of the
locomotory velocity of a cell encountering a planar lopography of 2.5 wmn per

hour.
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Cell migration rates of cells on Planar and nanotopography
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Figure 5.11 Average migration rates for cell cultured on nanopitted and planar

embossed polycarbonate surfaces.

(Statistical

analysis carried oul

via

ANOVA post-hoc testing. N=36) The migration rates of cells on nanopitted

topography are significantly higher than the rate of migration of cells P <

0.0001.




Discussion

Time lapse video microscopy

From the analysis of the video microscopy, an unconventional cell-material
interaction was revealed. It was shown that the cell interaction to the
nanotopography was previously unknown and highly unusual. The findings of
this work demonstrated that cell behaviour was directly influenced by
topography.

In terms of a single cel’s reaction to the nanotopography the cell employed
one of two modes. The cells would either attempt to remain stationary and
maintain a rounded morphology or alternatively, (he cell may attempt
adhesion resulting in repeated failures. When cells made repeated attempts to
adhere to the nanotopography the timc bhetween partially adhering and
becoming unstuck was approximately 3 hours. Cells had a propensity (o
become highly motile. The motility of these cells attempting adhesion was

elevated, to the extent that it was significantly higher (P< 0.0001) than that of

cells adhering to the neighbouring planar topography.

Another [lacet of the cell behaviour upon the nanotopography was the
propensity for cells to form clusters with each other, requiring the formation
of rapid cell-cell adhcsions. These clusters were also highly motile and
displayed a simifar behaviour to that of a single cell on the topography e.g.

attempting to adhere repeatedly but failing to make stable contacts. Another
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feature of these clusters was that only a few cells were actually in direct
contact with the underlying topography. Other cells within the cluster could be
clearly seen to attach only to other cells within the cluster.

It was observed that cells seem to show a direct preference for a planar
topography over a nano one, in the fact that celis could be seen to probe the
nanopits from the planar topography, but would rarcly be seen migrating onto
the nanopitted surface from the planar topography. It was also observed thal
cells in clusters attached to the nanotopagraphy wounld probe the surface and
occasionally adhere to cclls npon the nanotopography and pull them back to

the planar surface.

SEM investigation

It was established in preliminary attempis to preparc PCL samples for SEM
viewing, that traditional SEM protocols are detrimental to polymer integrity.
The necessary use of HMDS for dehydrating the sample damaged the polymer
and rendered samples unviewable. However the freeze drying of samples was
shown to be a quicker method for SEM preparation of PCL samples. This is
an integral feature of looking at the cffects of nanotopography and the
interaction of cells, being able to view intact topographical features and the
ctfect, if any, they have with cells and their processes.

This probing mechanism of cells is demonstrated by the presence of filopodia
emanating from the cell. The interaction of these cell pracesses with the
topography was shown to be predictable. In no instance were filopodia seen to

enter the pits that they werc probing. Filopodia were shown to prefer the top




of the ridges as opposed to being placed directly on top of a pit entrance. This
preference for filopadia to reside upon a ridge as opposed to within a pit was

deemed to be statistically significant (P< 0.0001).

Atomic force microscopy investigation of cell interaction

Epitenon cells were imaged in culture conditions. Atomic force microscopy
scans revealed what was happening to the polymer surface after 40 days ol
continuous culture, The surfaces, which had epitenon cells trying to adhere 1o
the surface, had large micron sized craters missing from the polyrier surface.
To determine whether il was the cells which caused micron sized degradation
of the polymer, surfaces were cultured withont cells. These surfaces showed
some signs of degradation manifesting as some pit widening, however, cratey
formation was not present on these surface samples. This suggests that il was
the epitenon cells in the cullures that were creating the increased degradation
of the polymer surfaces due to their repeated altempts to adherc (0 Lhe

nanopitted Lopography.
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Chapter 6

The cytoskeleton and its response to nanotopography

Introduction

Control of ccll shape and cytoskeleton

The extracetlular malrix is critical in determining whether cells will grow,

differentiate, or undergo apoptosis (Galbraith and Sheetz, 1999). The ECM

regulates cell morphogenesis through focal adhesions by altering the shape of

the intracellular cytoskeleton, which in turn orients much of the cell’s
metabolic machinery. So lar much attention has been paid to the molecular
basis of the cyloskeletal polymerisation and assembly, but littie is known
about how cells geometrically control cytoskeleton mechanics and mechanical
tension (Chen et al., 1997¢)

To demonstrate the importance of cell shape a technigue was used that allows
spontanecus assenibly of monolayers of alkanethiols to create micropatterned
surfaces, producing chemically identical adhesive islands of arbitrary size and
geomelry al microrneter level (Singhvi et al., 1994a). Goldmann et al., (2000)
describe in detail the various stages involved in generating patterned
substrates 10 create islands of ECM surrounded by nonadhesive regions for
cells to attach and spread only in adhesive regions. Using this technique has
shown that ECM appears to be the dominaat regulator that dictates whether
cells proliferate, differentiate or die. Studies with living and membrane

permeablised cells confirm that changes in cell shape result from the action of
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mechanical tension, which is generated from within microfilaments, and
balanced by resistance sites within the vnderlying ECM. Analysis of the
molecular basis of these effects reveals that ECM molecules alter cell growth
via both biochemical and biomechanical signalling mechanisms (Sheetz ct al.,
1999).

In relation to the atomic force microscopy scans of nanopitted PCI. surfaces
uscd 10 this thesis, there was no evidence of ECM deposition upon the

nanopitted surface after varicd culture periods.

Focal adhesions

During recent years knowledge about focal adhesions and their role in
spreading, migration and survival has increased vastly. The ever increasing
number of proteins being [ound (o participate in focal adhesions makes them
one of the most complex protein aggregates formed in a cell {Zamir and
Geiger, 2001b). Focal adhesions fulfil mechanical and sensing functions that
involve reversible anchorage of the actin cytoskeleton (o the ECM during

migration and monitoring intraccllular or extraceltular tension.

The use of chimeric molecules, comprising green fluorescent protein (GFP)
attached 1o various focal adhesion proteins has made important contributions
to our understanding of focal adhesions. Owing to the stoichiometric fusion of
GFP to focal adhesion proteins, such GFP chimeras can be used not only as
markers for cellular attachment sites but also to provide dynamic and

quantitative information about the composition of a focal adhesion (Zamir et




al., 2000; Balaban, 2001; Beningo and Dembo, 2001; Ballestrem, 2001). Tn
parallel, progress has also been made in measuring the mechanicul traction
forces exerted by cells when they interact with elastic surfaces, (Balaban
2001; Beningo and Dembo, 2001; Dembo et al.,, 1996; Dembo and Wang,
1999), One of the emerging ideas from this work is that focal adhesions are
mechanical transducing devices with a mechanical sensor function. Hence,
they relay changes of intra- and extracellular tension into signaling paths that
in turn modify the composition and behavior of the focal adhesion, directly
influencing the migratory and contractile state of the cell (Geiger and

Bershadsky, 2001; Benigo and Wang, 2002)

¥Focal contacts as mechanosensors

One of the intriguing features of focal contact formation and stability is their
strict dependence on myosin-Il-driven contractility. Chemical inhibitors of
myosin light chain phesphorylation and aclin dependent myosin ATPase
activity suppress focal contact and stress fibre formation (Volberg et al., 1994,
Chrzanowaska-Wodnicka and Burridge, 1996). Similar effecls can be
oblained by over expression of non-muscle caldesmon, a protein that restrains
the interactions of myosin heads with actin filaments (Helfman, et al., 1999),
Moreaver, expression of a dominant negative deletion mutant of myosin ITA
heavy chain blocks cell contractility and consequently suppresses the
formation of matrix adhesion (Wei and Adelstein, 2000). Tt is noteworthy (hat
both chemical inhibitors and caldesmon inhibit focal contact formation even

when the cells express constitutively active Rho {Chrzanowaska-Wodnicka
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and Burridge, 1996; Helfman et al., 1999). Thus, myosin 1l acts downstream
of rho-dependent formation of focal contacts. 1t is also important to state that
the sensitivity to myosin IT inhibition is a characteristic feature of focal
contacts discriminating thein from other types of actin-integrin adhesion
complexes, including focal complexes and fibrillar adhesions, although in
some studies high doses of inhibitors inducced disruption of focal complexes

(Rotner ¢l al., 1999),

The nature of the mechanical switch that triggess focal adhesion and stress
fibre formation is not known. However, it is known that force applied to focal
contacts can be either endogenous (i.e. actomyosin driven} or exogenous.
Specifically, when local mechanical force is applied from the oulside, growth
of focal contacts is achieved even if actomyosin contractility is blocked and
tho activity suppressed by specific inhibitors (Riveline et al, 2001).
Experiments with force application by micropipette showed thal tension-
dependent regulation of focal contact assembly is a local process {Riveline et
al.,, 2001). In another experimental system, centripctally moving beads
attached to the cell surface via integrin were restrained by laser (weezers,
thereby inducing a mechanical force applied to the inlegrin receptor complex
(Chouget et al., 1997). This led (o a focal increase in the force exerted on the
bead by the cell (reinforcement}, a process Lhal can be explained by the force-
dependent local recruitment of new components into primary adhesions

(Galbraith et al., 1999; Chouqet et al., 1997).




Results
F-actin

Previous chapters have investigated the interaction between the cell and the
nanotopography to which it was exposed. In this chapicr the intracellular
interactions of cells encountering nanolopography were anatysed. The F-actin
component of epitenon cells cultured on nanopits and a planar topography was
investigated. Epitenon cells were incubated at 37°C for 48 hours and then
stained via indirect immunofluorescence with fluorescent Phalloidin for 48
Hours. IF-aclin was probed to visualise what effect it any, the topography was
having on the cytoskeleton of cells when confronted with nanopitted

topography versus planar.

The results of these experiments describe reactions of specilic cytoskeletal
components when they are challenged by this nanopilted topographic cue.
Scanning confocal microscopy revealed that the organisation and development
of thc cytoskelcton was distorted. The T'-actin cytoskeleton appears less
defined, probably due to the reduced spreading of the cells on the nanopitted
topography. The normal development of stress fibres of cells adhering to
planar surface (Figure 6.1) was absent from the cells on the nanopits. The F-
actin of the cclls attached to the nanotopography is visibly disorganised in
comparison to cells cultured on a planar topography and is illustrated in
Figure 6.2 by its lack of order and contains small areas of branching. This is in
direct contrast 1o Lthe F-actin of cells on planar topography, which takes on a

linear organised appearance (Figure 6. 1),
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Figure 6.1 F-actin staining of the cytoskeleton in epitenon cells cultured on a

planar topography tor 48 hours. The F-actin within these cells is of a classic
morphology. highly organised and visible as defined strands of the actin

cytoskeleton (indicated by the arrows). (Scale bar = 10um).




Figure 6.2 F-actin cytoskeleton of epitenon cells cultured on nanopitted

topography for 48 hours. The F-actin cytoskeleton within these cells is
abnormal when compared to the morphology of the F-actin displayed of the
epitenon cells cultured upon a planar topography (Figure 6.1). The
cytoskeleton is on the whole undefined, (as indicated by the arrows) and
where it is visible the branches of actin are small and lack the typical
patterning that would be expected of a cell cultured for this time period (Scale

bar = 10um).



Vinculin containing Focal contacts

Vinculin-containing focal contacls of epitenon cells were prohed to visnalise
the localisation, quantity and size of these componenis. Vinculin is a
component of focal adhesions and was chosen to be stained due to its noted
abundance within focal contacts (Chizanowaska-Wodnicka and Buridge,

1996).

In ligure 6.3 it is shown quite clearly how a typical cell will attach to a planat
biomarerial surface. These adhesions are well defined and appear to be evenly
spaced out throughout the cell. Figure 6.4 demonstrales vinculin staining for
cells cultured on nanotopography and quite the oppesite of normal staining
can be seen. The focal adhesions arc not well defined, they are also clumped
together in regions and not evenly spatially arranged. (The reason for the
clumping of focal adhesions is most likely due to scralches on the master
surface, which arc then directly transferred into the polymer replica during the

embossing process).

The size and number of the focul adhesions were also investigated. The
overall number of cells adhering to the nanotopography was significantly
reduced (P <0.0001). This was also coupled with the fact that the overall sizes
of individual adhesions were significantly smaller (P <0.0001) when they
were directly compared with the size of individual focal adhesions on a planar

surface (Figure 6.5).
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Another feature of the vinculin distribution in cells on nanopitted topography
is the speckled appearance of vinculin in these images. I'hese appear to be
representative of very small patches ol vinculin, These adhesions appear v

retarded and are either in their infancy or transitory in nature.
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Figure 6.3 Vinculin containing focal contacts of epitenon cells cultured on a
planar PCL topography. The patterning of these focal adhesion is deemed to
be classic in morphology and distribution is well spaced and ordered,

illustrating a normal cell-biomaterial interaction (scale bar = 10 pum)
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Figure 6.4 Vinculin containing focal contacts of epitenon cells cultured on

nanopitted PCL topography. The focal adhesions seen in these populations of
cells are visibly disrupted. These are fewer in number and the focal adhesions
appear smaller. It is also important to note the speckling of vinculin
throughout the cell displaying an abnormal sparse dispersal of vinculin in

these cell populations (Scale bar = 10 pum).




Focal adhcsion sizes on nano and planar topography
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Figure 6.5 Average size of individual vinculin containing focal adhesions. The
size of focal adhesions for cells cultured on a nanopitied ave smaller that thai
of the those cultured on a planar substrate. From the graph it can be clearly
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Amount of focal adhesions per cell
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Figure 0.0 Average amount of [ocal adhesions present per cell. The number of

focal adhesions associated to cells on nanopitled topography was significantly

less than those of the control planar topography ccll populations (P < 0.0001).
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B-tubulin distribution

The B-tubulin distributions were also examined in epitenon cells culwred on
nanotopography and a control planar topography after a period of 48 hours.
From the images oblained from the confocal microscopy, clear differences
between the arrangement of P-tubulin in the cells on the two types of
topography were visibie. In Figure 6.7 the cells on the control planar surface
are seen to exhibit a normal patterning of 3-tublin. It is also notable that the
cells on these surfaces have started to proliferate, with groups of cells being
imaged as opposed to the single cells present in figure 6.8. This is in stark
contrast (o the patterning shown by epitenon cells cultured upon
nanotopography. It can be seen that the B-tubulin formation was disrupted
upon the nanopitied topography. In general the P-tubulin staining was
undefined, and quite often was dispersed throughout the cell. This indicates
that the B-tubulin has not formed in its usval way. B-tubulin normally would
be found to combine to form long continuous structures within the cell. The
development of the cytoskeleton of cells appeared scverely impaired as a
direct result of those cells cowing into direct contact with the ordered

nanotopography.
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Figure 6.7 [ tubulin staining of HGTFN cells cultured on a control planar

topography for 48 hours. The B-tubulin configuration in these arrays of cells
are classic in nature forming individual continuous branching structures (scale

bar = 10 um)



Figure 6.8 [ tubulin staining of HGTFN cells cultured on nanopitted

topography for 48 hours. The B-tubulin arrangements within these cell
populations appears markedly different to that displayed by the control
samples (Figure 6.7). The B-tubulin arrangement has clumped together and
appears undefined pointing towards an obvious curtailment in formation by

the underlying nanotopography (scale bar = 10 pm).
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Discussion

The effect of the napopitted swface upon the components of the celt
cyloskeleton was investigated. These studics demonstrate that cells cultured
o1l nanopitted topography have disrupted and uadeveloped cytoskeletal
components, The examination of the cytoskeleton was tackled by the
fluorescent probing of three integral components; F-actin, B-tubulin and
vinculin containing focal adhesions, which combine to form what is generally,

termed the cytoskeleton.

F-actin cytoskeleton
The wvisnal exanination of confocal images of the F-actin cytoskeleton
highlighted critical differences in the formation of the cytoskeleton of cells
cultured on nanopitted topography versus those cultured on the contrel planar
surface. The formations of long interconnected strands of F-actin were notably
absent from cells cultured on nanopitted topography. Instead of a defined
siructure, a disrupted one was present in cells cultured upou nanopitted
topograpby. The condensing of these F-actin components embodied the
malformation of the F-actin cytoskeleton. The signature branching of the F-
actin cytoskeleton found n the control planar cultured cells was replaced by
small regions of disorganised F-actin in cells in contacl with the nanopitted

topography.
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Vinculin containing Focal adhesions

The visualisation of vinculin containing focal contacts rcveals notable
difference between cells on the two types of topography, The focal contacts
that ave formed between the cell and the planar topography are deemed to be
normal in nature, being well organised and well developed. However, the
focal contacts of cells cullured on a nanotopography wre notably different in
several respects, the first of which is that these focal contacts are far fewer in
number than their counterparts on a planar topography. The focal contacts on
the nanopitied surfiace have been shown o be significantly less in number, (P<
0.0001) than those on the planar surfacc. Moreover these focal contacts are
smaller in size. It was noted from the confocal images that there is a
substantial amount of speckling of vinculin through the cell, pointing towards
undeveloped and immature adhesions being formed. This observation is
hacked up by statistical analysis of the individual focal adhesion sizes on the
nanopitled surface being significantly smaller (P< 0.0001) than the adhesions

associated with the planar topography.

B-tubulin distribution

The confocal analysis of fB-tubulin distributions of cells attached to the
experimental nanotopography and control planar topography reveated
differences in the patterning and overall development of tubulin. In the cells
that were cultured upon the planar topography the formation of long tubulin
strands cmanating from microtubule organising centres was apparent. This

was indicative of the expected tubulin morphology in a normal cell-
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biomaterial interaction. Tubulin patterning within cells cultured on the
nanotopography was noticeably different. The tubulin was disorganised and

could be seen to be largely condensed into undefined regions in the cells.
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Chapter 7

Topography or chemistry?

Introduction

A question that is repeatedly asked when dealing with the reaction of cells to
substrate topography is whether cells are reacting to the topography or the
chemistry of the substrate in these nleractions. The only experimental work in
this field which has taken a direct approach to solving this dilemina, was work
detailed by Britland et al., (1996). They combined topography and cheniical
patteming of poly-1-tysine bound to the surface and examined the orientation
of neurites 1o these devices. Britland and bis co-workers aligned the chemical
patierns, which were 25 pun wide, to the bottom of the grooves. They printed
the laminin tracks at 90° to the grooves, which were all of varying depths. The
results from devices with chemical tracks orientated at right angles to the
topographic cue showed that when the grooves were 500 nm deep or less, the
cells reacted chielly o the chemical cuc. On deeper grooves the topographic
cuc over-rode the chemical one and at 5 i depth the topographic cffect

ariented ahout 80% of the cells and the laminin only 7%.

These interesting results however have raised further questions Curtis et al.,,
{1998} had suggested that the reaction of cells (o tracks of laminin and other
proteins were in actual facl a reaction of the cells (o the nanometric
topography at the edge of the track. This is in effect reversing the viewpoint
wc have from chemistry to topography. It was also noted when examining the

reaction of the neurones to the chemically patterned tracks, that cells often
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align to the edges of the tracks. This observation suggested that it was not
cells reacting to the topography of the groove, bul instcad it was the
topographic cue created by the shape of the chemical cue.

The hypothesis that the protein tract were creating a topographical cue  was
tested by Pritchard et al., {1993) who designed a system where the chemical
tracts did not have nanometric edges. They achieved this hy filling the
arooves made betwecen the protein ridges with an alkane thiol. The cells in this
relatively leatureless environment still aligned Lo the ftracts. These resulis
appcar at first sight to be a convincing demonstration that cells rcact to
chemical patterning. Towever the Au-alkane thiol system used was
discredited by Wang et al, (1997) who showed that protein slumping,
dislocalion and perhaps even denaturation takes place at the edge of the tract
due to the presence of the short chain alkane thiols.

The aim of this chapter is to add {further fuel to the debate over what has a
greater effect over ccll behaviour; chemisiry or lopography. It was
demonstrated in Chapter 3 that the spreading area of a cell coming into
contact and successfully adhering to the nanotupographic cue s significantly
smaller than the spreading area of cells adhering to a planar topography (P<
0.0001). Here the question being asked is what the effect would be of
introducing poly-l-lysine (PLL) directly to the surface 0 increase cell
adhesion and spreading. The principle behind the method is that the
polycationic polylysine molecules adsorb strongly to various solid surfaces,
leaving cationic sites, which combine with the anionic sites on cell surfaces
(Mazia et al., 1975). This experiment would be a direct comparison of two

diametrically opposed cues; a topographical cue that decreases cell spreading
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and adhesion against a chemical cue. This should have the cifect of actively

increasing ccll adhesion and spreading.
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Results

Cells were cultured upon nanotopographic and planar PCL surfaces for 48
hours and incubated al 37 °C. The area of cell spreading on nanotopographic
swfuce features was compared divectly with spreading on a planar
topography. This experiment demonstrated that the overall spreading size of
cells cunltured on the nanotopography was significantly smaller when
compared with cells spreading on a planar topography (P < 0.0001). Cclis
cultured on the planar topography were in the region of 300 _U.m2 larger than
their counterparts cultured on the nanotopography (1600% larger). The
different morphology of epitenon cells on two surface types visible in figurcs
7.1 and 7.2. It can be clearly scen that the cells cultured on « planar larger
spreading area than cells cultured upon nanopitted topography. It can be
observed from the images that cells cuitured on the planar topography have
large lamelapodia, which are on the whole absent from cells cultured upon the
nanolopography. In figure 7.3 the outlines of cells spread on nanotopography

have been overlaid on to the planar image to further emphasise this disparity.

Both planar and nanopitted sucface (ypes were treated with poly-l-lysine and
cultured with epitenon cells for 48 hours in parallel with un-coated samples
with the identical topography. The results in figure 7.4 and figure 7.5 show
that surfaces coated with PLL increascd the area of cell spreading on these

treated surfaces in comparison to the spreading of cclis on similar surfaces
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without coating (P<0.0001). Thus demonstrating that the poly-l-lysine was
having the desired effect of increasing overall adhesion.

However, analysis of the data generated by cell adhesion counts, showed that
the PLL does not cancel out the effect of the regular nanopitted surface on the
numbers of cells allaching (Figure 7.6). The overall amount of cells attaching
to the surface was not elevated by the presence of PLL (P = 0.1369).

With respect (o the PLL coating of the nanopitted surface, the PLL (rcatment
crucially did not increase the area of cell spreading on the nanopitted area
significantly (P = 0.894) when compared with a non-coated surface. When the
PLL-coated nano sarfaces are compared with the planar surface there are still
significant differences botween the indicators of how well the cells are
adhering (Figure 7.5). It is apparent that the PLL has had the direct effect of
increasing cell spreading yei the underlying effect of the nanometric surface to
diminish cell spreading is still significant. The amount of cell spreading
between the nanotopographic surface types was not significantly different
(Figure 7.5). Thus demonstrating that the repulsive cue present at the nano
surface had not been affected significantly by the addition of PLL to the

surface.
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Figure 7.1 Morphology of epitenon cells cultured on planar topography for 48

hours (cells stained with Coomassie brilliant blue). The arrows highlights the
presence of lamellapodia emanating from the leading edge of the cells in this

image. Scale bar =40 um




Figure 7.2 Morphology of epitenon cells cultured on nanopitted PCL

topography for 48 hours (cells stained with Coomassie brilliant blue). The cell
highlighted in this image is much smaller than its planar counterparts and

lacks a developed lamellapodia. Scale bar = 40 um




Figure 7.3 Direct comparison of cell morphology between cells cultured upon
two types of topography. Cells highlighted in white are cells cultured on nano-
pitted PCL. It is visible in this overlay of images that the overall size of cells
cultured on nano-pits is noticeably smaller and lacks a developed
lamellapodia.

(Scale bar = 40 um).
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Figure 7.4 Graphical representation of epitenon cell spreading area for cells
cultured on nano- and planar substrata. Control surfaces were untreated c-

PCL; the PLL surfaces were incubated with poly—-l-lysine for {5 minutes prior

to culturing of cclls (for statistical test results consult Table 1).
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TABLE 1

P-VALUES OF STATISTICAL
COMPARISONS OF CELL SPREADING ON 4
DIFFERENT SURFACE TYPES.

Surface
comparison

P-VALUE

Nano control
Versus Planar
conirol

Nano control
Versus Planay
PPLL

Nano control
Versus Nano
PLL

Planar control
Versus Planar
PLL

Planar control
Versus Nano
PLL

Planar PLL
Versus Nano
PLL
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< 0.000

< (.0001

(1.8948

<.000!

< 0.0001

<0.0001




TABLE 2

P-VALUES OF STATISTICAL
COMPARISONS OF NUMBERS OF CELLS
ON 4 DIFFERENT SURFACYE TYPES.

Surface
comparison

P-VALUL

Nano control
Versus Planar
control

Nano control
Versus Planar
PLL

Nano control
Versus Nano
PIL.I.

Planar control
Versus Planar
PLL

Planar control
Versus Nano
PLL

Planar PLIL.
Versus Nano
PLL

< 0,0001

< 0.0001

{.1369

< (3.0001

< 0.0001

< .0001
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Discussion

The resuits in this chapter demonstrate that the effect of surface chemistry
upon cell bebaviour is complex and interesting. These experiments have been
able to circumvent concems raised by Curtis and Wilkinson (1998) regarding
thc possible topographical effect gencrated by chemical patterning in
Britland’s experiments (Britland et al., 1996). This was due to the PLL upon
the topographic cue completely covering the nanoswrface without the
possibility of exerting edge effects causcd by laying a chemical cue in stripes
as in the Britland study. It was also demonstrated that the chemical cue chosen
did indeed increase cell spreading of cell in contact with a planar topography
(P<0.0001).

Results here denwonstrate that cell spreading in populations cultured on
unmoedified planar and nanopitted PCL showed that spreading area of cells
cultured upon nanopits was significantly smaller (P< 0.0001) when directly
compared to the area of spreading on a controt planar topography.

The key finding of these experiments was that there was no statistical
difference between the spreading of a cell encountering a nanotopographic
substrate with or without the PLL coating. This result demonstrated that it was
possible for the underlyving topography to be dominant over a competing
chemical cue. It was then possible to state that the repellent cue generated by
the nanotopography was greater than that ol the opposite attractive cue

gencerated by the PLL (Gallagher et al., 2002).
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This demonstrates for the first time that nanotopography is capable of
overcoming a chemical cue and that the effect generated by the topography is

dominant over the chemical one.
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Chapter 8

General Discussion

The interactions of cells with topograpbic features have been investigated
since the late nineteenth century. Loeb (1898) was the first scicatist (0 conduct
research in the field of the stereotropism of cells, which was further developed
by Harrison (Harrison, 1912). His research led to the invention of tissue
culture, Harrison’s observations that a solid support was necessary in order for
a nerve cell to extend through the medium began the study of tissuve
cngineering as we know it today. However, it was not untit the last third of the
century that defined (opography on a micrometric scale became available to
the cell biologist. Only then did detailed studies of contact guidance with
respect to well defined substrata become a widely researched field. The
natural progression was to rcach further down the metric scale to the realm of
the nanometre and investigate nano-scated structures and their effects upon
cultured celis.

The major advances in nanolabrication techniques only truly began in the
1990s. The main basis of this thesis is to investigate the effect of a delined
nanotopography, manufactured by electron beam lithography, upon the
behaviour of cells. This study is influenced by and is important to the
manufacture and production of biomaterials for clinical use, in vive. The
hypotbesis that surface texture of a biomaterial can exert influence upon cells
that come in contact with it was central (o this study. The purposc of research

on the nanometre scale 15 o observe the effccts of controlled surtace
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patterning and then in turn apply this knowledge to the design of surface
coatings for hiomaterials and cell devices of the tutare.

Such investigations of ccll interactions wilh regular nanotopographies is
believed o be entirely novel, However studies have been carried oul on the
cell reaction to defined random nanotpography. Turner et al., (1997)
investigated the effects of random silicon columnar structures upen cells, the
columnar structures referred o ay silicon grass. They found that transformed
astrocytes from a continuous cell line showed a preference for wet-elched
regions of the swrface over grassy regions. In conirast, primary cortical
astrocyles from neonatal rats showed a preference for silicon grass over the
wet-ctched surface. This seminal work acted as springboard for the work
carried out in this thesis. 1n this study, we take this investigation a step further,
where regularity and symmetry of the topography were introduced to the
experimental approach of studying the effect of ordered nanotopography upon
cell behaviour.

With respect to the question of what the role of ordered nunotopography is in
regards to the reaction ol cells to topography, work carricd out by Sutherfand
et al,, 2001) lead to the fabrication of random nanometric surfaces by the
adsorption of polydisperse nanoparticles onto solid surface to create random
nanostructured surface. They adsorbed negatively charged polystyrene
particles with a diamcter of 110 nm, onto positively charged titanium, giving
rise 10 a randomly distributed nanotopographic surface for in vitro cell studics,
The results of work carried out to investigate the role of cell adhesion with

these random nanotopographies showed no marked change in cell adhesion.
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Reduction of cell adhesion as a result of ordered
nanotopography

In chapter 3 the adhesion of cells to panopitted topography embossed into a
PCI. substrate was investigated. The results of these cell adhesion studies
demonstrated that epitenon cell adhesion to the nanopitted region of
topography over varying time points of 4, 20, and 96 hours was significantly
reduced. This was then reinforced by subscquent cxperiments involving
epitenon cells cultured for a substantially longer time period of 37 days. 1t can
be seen in figure 3.5 that the epitenon cclls were cultured to confluence upon
the planar topography but failed to proliferate to any notable degree on the
nanepitted topography. These adhesion cxperiments established that the
adhesion of epilenon cells appeared to be directly influenced by the
topography cue or some other derivative feature.

‘The significant reduction in adhesion was also displayed by other cell types
namely, BHK 21, HGTEN, and B10D2; all of which all showed a significant
reduction in cellular adhesion (o nanopitted lopography. These results
indicated that the effect was not cell Lype specific. This was in direct contrast
to the work carried out by Turncer ct al., (1997), where they found a reduction
in adhesion of transformed astrocytes from a continuous cell line upon
random nanometric projections. Adhcsion of primary cortical astrocytes
showed a reversal in hehavior, eliciting a preference for the random

topography.
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Cellular response to nanotopography

The focal adhesion response of cells to random nanotopography was
investigated by Kononen and colleagues {Keononen et al., 1992) who studied
the cffect of surface processing on the attachment and proliferation of
(ibroblasts on titanium. Their findings in relation to sandblasted titanium are
echoed by the results in this thesis, The opography of note was sandblasted
tilanium, which had a nanometricaly rough random topography. They showed
that the givingal fibroblasts cultured on sandblasted surfaces lacked vinculin-
containing focal adhesions. This was coupled with a reduction in the
spreading of the fibroblasts and an absence of a developed cytoskcleton.

Thesc results are similar to the findings in this thesis with regacds to an
ordered nanotopography. They point towards the electrostatic theory in which
sharp points and edges give rise to locally high charge densities. Thus, on Lhe
sandblasled titanium surface there may exist locally relatively high electric
fields, whercas the planar does not posses such local differences in electron
density. It should be noted that such mechanical slates are related mainly to
bulk material, and are therefore largely absent from thin titanium foils
evaporated, for example, onto plastic or glass substrata (Kononen ct al., 1992).
The findings and hypothesis of Kononen et al., (1992) can be related to the
type of panostructure used in this thesis. At sharp points or ridges in a
structure, a high build up of charge would be presenl, not electrons as they
describe it. Indeed in the context of an ordered nanopitted structure you would
have a uniform build up of charge across the entirety of the ordered

nanotopography.
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This is further supported and expanded by the observations of Curtis et al.,
(2001) with regards (0 nanopitted surface topography and its symmetrical
nature. They claim it is this symmetrical nature that plays a pivotal role in
reducing adhesion markedly. It is noted that the adhesion of cells
discontinuities such as vertical cliffs results in high adhesion at the cliff. The
difference in the adhesive properties is proposed to be a resull of the
symmetry or its converse, because the cliffs are anti-symmetrical, namely the
top edge is ‘convex” and the bottom is ‘concave’. The cliffs, which promote
adhesion (Wojciak-Stothard et al., 1996b), are ordered in one dimension, but
are anti-symmetrical, Curtis et al., (2001) also noted that non-living particles
ol approximately the same size as cells show a similar low adhesion to regular

topography (Figure 8.1).
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Boundary

Nanopit arca

Figure 8.1 Attachment of fluorescent carboxylate 20 um diameter beads to a
nanopitted surface in polycaprolactone. The medium used was protein-free
saline. Note the failure of attachment over the pitted area and extra
accumulation just outside the nanopitted area. The horseshoe-shaped object is
a piece of cellulose lint that fell into the sample. (Image taken from Curtis et

al., 2001).
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It has been observed by Gleiche et al., (2000) that at a glass-water interface
there was a non-linear behaviour of interfacial [orces on phospholipid strips
which had a distance of around [00 nm between them. In this and other
studies (Fraudin et al., 2000; Higgins et al., 2000), therc appcars to be a scale
limitation to these phenomena, in that nou-linear effects appear below certain
scale limits (Curtis et al., 2001). These iimits were identified as being in or
around the 100 nm region which is close to the nanometric scale used in this
thesis. It was suggested by Curtis et al., (2001) that this l[imit was possibly that
of the maximum effective range of van der Waals (dispcrsion) (orces, and that
the van der Waals attractions between pockets of water formed on top of
nanopits might prevent full wetting of a surface, but this would only occur if
the forces were balanced in a array of pits or pillars.

This dispersion hypothesis is now furthered by the experiments in Chupter 3,
in which the {lopodia of cells probing the nanometric features indicated that
there was a preference for the filopodia, (which are of a similar diamcter to
the nanopits) to hecome whal is fermed as ‘ridge huggers’ as opposed to “pit
pluggers’. These observations add weight to role of van der Waals forces
generating a non-wettable surface, in that the forces being generated by the
close proximity of the other pits are preventing the pits being probed by
filopodia. Regarding the lack of probing by filopodia relate to findings
regarding a nanoporous polymer ‘Versapore’ which had pores ranging from
400 nm to 3 pm in widlth (Campbell and Craig, 1989). It was found that
fibroblasts adhere preferably to pores ol sizes between 1 and 3 pun, whilst
pore sizes of between 200 and 300 nm reduced adhesion. It was also noted

from SIEM micrographs that filopodia do not enter into surface openings of the
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200 nm and 300 nm pores allowing the cells no mechanical foothold or
anchorage.

Previousiy detailed experiments involving the repulsion of polystyrene beads
when introduced o the quartz master (see figure 8.1) add further weight to the
probability that the effects ol the nanopitted topography on cell behaviour
detailed in this thesis are due to physical forces. Tt should be noted that the
beads are between 25 and 35% of cell diameter, which places them in the

general size class of cells (Curtis et al., 2001).

The role of the cytoskeleton

In Chapter 6 the reaction of the components, which make up the cytoskeleton
were cxamined with the aid of immuno-cytochemistry and confocal
microscopy. From the resuiting images generated, the B-tubulin, F-actin, and
vinculin containing focal adhesions were shown to be directly influenced by
the underlying nanopitted topography. In the case of B-tubulin and F-aclin the
development of these cytoskeletal componenls were visibly malformed
showing a lack of defined structurc that was present in the cytoskeleton of the
cells cultured on the control sampie. These findings are an echo of O°Hara and
Buck (1979) whom observed that the cellular reaction (0 lopography is
influenced by the cytoskeletal organisation, the adhesion receptors mvolved,
and the mobility of the cell.

It is thonght possible that this lack of a defined structure could possibly due to
the cell taking on the shape and dimensions ol the nanopitted topography.

‘there are suggestions (Curtis and Wilkinson, 1999) that cells compare
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mechanical stresses  within  dilferent regions of themselves, both thosc
produced by the internal contractile mechanisms of the cell and those imposed
by other cells and cvents outside the tissue. Thus if a cell attempts to bend
round a sharp corner, stress distributions within the cell will be altered. This
explanation of 4 possible mechanism of cell sensing and reacting directly to
the topographic cnvironment is further added to by the finding of Dunn and
Heath (1976), who noted that cells will not cross ridges though they well
migrate along them. Dunn and Heath suggested that the cause of this was (hat
the cytoskeleton of protein fibres within the cell, especially those made of the
protein actin, are relatively rigid and unbendable (Dunn and Heath 1976).
These fibres are usually oriented and to impinge on and effect would have a
knock on effect on their propensity to orientate, which would cause a stress
concentration within parts ol the cytoskeleton. In work by Bell et al., (1979) it
was noted that fibroblasts exert considerable forces to their substratum and
contract collagen gels. Meyle et al., (1995) concluded that the intracellular
fibres must be straight and not bent. They implicd that the reason cells align to
grooved substrate topography is to avoid distortion of their cytoskeleton.

In light of the findings of poor cell adhesion and the distortion of the
cyloskeleton, it is feasible that the cellular rcaction is indeed affected directly
by the cyloskelcton. The cytoskeleton is trying io take on the shape of lhe
underlying topography and hence is having to bend repeatedly. This in [urn
causes a build up of stress which can be likened to the coiling of a spring
where the more undulations that it is put under increases the amount of stress

that is localised at specitic point.

168




Focal adhesion spacing

Thus far, possible mechanisms for the reduced adhesion of cells have been
suggested. Another possible mechanism for the lack of adhesion could be due
to the reduction of vinculin-containing focal adhesion size and number
observed in chapter 6. Tt is also conceivable to attribute the Jowered long-term
adhesion Lo the disruption of the maturation of focal contacts. Massia and
Hubbell (1991) have shown that the density of RGD peptides is crucial to
cellular attachment, At very low densities cells will attach but not form focal
adhcsions (440 nm), but at slightly higher density (144 nm) cells will spread
and form focal adhesions. This requirement for a high density of integrin
ligands suggests that integrin clustering is necessary in order for focal contacts
to mature. 'I'he nanopitted surface could thus disyopt integrin clustering by
allowing only a limited number of integrins to inleracl al any one point with
the surface; this may account tor the small vinculin patches forming over
nanostructured areas (Gallagher et al., 2002).

It is suggested that the influence that the nanopitted region has on the
arrangement could be the same phenomencn seen in Chapter 5. It was noted
that the filopodia of cells culturcd on nanopitted topography had a preference
for their lilopodia to attach to the ridge (i.e. ‘ridge hugger’) as opposed to
covering over the pits (‘pit pluggers’). With this in mind il is reasonable to
assume that the focal adhesions are also following u similar formation and
being allowed o adhere to the top of the ridges and thus being expelled from
the region above the pits reducing the overall area of attachment. In addition,
the spacing of the cell-surface interaction could be inhibiting the internal

intcraction between integrins, which is necessary for cross-phosphorylation
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and the cstablishment, as well as mainienance of, mature focal contacts

(Chrzanowaska-Wadnicka and Burcidge, 1996).

Cell migration
The increase in cell migration of epitenon cells cultored on a polycarbonate
nanopitted topography observed in Chapter 5 can be directly related (o the
reduction in size and numbers of vinculin-containing focal adhesions observed
in Chapter 6. The correlation berween the lack of actin stress fibres and
vinculin-containing focal adhesions 18 thus associated with a lack of motility
and a strong adhesion to the growth substratum. This is observed within the
cells cultured on planar topography, which have developed siress fibres.
Vinculin-containing focal adhesions have a rcduced motility, which is in
direcl contrast to the finding of cells cultured on nanotopography in this
thesis. Cells, which are capidly moving, such as those on a nanopitled
topography, lack all of thesc structures (Chrzanowaska-Wodnicka and
Buiridge, 1996). This is a cause and cffect relationship with the nanopitted
topography influencing cell behaviour directly as it has a effect upon focal
athesion formation which then has a knock on effect upon the cyloskeleton

which leads to an increase in ccll motilily.

Chemistry versus topography

The experiments regarding the influence of topography upon cell behaviour
whilst a competing chemical cue is present gave a further insight into which

cue has @ dominant effect over the other. This study followed on in a similar
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vein to the Britland et al., (1996h) work in which chemical stripes align cells
al right angles to the competing grooved topography. The results from the
experiments in Chapter 7, in which an adhesion-promoting cue of poly-1-
lysine covered the entire adhesion-reducing cue of nanopitted topography,
demonstrated that a concentration of 1 mg of Poly-l-lysine per ml of PBS was
enough o increase cell adhesion and hence cell spreading area. Nevertheless
the increase in adhesion and spreading size of cells on nanopitted topography
was not enough to impinge on the outcome of reduced adhesion and spreading
arca. It can therefore be deduccd from thesc experiments that the lowering of
the adhesive properties generated by the nanotopographical surface is greater

than Lie adhesion-promoting effect generated by PLL.

Spatial control
The results of using defined areas of non-adhesive nanotopography coupled
with adhesion compatible planar topography to predetermine the positioning
of cells in Chapter 4 yiclded promising results. It demonstrated that it is
possible 1o pattern a surtace with areas of planar topography where cclls
adhered and spread normally within these confines and in general avoided the
nanopitted topography. These results are of great imporlance Lo he tissue
cngineer, paving the way for a surlace topography to be used to pattern cells
with a high degree ol accuracy onto a biomaterial scaffold. In theory, it is
possible that this could be utilised as a guide for extending neurones inio
repairing tissues and aid the cndothelial cells of the blood vessels o penetrate,

as they must, into nearly all repairing tissues. Equally importantly we must be
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able to position all cells and make them hold that position (Curtis and Richle,

2001).

Future work
Different nanometric surface topographies

In this thesis only one size of nanometric surface pattern was investigated, that
of pits 80 nm deep with a cenure-{o-centre spacing of 300 nm. It would be ol
great interest Lo study other depths and spacing on a nanometric scale, The
preference for lilopodia to attach to the planar rcgions of topography within
the nanopattern could be furthered by investigating the reaction of cells with
an increased centre-to-centre spacing. This could allow cells a greater area for
atlachment giving rise to the possibility of cells laying down more focal
contacts with the surface and hence a possible knock on effect upon levels of
ccll adhesion. Yet another parameter that could be altered would be the pil
widths (o see what effects il any this has on the reaction of the cells to the
topography. To address the question of symmetry and its role in reducing the
adhesion of cells (Curtis ct al., 2002) it would be interesting to design and
fabricate structures that were regular but made up of offsel rows of pits

(Figure 8.2).




Ideas for future structure fahrication

Figure 8.2 This is a pattern that could be used to to test what the tole of
symmetry plays in regards (o the reduced adhesion of cells, this hypothesis
was proposed in Curtis et al., (2001). Part A is a representation of the
symmetrical properties of the pattern used in this thesis. In part B is a new
design for a nanopitted substrate, this patlern could help solve issues regarding

the role of symmetry and cellular reaction
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Protein adsorption
The effects of protein adsorption upon the ordered nanotopography used in
this thesis would be another intercsting experiment (o assay whether or not
there are any changes when introduced to a topographic cue, This could be
achieved by incubating proteins (possibly ECM components) with the surface
and then assaying the Ievels of protein present on the surface by staining with
Coomassic bluc and measuring the optical density of the protein content on a
nanopitted surface with a planar surface as a control. The surtace area of the
nanopitted region would be larger than that of a planar surface, and this would

have (o be taken into account when measuring the optical density.

Contact angle measurements

Contact angle measurement should be conducted on the nanopitted structures

to obtain a precise value. Surfaces with a water contact angle above 150°

(superhydrophobic surfaces) have recently been attracting a great deal of

attention. Because of its small contact arca with water, both chemical
reactions and bonding formation through water are limited on a

superhydrophobic surface,

Surface treatments

Rather mnleresting experiments could be carricd out to further test the effects
of a topographical cuc against that of a chemical cue. It would be idcal o

conduct similar experiments to those in Chapter 7 involving other chemical
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cues know to increase cellular adhesion. Nanometric surfaces could be coated
with fibronectin, laminin and RGD peptides, to further stretch the topography
versus chemistry debate. These experiments would demonstrate conclusively
whether or not the non-adhesive effect of the nanotopography was greaicr
than a varicty of competing chemical cues. It would also be of intcrest to find
out what concentration of adhesion promoting cue if any can overcome the

non-adhesive eftects of the ordered nanotopography.
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