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SUMMARY

The interactions of biomolecules and cells at stdjdid interfaces play a pivotal
role in a range of biomedical applications and have hence been studied in detail. An
improved understanding of these naietions results in the ability to manipulate
biomolecules and concurrently cells spatially and temporally at surfaces with high
precision. Spatial control can be achieved using patterned surface chemistries whilst
temporal control is achieved by switchaldurfaces. The combination of these two
surface properties offers unprecedented control over the behaviour of biomolecules
and cells at the solitiquid interface. This is particulariselevantfor cell microarray
applications, where a range of biologipabcesses must be duly controlled in order
to maximise the efficiency and throughput of these devices. Of particular interest are
transfected cell microarrays (TCMs), which significantly widen the scope of
microarray genomic analysis by enabling the Higloughput analysis of gene

function within living cells

Initially, this thesis focuses on the spatially controlled, elestioulated
adsorption and desorption of DNA. Surface modification of a silicon chip with an
allylamine plasma polymer (ALAPP) layeesulted in a surface that supported DNA
adsorption and sustained cell attachment. Subsequent high density grafting of
poly(ethylene glycol) (PEG) formed a layer resistant to biomolecule adsorption and
cell attachment. PEG grafted surfaces also showgdfisantly reduced attachment
of DNA with an equilibrium binding constant of 23 ml/mg as compared with 1600
ml/mg for ALAPP modified surfaces. Moreover, both hydrophobic and electrostatic
interactions were shown to contribute to the binding of DNA to ARABpatial
control over the surface chemistry was achieved using excimer laser ablation of the

PEG coating which enabled the production of patterns -ekpesed ALAPP with
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high resolution. Preferential electstimulated adsorption of DNA to the ALAPP
regons and subsequent desorption by the application of a negative bias was
observed. Furthermore, this approach was investigated for TCM applications. Cell
culture experiments demonstrated efficient and controlled transfection of cells.
Electrostimulated dsorption of DNA was shown to yield enhanced solid phase
transfection efficiencies with values of up to 30%. The ability to spatially control
DNA adsorption combined with the ability to control the binding and release of DNA
by application of a controlledotage enables an advanced level of control over DNA

bioactivity on solid substrates and lends itself to biochip applications.

As an alternative approach to surface patterning, the fabrication and
characterisation of chemical patterns using a technisptecen be readily integrated
with methods currently used for the formation of microarrays is also presented. Here,
phenylazide modified polymers were printed onto low fouling ALAFEG
modified surfaces. UV irradiation of these polymer arrays resultdeeinrosslinking
of the polymer spots and their covalent attachment to the surface. Cell attachment
was shown to follow the patterned surface chemistry. Due to the use of a microarray
contact printer it was easily possible to deposit DNA on top of thenpaly
microarray spots. A transfected cell microarray was generated in this way,
demonstrating the ability to limit cell attachment to specific regions and the
suitability of this approach for high density cell assays. In order to allow for the high
throughut characterisation of the resultant polymer microarrays, surface plasmon
resonance imaging was utilised to study the adsorption and desorptimoviog
serumalbumin, collagen and fibronectin. This analysis enabled insights into the
underlying mechanismsf cell attachment to the polymers studied. For the system

analysed here, electrostatic interactions were shown to dominate cellular behaviour.
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CHAPTER 1. INTRODUCTION

The contenbf this chapter is based upon referende<].

Advanced biodevices that are able to control the \aeba of biomolecules at
surfaces in both space and time are promising tools for elucidating solutions to many
biologically based problems and are of particular intetr@stombat physiological
disorders Biomolecules of interest include proteins and shoppeptide chains,
deoxyribonucleic acid (DNA), ribonucleic acid (RNA), oligonucleotides
(oligonucleotides are short-80) bp of typically single stranded DNA), lipids and
polysaccharides, as well as larger assemblies of these biomolecules, in particular
living cells. Examples of such devices can be found in microarray technology, in
060smartdé drug delivery, bi osens[88l.gThe bi o€
development of a number of highsolution two dimensional (2D) and three
dimensional (3D)patterning techniques coupled with functional surface chemistry
has enabled the formation of surfaces that offer stringent control over the adsorption
of biomolecules and cells in space. Furthermore, the developoieswitchable
surfaces that are able to respond to a particular signal to switch between disparate
properties, such as hydrophobic/hydrophilic, positive/negative or swaikapsed
has added a new dimension to biomolecule manipulation. Individualgseth
processes have enabled the production of a number of advanced biodevices.
Recently, these processes have been combined, producing devices that are able to
control biomolecules and cells in both space and time, offering an unprecedented

ability to maniplate biomolecular behaviour.

In order to manipulate biomolecules at surfaces, a thorough understanding of their

behaviour at soliiquid interfaces is required. Biomolecules differ substantially
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from their synthetically produced polymeric counterpartsimilar molecular weight
due to the narrow dispersity in structure and size for the former. This results in
unique and predictable adsorption behaviour, providing a unique opportunity for
highly resolved control over these biomolecules at an interfadeeth in biological
systems highly resolved spatial and temporal control of biomolecules is a critical
requirement for the phenomenon of life. The thermodynamic and kinetic driving
forces to permit this control aogrammed into the sequence and 3D stinecof
biomolecules. An ability to better understand these driving forces would permit an

increased capability to mimia vivo biomolecular manipulation.

This chaptersummarises the current knowledge on the underlying principles
governing both DNA andrptein adsorption to surfaces and how protein adsorption
can be applied to manipulating cells at surfaces. Furthermore, the manner by which
these principles have been applied in recent years to pattern biomolecules on surfaces
and also to control their agigtion and desorption in time éiscussedThe chapter
also includes an outline of the various techniques used to form reattend
switchable surfaces. The particular focus hées beenon cases where truly

advanced biomolecule manipulation is ach@ireboth space and time.

1.1.Surface manipulation of biomolecules and cells

The ability to manipulate biomolecules at the solid/liquid interface requires a
sound knowledge of how biomolecules behave in such an environment. The
manipulation of biomolecules isignificantly different from the manipulation of
smaller molecules or synthetic polymers. Weak forces such as hydrophobic
interactions are able to play a significant role given the ability of these biomolecules

to form multivalent interactions. The size dhese molecules also plays a

1-3



Chapter 1- Introduction

considerable role in regard to their behaviour at surfaces. For example, larger
molecules tend to have a lower rate of surface adsorption when compared with
smaller molecules which adsorb, desorb and diffuse more readily &nohto the
surface [9]. Both DNA and proteinshave distinct characteristics that must be
understood in order to effectively manipulate these molecules on surfaces. Cell
surface interactions caiso be controlled effectively via the control of biomoleeule
surface interactions since most emlrface interactions are mediated by protein

adsorbed on surfaces.

1.1.1. Principles of surfacdiomolecular interactions

Although distinctive properties of spéici biomolecules greatly influence their
surface adsorption eventgenerally, hydrophobic interactions and the multivalent
effect are key factors that govern the adsorption behaviooraofy biomolecules at
surfaces. Understanding these principles carcuwweantly lead to explanations of

biomoleculesurfaceinteractions

1.1.1.1. The hydrophobic interaction

One of the key interactions for all biomolecusirface adsorption is the
hydrophobic interaction. This results when hydrophobic domains or moieties are
presenton both the surface and the biomolecule of interest. Thermodynamically, the
driving force for theadsorption of biomolecules throudbrmation of hydrophobic
interactions isentropicgain due tothe disordering of hydrophilic solvent molecules
that mustotherwisebecome ordered a hydrophilic/hydrophobic interface. Thus,
the solvent has a vital role in the formation of these interactions and in the presence
of a hydrophobic solventvhere there is no entropic gain in forming a hydrophobic

interaction these interactions are strongly redug¢#&d]. In water, anybiomolecules

1-4
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less polar than watesr containing regions less polar than watgit be driven to

adsorb to drophobic surfaces by hydrophobic interactififs.

1.1.1.2. The multivalentffect

Generally, interactions of biomolecules with surfaces are based upon weak forces.
Thus, a key factor to ensure that any biomolecule remains adsorbedstofdee is
the multivalenteffect, whereupon many small bonds form and the combination of
these many bonds leads to the formation of an overall strong interacthen.
multivalent effect is thermodynamically favourable due to the increase in entropy
introduced when a single large molecule adsorbs to the sudamacingmultiple
smaller moleculesThis effect pertains particularly to biomolecules due to their
larger size. It is on the basis of the multivaleffect that surface diffusion can be
explaingl. As any biomolecule is held to the surface by a number of weak
interactions, at any time some of these bonds can break and reform at another
location, however, provided enough bonds remain intact the molecule itself will not
break from the surface. Insth a manner the biomolecul e
surface where the molecule only partially adsorbs and defid#thsThe introdudbn
of stronger moleculesurface interactionsvould, thus, also decrease the rate of

surface diffusion due to a decreased rate of bond brefkajye

1.1.2. Surface manipulation of DNA

In applications such as DNA microarsayDNA baseebiosensors and transfected
cell microarrays (TCMs)1, 14-17], the adsorption or desorption of DNA to or from
a surface is required. The adsorption of DNA to a surface is governed by two forces
associted with the functional groups of DNA; electrostatic forces associated with

the negative charge of the phosphate groups and hydrophobic forces associated with

1-5
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interactions of the DNA base paiB3, 19] although hgrogen bond formation also

plays a certain role in DNA surface interactions in aqueous cond[@®psUnlike

synthetic polyelectrolytes, which generally adopt a @ conformation when
adsorbed to a surfacdidkwed [2adupidseanded f | e X
DNA (dsDNA) can be considered as a rigid rédg(re 1.B) with a nitrogenous

core and a phosphate and peetsugar exteriof{gure 1.1A) such that it generally

lies flat to a surface upon adsorptif#?]. Conversely, although more ordered and

rigid than synthetic polyelectrolytes, singitanded DNA (ssDNA) can be
considered as a flexible thread, not nearly as rigid as dsDNA, with the nitrogenous
bases readily exposedigure 1.T). Thus, hydrophobic interactionday a more

significant role with the adsorption of sSSDNA as compared with ds[22A
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Figure 1.1Structure of DNA. A) The chemidastructure of DNA nucleotidesB)

three dimensional space filling model oftype helical dsDNA, ) three
dimensional space filling model of sSDNA.

1-7



Chapter 1- Introduction

In general, higher salt concentrations and lower pH increase the propensity for
DNA adsorption and likewge, low salt concentration and high pH both increase the
propensity for DNA desorptiofR0, 23, 24] This is a result of two effects. First,
under high salt concentration or low pH the strength of the BNrface &ctrostatic
interactions can be increased by enhancing the cationic character of a surface and
dampening the anionic character of DNA, which allows the DNA to proceed close
enough to the surface for hydrophobic interactions to occur. Second, and more
comnonly observed with the use of cationic ions with a high valency of typically +3
or more, individual DNA strands are compacted due to neutralisation of repulsive
electrostatic forces between adjacent phosphate groups, resulting in more compact
DNA moleculesand thereforethe scope for higher surface coverage of DIGA'()

[25, 26]

Electrostatic interactions with DNA have been the primary focus in studies where
the adsorption of DNA and its manipulation was desifidte formation of positively
charged surfaces is often employed for DNA adsorption experiments. This is
commonly achieved by the production of amine rich surfasésch are typically
protonated at neutral pH, and have been shown to increa€8 thg27]. The ease of
formation of strong DNAsurface interactions using aminated surfaces where
hybridisation can still proced@8] makes this an attractive approach for microarray
applications as opposed to covalently imnfisiig DNA. A common strategy for the
formation of aminated surfaces is silanisation of glggss24, 2830]. Aminated
surfaces have also been produced by the adsorption of cationic molecules such as
poly(ethyleneinme) (PEI) [31] or poly(-lysine) (PLL) [32] and plasma
polymerisation[33-37]. For a ©omprehensive review of plasma polymerisation see

reference[38]. Interestingly, Saoudi et a[27] reported the adsorption of DNA to
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amimated polypyrrole silica particles, which had a rearo surface charge despite

the presence of protonated amine groups. The positive charges are compensated by
anionic silanol groups. This study suggests that isolated positively charged groups
and not a et positive surface charge are sufficient to stimulate DNA adsorption.
Lemeshko et al.[28] investigated simplifying DNA microarray formation by
adsorbing DNA probes to a surface utilising the electronegative nature of DNA for
formation of electrostatic interdons with a positively charged -3
aminopropyltrimethoxysilane modified surface instead of by covalent linkage. A
densely packed singktranded oligonucleotide layer was successfully adsorbed to
this surface, where the ssDNA oligomers were adsorbeebsida the surface, and

was used for subsequent hybridisation experiments that confirmed the accessibility
of the adsorbed DNA probes for the formation of base pairs with complementary
target DNA strand. Interestingly, asymmetric dissociation and DNAse gligesas
observed for dsDNA formed in the manner described, whereupon, the hybridised
target DNA strands dissociated quicker and were more heavily digested than the
initial electrostatically bound probes. This suggests that a typical DNA helix is not

formedbetween these two strands upon hybridisation.

More recently, the polyelectrolytic nature of DNA has been utilised for formation
of multilayered films consisting of alternating layers of DNA and cationic
polyelectrolyted32, 3341]. One polycation commonly used is PEI, which has been
used to allow the adsorption of plasmid DNA to poly(lactic acid) (PLA) particles
[42]. Yamauchi et al.[41] utilised this strategy to attain a very high"* for TCM
applications. Layeby-layer assembly of PEI and plasmid DNA was utilised for
formation of an electrode with @"* of 0.6 ng/cnt that was subsequently used for

the transfection of cells adherent on the electrode.
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For some applications it hdeen desirable to adsorb DNA to negatively charged
surfaces. This has been the case for atomic force microscopy (AFM) experiments
with  DNA, which commonly require adsorption of DNA to atomically flat,
hydrophilic mica and also for adsorption to silica, evhiis an important and
ubiquitous material for many biodevicg®0]. The electrostatic repulsion between
DNA and mica or other negatively charged surfaces or particles can be overcome,
enabling DNA adsorption, in the presence of a divalent cation such &s Which
can act as bridging cation0, 23, 43] Generally, trivéent cations are more
effective than divalent cations, which in turn are more effective than monovalent
cations at enabling DNA adsorption. Hansma et [d4] used AFM to study the
effect of the type of divalent cation on binding of dsDNA of lesdtbm 791057 bp
to mica. High amounts of DNA adsorbed to mica in the presence of Ni, Co and Zn
ions, however, weak adsorption was seen with Mn, Hg and Cd ions. This effect was
explained in terms of the structure of mica and how each type of ion intkraithe
the mica as opposed to a specific-DNA interaction, suggesting that the type of
ion most suitable at enhancing DNA adsorption is dependant on the particular

substratum surface.

1.1.3. Surface manipulation of proteins and cells

Many biodevice applicaths, including tissue engineering, cell microarrays and
implants[4, 45-47], require the ability to manipulate proteins, and concurrently cells,
at interfaces. Théundamental naturef how proteins behave at suréscdepends
largely upon their primary structure, that is, the sequence of amino acids making up
the protein. There are four main properties of amino acids that influence the

behaviour of proteins; polar, ngoolar, negatively charged and positively charded
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IS no surprise then that the main two interactions of proteins with surfaces, like in the

case of DNA, are electrostatic and hydrophobic interactions.

As proteins function predominantly within aqueous environments, with the
exception of membrane bodiproteins, proteins try to minimise the mpmic penalty
of interactions with water with hydrophobic domains by shielding as many
hydrophobic amino acids within the protein core whilst arranging the hydrophilic
amino acids on the protein surface. Howeteh i s &éphase separat.
complete, particularly within smaller proteins that have a larger surface area to
volume ratio. Thus, hydrophobic domains often exist on the surface of proteins, and
those readily adsorb to hydrophobic surfaces ewetheé presence of electrostatic
repulsion due to the large increase in entropy associated with surfaodvaeon
and the minimisation of polar/ngpolar interfaceq11]. This thermodynamically
favourable process is the driving éerfor protein adsorption. However, adsorption to
a surface, particularly a hydrophobic surface, can lead to a rearrangement of
hydrophobic domains within the centre of proteins to enable the formation of
hydrophobic contacts between those domains andutiace. Thus, although highly
hydrophilic surfaces will generally reduce protein adsorption, hydrophobic surfaces
or hydrophobic patches orotherwise hydrophilic surfaces can cause the
rearrangement of proteins resulting in their denaturationegpdsue of previously
buried hydrophobic residues. This protein rearrangement upon surface adsorption is
driven by an increase in entropy due to the destabilisation of ordered protein

domains, such as-helices and-sheetg11].

Elwing et al., [48] investigated the adsorption of humagglobulin, human
fibrinogen and lysozyme onto a surface with a wettability gradient. This surface was

prepared using silanes onto doped silicon to form a wettability gradient with contact
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angles ranging from 28 0 e . Signi ficant | ysurfade caveragd |
(""" was attained at the hydrophobic g48]. However, significant amounts of
protein adsorption were still observed towards the hydrophilic end of the dgradien
suggesting that although surface wettability plays a significant role in protein
adsorption it is still not the only force at play. As a variant of this work, Tilton et al.,
[10] investigated the adsorption of ribonuclease A onto polystyrene (PS) in different
alcohol cesolvents of different polarity. Decreasing adsorption propensity was
demonstrated in solvents of decreasing polarity, which can be explained inoferms

the minimisation of the driving force of protein adsorpfjib@].

As proteins are usually not geometrically symmetric, the orientation of adsorbed
protein can impct upon itsG”™®" For example, if a protein had an oblong shape
such that there was a significant difference between the projected areas of-the side
and endon orientation then if all proteins were able to adsorb in an-end
orientation, a greate€ " would be attained as compared with an all side
attachmen{10]. The orientation of adsorbed proteins impacts not only @B8"
Surface orientation is of even greater importance for protein activity. Even if a high
@™ is attained, most applications for protein adsorption are not viableeif th
adsorbed protein is not bioactive. For this reason, various approachedéan
developed to control the orientation of adsorbed proteins. This is often achieved by
modifying proteins at specific points on the protein exterior with molecular tethers or
tags. Common approaches include the use of-pislydine tagged protein, hich
forms a complex with surface bound nickel i¢#48] and biotin lakelled proteins that
can form a strong biotiavidin bridge with avidin functionalised surfacg]. A
comprehensive review of methods to control proteiertationis available to the

interested readgb1].
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Living cells exist in nature within the extracellular matrix (ECM), which is a
network of biomolecules forming the framework that cells attach to and are
supported by. This matrix is composed largely of polysaccharidesvanous
proteins; and it is these proteins, in particular collagen, fibronectin and vitronectin,
that cells use to attach to the ECM. Thus, the adhesion of cells to a tissue is mediated
by proteins that are already present on that tissue or that theashlicps itself. The
same is truein vitro and, therefore, the mechanisms used to control protein

adsorption, which have been discussed, can equally be applied to cell attachment.

Manipulating cell attachment has attracted much interest and is importaat for
wide range of biodevice applications. Research has been focussed on producing
surfaces that support or resist cell growth, and more specifically, surfaces that either
switch between an adherent and a-adherent surface on demand or have the

ability to direct cell growth to localised areas.

One of the most effective methods for promoting cell attachment is the use of
extracellular proteins and in particular the ABdy-Asp (RGD) integrin binding
peptide based on a cell adhesion mediating site of ®mtim[33, 5254]. This
method is very effective as it utilises the mechanisms by which cells attach to
surfaces within natural systems. Various other materials and surface chemistries,
such as tissue culture PSdapolyurethane, support cell attachment but the use of

ECM proteins is unrivalled in its ability to actively promote cell attachment.

As well as chemically initiated cell attachment, the effects of topographical cues
to initiate and control the attachmeptpliferation, orientation and migration of cells
and tissue samples on surfaces has been investiffited562]. The ability of
substratum topography to influence cell outgrowth suggests that the ECM may

presentboth chemical and topographical signals to cells and is noteworthy in terms
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of understanding phenomena like embryo development and wound healing and for
the improvement of implant compatibility. Significantly, substrates with aligned
grooves have been shio to orient cell growth parallel to the direction of the grooves
whilst also improving cell attachment as compared with flat surf§s@és9],
enabling the formation of patterned cell growth. Of interest are stutfat
demonstrate the ability of micrand nanostructures on surfaces that are smaller than
the typical c26 i) to dhfluemeenttse ibehaviour ¢f &e[’57, 58]

Use of cliffs, pillars and islands asurfaces have also been shown to influence cell
outgrowth[60]. The mechanism befd this effect is not fully understood. In some
cases, improved attachment may be due to the increased surface area of the surface.
Recently, Wan et al[63] investigated cell attachment of osteoblidst cells (OCF

1) on microfabricated PS and PLA surfaces with hemispherical bump and pit surface
features. These featuresdha bimodal distribution of sizes with an average diameter
of 2.2 and 0.45m. The behaviour of the OCT cells on the pipatterned PS surface

was most notableF{gure 1.2. Three interesting behavioural characteristics of cells
were observed; first, cells showed the ability to be able to strideboteithe 2.2mm

pits (Figure 1.A) and the 0.45mm pits Figure 1.B). Second, the more flexible
pseudopods of the cells were able to enter into and grow along the walls of the 2.2
nmm pits but nothe 0.45xym pits, which were evidently too small. Third, the filopodia

of cells tended to grow along the ridge at the wall of the pits and as a result instigated
a morphological change that allowed them to follow the curvature of the ridge
(Figure 1.Z). This contact guidance phenomenon has also been obseruehin

other studie$57-59].
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Figure 1.2SEM images of OCGT osteoblasts on diffemé pitspatterned PS surface.
(A) on micrascale (2.2nm) pits PS (8000mag.) cells were observed to be
able to stride over pits;B) on micrascale (2.2mm) pits PS (15000mag.)
pseudopods of the cells were observed to enter into the pits and grow along
the ridge at the wall of the pits instigating contgcidance of the attached
cell; (C) on micrascale (2.2mm) pits PS (5000mag.) filopodia of attached
cells grew along the ridge at the wall of the pits instigating contact guidance
of the attached cell and altering cell morphologip) (on nanescale pits
(0.45 nm) PS (80000 mag.) cells tended to stride over these smaller
features. Fronj63].
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Sever al strategies have dei#houdt ngtdted ut
that resist nosspecific protein adsorption, including the surface immobilisation of
carbohydrates, dextrans or hydrogéli]. However, the most common and the most
effective method utilises the hydrophilic poly(ethylene glycol) (PEG) molecule either
immobilised or polymerised onto the surface or other polymers or biomaterials
functionalised with PEG. Three primafyact or s cont r i-fouinge t o
properties. Firstly, the hydrophilic PEG hydrogen binds extensively to water and due
to its molecular structure fits well into the structure of bulk water. Protein adsorption
would lead to unfavourable disruption thle hydrogen bonding. Secondly, the free
energy of the polymewater interface is minimal, decreasing the driving force of
protein adsorption. Thirdly, a dense PEG brush has high volume exclusion properties
due to high conformational entrop§5]. In the case of endoint grafted PEG, it has
been found that the PEG coating provides an interfacial barrier that prevents proteins
from interacting with the underlying substrate. ®iere, the molecular weight and
interfacial graft density of PEG chains are important parameters to enable non

fouling properties of the coatirj§6, 67]

The production of alternative leWouling surfaces is linied. Kleinfeld et al.[68]
devised a strategy to control the attachment and outgrowth of néurelisaon
silanised silicon patterned by photolithography to have regions of alkyl silanes and
amino functionalised silanes. Interestingly, the alildnes were able to resist the
attachment of cells, leaving the cells to grow only on the arfumotioralised
regions. The lowfouling ability of this surface is presumably a result of the
denaturation of secreted proteins that cells use to attach to the surface. The use of

blocking proteins such as bovine serum albumin (BSA) or casein has also been used
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to produce lowfouling surfaceq69]. By saturating a surfa

proteins, the subsequent adsorption of other proteins can be prevented.

1.2.Surface micro- and nano-patterning

The formation of microand nanepatterns of biomolecules on surfaces has been
widely explored and enables the production of sophisticated biomatéiale, 71]
the exploration of biomimetid¥2], and the formation of advanced microarrfd/s,
73]. Spatial control of biomoledass on solid substrate materials can be achieved
using a variety ofapproaches t@atterning. Specific strategies for the surface
patterning of biomolecules include microfluidics, microcontact printin@R),
microelectronics, photolithography, sdifhography, laser ablation and robotic
spotting [33, 7479]. A detailed technical review of patterning techniques has
recently been publishef6]. Furthermore, effctive spatial control of ceflurface
interactions is also possible indirectly via spatially controlling biomolecule
attachment to surfaces. Some of the methods that have been used with success are
listed below and a table of their advantages, disadwgagand applications is shown

in Table 1.2(see sectiod.4.4.9.

1.2.1. Photolithography

Photolithography involves the irradiation of a surface by a-kigdrgy beam,
typically ultraviolet (UV) light, though a photomask. Surface alterations can include
the ablation of a photoresist layer, breaking of a chemical bond resulting in the
release of an attached molecule, initiation of polymerisation or initiation of formation
of a chemical bond resulting in thgrafting of a molecule[53, 78, 80]

Photolithography is also utilised for patterning of surfaces to create topographical
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cues to control cell growth. This technique has been widely used and is able to
pattern sudces down to sulmicron dimensions, but suffers from the requirement

for rigorous laboratory protocols and high setup and maintenance costs.

Photolithography has also been particularly useful for the patterning of proteins
[81]. A number of approacheBave been employed, but the general approach
consists of coating a surface with a photoresist that is subsequently patterned by
photolithography to rexpose the underlying material at specific locations. This
material is functionalised, often by the udestanes or selhssembled monolayers
(SAMs) with a functional group that either adsorbs protein or is able to covalently
link protein such as arylazide derivatives. The rest of the photoresist is subsequently
removed and the remaining-exposed surfaces functionalised with a lowouling

material[81].

Falconnet et al.[78] produced a chemically patterned platform for spatially
directed cell growth based upon the spontaneous adsorption of PLedQRHG to
negatively charged surfaces, including oxides of niobium, titanium, silicon and
indium tin as well as PS. A photoresist layer was coated onto niobium oxide coated
silicon and patterned by photolithography using UV illumination. fkaftedPEG
functionalised with the RGD peptide was adsorbed ontgé#tierned surface, and
the remaining photoresist was subsequently removed by washing with an organic
solvent that did not disrupt the PidraftedPEG layer. A pattern of functionalised
PLL-graftedPEG remained on a surface of bare niobium oxide. The bare niobium
oxide was subsequently coated with rdonctionalised PLEgraftedPEG, leaving a
patterned surface with cell adhering regions separated bgaibadhering regions.

A pattern of human foreskifibroblasts was successfully realised on this surface.
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Otsuka et al.[80] developed a platformof spatially controlled cell growth by
formation of a PEG/PLA block copolymer layer by spin coating on glass silanised
with [3-(methacryloyloxy)-propylltrimethoxysilane. Etching through a photomask
with a nitrogen and hydrogen plasma removed the PEG/Bié#r land exposed the
silanised glass. On this platform, Otsuka et[80] were able to demonstespatial
control of bovine aortic endothelial cells (BAEc), which grew on the exposed glass
regions that readily adsorbed proteins including ECM proteins, but not on the
PEG/PLA regions where the PEG blocks were effective in resisting protein
adsorption.Interestingly, rat primary hepatocytes were able to grow on both the
PEG/PLA and the glass regions. Upon prior seeding and attachment of BAEc, spatial
control of hepatocytes was achieved and hepatocyte spheroids grew on the etched
regions carrying an undgmg endothelial cell monolayer. A minimum centce
centre spacing between etched regions ofr@0vas also determined as sufficient

to prevent bridging between colonies.

Spatially directed cell attachment has also been achieved using a vitronectin
medated,  photolithographically  formed,  patterned N-(2-aminoethyl}3-
aminopropyltrimethoxysilane (EDS) and dimethyldichlorosilane (DMS) substrate.
Spatially directed cell attachment was driven by the preferential adsorption of
vitronectin to the EDS over theMS [53]. The vitronectin acted as a promoter of
cell growth in the regions it was adsorbed upon. This system sustained cell viability

and attachment for at leashRusing human bonrderived cells.

Another application of photolithography is for-ohip DNA synthesis on DNA
microarrays. In this technique a light source passes through a mask to direct light
onto localised areas cleaving a phtbile group and activating the site for the

grafting of the next DNA nucleotide building block. By changing the phasknand
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by controlling the addition of a particular nucleotide after each activation step, a
high-density array of tailored sequences can be grown at the surfacepphtsach

has also been achieved with inkjet technology, enabling probe growth witleout th
rigorous protocols required of the photolithography stra{8gy 83] In situ DNA
growth enables the formation of an array with millions of probes pér lmvever,
probes are limited to 25 bases due to low ssithyields at higher lengths. This

approach also requires clean rooms and specialised equif@ggnt

Laser ablation is another usefapproachfor micropatterning and can be
considered a specialised case of photolithography. Here, @&heylyy laser beam is
directed on a surface through a patterned mask which leads to ablation of the surface
underneath the transparent regions of the photomask.mdtisodsuffers from the
same limitations as all photolithographic techniques, but is able to produce highly
resolvedpatterns of controlled depth at a fast rate, thus, being applicable to the
production of patterned surface topographies as weldtisrnedsurface chemistries.
Thissen, et al. utilised laser ablation with the development of a plasma polymer based
systemthat was shown to spatially confine cell groy®3, 35] A schematic of the
approach is shown ifrigure 1.3 An allylamine plasma polymer (ALAPP) with
amine functionality was formed ahaldehyde terminated PEG was grafted to the
surface by reductive amination. Subsequent laser ablation produced micron
resolution patternedPEG and ALAPP regionsF{gure 1.\ and B). Cells were
shown to be confined to the ALAPregion to micron resolution over a four day
period using a bovine corneal epithelial cell line (BCHpigyre 1.&) [33]. This
system was expanded to include a human embryonic kidney cell (HEK])3bhe

and has recently been showrsfmatiallycontrol protein adsorptiof84].
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Figure 1.3(A) Schematic ofwo-dimensional patterning of the surface chemistry via
excimer laser ablation.B) Light microscopy image of laser ablated Si
ALAPP sample andQ) confocal scanning laser microscopy image of laser
ablated SIALAPR PEG sample after BCEp cell attachment asthining
with PicoGreen®. Fronj33].
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1.2.2. Soft lithography

nCP is a soffithography technique developed out of a need to pattern surfaces
without the experimental difficulties and high costs of photolithography. Typically,
this approach involves the onro& production of a mould, using photolithographic
methodsthat is patterned as the negative of the design of interest. This mould is then
used to form a patterned stamp, typically composed of a crosslinked elastomeric
polymer, like poly(dimethylsiloxane) (PDMS). The stamp is used to transfer a
patterned image ohn 6i nk mol ecule onto the de
reusability of the photomask and low cost of the PDMS stamp make this technique
an extremely cost effective and potentially hifghoughput patterning alternative.
Currently, this method is primdyiused for the patterning of SAMs onto gold or
silanes onto glass or silica surfaces. ThuSP suffers froma limited number of

Ssubstrate surfacp and oO0inké molecul es

Zhang et al.,[76] prodwed cell patterns usingrfCP of SAMs. A (11
mercaptounded-yl)-hexa(ethylene glycol) was printed onto gold coated silicon
using a PDMS stamp with a topographical pattern. After SAM pattern transfer and
washing, the surface was exposed to an engineerditlgpegirand containing an
anchoring cysteine residue, an alanine linker and aAdagAsp-Ser (RADS) cell
adhesion motif linker group, which is based upon the recognition motif of ECM
proteins and has been found to promote cell attachfii@iht This resulted in the
spontaneous attachment of the peptide to the bare gold regions. Using this chemical
pattern, cell patterns of micron resolution were formed using BAEc and human

epidermal carcinoma cells. The use of normal mouse fibroblast (NIH3T3) cells,
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however, demonstrated the ability of this cell type to grow over the ethylene glycol
regions.

Hyun et al.,[86] attemped to broaden the scope @EP by developing surface
chemistries that covalently react with the printed molecules. This was achieved by
initially functionalising the surface oéarboxylic acidfunctional polymers. The
carboxylic acid groups were activateg reaction with pentafluorophenol to form
pentafluorophenyl esters. Stamping of an anfimetionased molecule with biotin
functionality resulted in its covalent attachment; thus, a patterned surface of biotin
groups was produced. Subsequent additionstoéptavidin modified molecules
enabled the patterning of these molecules at the surface with micron resfdation
Tween 20 or BSA were adsorbed to the surface in order to saturate the wuttfiace
protein thereby minimising nespecific binding in between the printed regions. A
similar techniqgue was also used to initiate free radical polymerisation of PS by
modifying a gold plated surface with thiols with terminal carboxylic acid
functionality, subsequently converted to a pentafluorophenyl ester, and then printing
a radical polymerisation initiator with a terminal amine. The initiator attached
covalently to the SAM by formation of an amide bond. This enabled the spatially
confined free radical gdymerisation of PS at the surface upon addition of the
polymerisation solutiof87]. Here, cells preferentially attached to the SAM rather

than the surface grafted PS layer.

In order to pattern cells upon a biodegradable surface, Kumar [@8hpatterned
a biocompatible chitosan substrate mM@P of random copolymers of methacrylic
acid (MAA) and oligo(ethylene glycol) methacrylate (OEGMA). This polymer not
only shows low fouling characteristics but, being an anionic polyelectrolyte, also

binds through multivalent electrostatic interactionghi positively charged chitosan
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substrate. A copolymer ratio for OEGMA/MA of 0.8 was found to be optimal
composition for both ensuring strong polymer adsorption and cell resistance.
Spatially controlled cell attachment with micron resolution was demoedtreting

human microvascular endothelial cells.

1.2.3. Microfluidics

Microfluidics is a different approach to surface patterning whereupon biomolecule
manipulation and spatial control is achieved by limiting the surface of the substrate
that is accessible to thelvent carrying the biomolecule of interest. Microfluidic
systems can be complicated, however, for a simple patterning experiment a patterned
PDMS stamp, formed in a similar fashion to typicdlP experiments, has been
shown to be very useful. The PDM&mp is typically topographically pattesd
with grooves that form sealed channels when the stamp is pressed onto a hard, flat

substrate surface.

Microfluidics often represents a cheaper and simpler solution than other
patterning techniques and has theque advantage of being able to separate and
contain the reaction solution, enabling different solutions to be exposed to different
locations on a particular surface. A further advantage is the gentler processing
conditions in comparison to lithographicalethod. This enables patterning over
pre-attached cells or over proteins, which would be destroyed by harsher treatment
conditions. However, therare limited number of channel geometries available and

the resolution limit is generally lower than for ltitgraphicalapproaches

A multi-phenotype cell array was formed by encapsulating living cells within a
hydrogel matrix, formed inside of a microfluidic channel made of POBE.

Various cell lines in a hydrogel precursor solution were injected into parallel
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channels flowing over a substrate surface. Cells were then trapped by irradiation of
the channels with UV light through a photomask which resulted issdirking of

the hydrogel. Subsequent removal of the microfluidic assembly left a patterned array
of a multiphenotype cell array. This system was able to sustain cell separation of
murine fibroblast, murine hepatocytes and murine macrophages, keedergrdif

cell types apartown tomicronsize separation distances

Patel et al.[74] produced a patterned culture of BAEc and pheochromocytoma
(PC12) using microfluidics. A PDMS mould wdormed containing grooves which
formed microchannels when put in contact with a substrate. This enabled the spatial
control of solvent flow over the surface. The substrate used was a film 6PEIGA
block copolymer modified with biotin. Flow of avidin ew the film through the
microchannels produced spatially activated regions on the substrate. Biotinylated
peptides containing the RGD peptide or a laminin fragment were subsequently
flowed through the microchannels to produce a surface conducive totaelirment.
Removal of the PDMS mould and seeding of the cells on the activated surface

resulted in preferential attachment of the cells to the modified regions.

Takayama et al.[75] developed a method of cell pattérg using combined
laminar flows through capillary networks. In one experimgstherichia coli(E-
coli) was patterned to a surface by prepatterning a surface with a mannose containing
protein fFigure 1.4A). Mannose was chosdaiecause the cell membranetoli is
decorated with mannod@nding proteins. Subsequent incubationEe¢oli with the
patterned surface caused the adsorptiorE-gbli to the mannoseoated regions
(Figure 1.8). This techigue also enabled the surface patterning of eukaryotic cells

and proteins.
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Figure 1.4Schematic representation of a laminar flow patterning experintdoty
is from right to left.(A) Patternsof adsorbed protein created by laminar
flow. Solutions of a-D-mannopyranosyl phenylisothiocyajfil@orescein
isothiocyanate KITC)i BSA (0.5 mg/ml in PBS) and BSA (10 mg/ml in PBS)
were allowed to flow from the designated inlets into the main channel for 15
min under gentle aspiration, and the system was washe&dnfion with PBS.
(B) The channels shown i) were filled with a suspension ofdéli RB
128 and allowed to stand for 10 min to allow adhesion; nonadherent cells
were removed by washing with PBS. Cells were visethlvith a fluorescent
nucleic acid stan (Syto 9, 15 mM in PBS). Both micrographs were taken
from the top of the capillary network looking through the PDMS. White
dotted lines identify channels not visible with fluorescence microscopy. From
[75].
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Finaly, the Whitesides group has extensively investigated methods of cell
patterning includingrCP, microfluidics and laminar flow patterning. Much of this

research has been previously reviewed5, 8991].

1.2.4. Microelectronics

Microelectronics is a new fieldhat exploits microcircuitry to manipulate
biomolecules and cells. This technique has been developed by Huang[é7]alq
separate monocytic white blood cells and human T cells transformed with the
oncogene Tax from human peripheral blood mononuclear cells as well as
neuroblastoma cells from glioma cells on the basis of the distinct dielectric properties
of the different cell types. Using a microelectronic chip array, effective separation
and sorting of different cell types was demonstrakégufe 1.9 by stepwise addition
of cells Figure 1.8\), sepaation by dielectrophoresisFigure 1.8B), and then
washing by bufferKigure 1.%2 andD). Microelectronic chips have also been shown
to effectively control DNA adsorption and surface diffusjef, 93] This methodis
limited by the electrode pattern that can be fabricated. Howevemlpgph®achdoes
combine spatial control with switchability. Furthermore, as well as having the ability
to pattern cells, it l@the unique capability to control surface diffusion of cells,

which adds a new dimension to advanced cellular manipulation.
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Figure 1.5The procedure of dielectrophoretic separation for a monocytic cell and
peripheral blood mononuclear kenixture. (A) The mixture is introduced to
the array. B) Monocytic cells are separated from peripheral blood
mononuclear cells on array by dielectrophoresis 5 min after an ac voltage of
500 kHz frequency and 7 V amplitude is applied. Monocytic cells are
collected on the electrodes and peripheral blood mononuclear cells are
accumulated at the space between the electro@@sBffer is introduced
from a reservoir to the array by fluid flow of 4@/min while the voltage is
kept on. Peripheral blood monatiaar cells are carried away with the fluid
stream. D) Peripheral blood mononuclear cells are washed off from the
array and monocytic cells are retained on the electrodes after 10 min of
washing. Fron{77].
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1.2.5. Robotic ontact and nofcontact microprinting

Formation of micron resolution arrays is routinely achiéelgroboticcontact and
noncontact microprinting Robotic contact printing ischieved using a robotic
spotter that first dips a pin with microscale diameter into a desired solution then spots
the sample onto the substrate surface spexifiedlocation Two types of pins are
typically used. First, a solid pin, which is commonly used for transferring proteins
and other sticky molecules because of their ease of cleaning and second, a quilled pin
that has a hollow centre that is able to draw up the salati@ act as a reservoir
allowing repeated spotting without-dipping. Although, this increases the rate of
microarray formation, these pins are much more difficult to keep clean and are
thereforeonl y sui t &albli € kf @ r Robabiceren-uooht&ctsprinting is
achieved by ejecting na#itre volumes of the desired solution from a microcapillary
onto specified positions on a surface. The advantage of this strategy is that common
problems with pins, such as the risk of contamination if the piasrsufficiently
cleaned, inhomogeneous spot geometry and variations in the dispensed volume, can
be avoided[94], however, this approach typica
ejected volumesSuch strategies cae used to form DNA and protein microarrays

and more recently also cell microarrg@s 15, 82, 9499].

This form of patterning is very effective at quickly and reproducibly producing
micron resolution patterns ah can be used for the cost effective, higftoughput
analysis of proteins and DNA products using very little reagents on, typically, a
single microscope slide. Microarrays were key to the success of the human genome
project and will underpin further gemoc analysis. The development of cell

microarrays will further advance genomic analysis, and as the investigation of more
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complex genomic questions proceeds, advanced surface chemistries for microarrays

are required.

For example, one of the limitations witontact and nenontact printing is that
although patterned arrays of DNA, proteins and other molecules are easy to form,
there are very limited proceduresprevent crossontamination or surface migration
of arrayed specie®©ne such strategy was démed by Yamauchi et a[100], who
spatially confined droplets of DNA solutiat the surface by using a patterned SAM
with regions of varied hydrophilicity produced using alkanethiols with different end
groups. Spots containing amine, hydroxyl and carboxylic acid groups separated by
methyl terminated alkanethiols were shown talilgaconfine DNA containing water
droplets. Baghdoyan et a[101] sought to confine DN by adding gelatin to the
DNA mixture spotted onto a glass slide in the form of a microarray. This microarray
was subsequently used for reverse transfection with the highest transfection
efficiency occuring at 0.28.5% gelatin concentration. Addition tfe gelatin was
hoped to increase spatial control of DNA, however, this was not clearly

demonstrated.

Spotted material can also be held in place by introducing various attractive
interactions between the surface and the spotted material. For examplejsDNA
typically immobilised to a surface by either covalent interactions, such as
immobilisation of thiolated ssDNA to gold surfaces, or Hoowalent interactions
such as adsorption of DNA to amirienctionalisedsurfaces where electrostatic
interactions donmate or interactions of biotin labelled ssDNA with avidin

presenting surfaces.
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1.3.Surfaces with switchable properties

The development of switchable surfaces is a key enabling advancement for
biodevice applications, including biomaterials and in particutsué engineering
and cell microarrays. Switchabilityn essenceenables temporal control, adding
another dimension to controlled biomolecular manipulation. These types of surfaces
have already been instrumental in gaining a better understanding ofld@oifao
surfaces at the soliljuid interface. Typically, DNA adsorption and desorption is
temporally controlled by electrochemistry due to thaycationic nature othis
biomolecule. On the other hand, a number of strategies to reversibly contraictell a
protein adhesion have been investigated and typically involve the use of hydrogels
and switching of these polymers from a hydrophobic to hydrophilic state by
temperature shifts about the loweritical solution temperature (LCST). Other
triggers such agH, specific ligam-receptor interactionsaand light have been
investigated taevoke changes in hydrogel properties, including optical and density

change$70, 102104].

1.3.1. Switchable DNA adsorption and desorption

Of great interest in terms of DNA surface manipulation are surfaces that can
switch between a positive and negative surface charge, instigating temporal control
over DNA adsorption and desorption. This is particularly important for TCMs
whereupon adsorbed DN#ust be released in order to be internalised by gHlls
The ability to electrestimulate the desorption of DNA has been studied extensively
on gold[18, 105-108] Wang et al.[105] demonstrated small amounts of DNA were
released at voltages as low &2 V, however, maximisedNA release was

observed atl.2 V. Jiang et al[109] demonstrated by AFM analysisat the surface
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morphology of adsorbed dsDNA could be changed by application of an increased

magnitude of positive voltage.

Heller et al., [92] utilised the electrgesponsive nature of DNA to form
switchable checkerboard patterns of fluorescently labelled DNA on a microelectronic
chip (Figure 1.9. By application of the appropriate positive and negative ve#ag
DNA became spatially confined and a pattern was forrreglife 1.®). The inverse
checkerboard pattern was formed by reversing the polarity of the applied voltage,
and this reorientation was complete after 7 Figre 1.®). Analysis of the
stringency of DNA hybridisation was also achieved by controlling the surface
diffusion of DNA oligonucleotides to move, on demand, over different regions
functionalised with complementary or slightly mismatclwidgonucleotides. Gilles
et al.,[93] used this technology to study single point mutations along the encoding a
human mannose binding protein. iRomutations on genes are stable and can
contribute to genetic disorders. Detection of a single point mutation is difficult
considering the vast number of base pairs within any given genome. Gilleg3g]al.,
immobilised a number of different single stranded 123 bp oligonucleotide fragments
of the allele of a mannose binding protein gene that differed by single point
mutations at different sitesn a 5x 5 microelectronic chip array by streptavidin
biotin interactions. Application of a positive voltage at a particular site directed the
immobilisation of each strand to a desired location. 21 or 22 bp oligonucleotide
probes specific for the wild tgpallele or specific for a particular single point
mutation were injected into the system and allowed to hybridise with immobilised
DNA strands. By application of a negative voltage at a specific site the mismatched

probe DNA could be driven away, whereasmplementary probes would stay
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behind. This strategy enabled the differentiation of the wild type and single point

mutation oligonucleotides.
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(B)

(©)

&)

(E) (F)

Figure 1.6DNA checkerboarding on 100 test site microelectronic array. In this
experiment, all the microelectrodes on an agarose permiagated 100 test
site chip are biased positive or negative in a checkerboard pattern, with the
polarity being reversed every 7 s. White light and fluorescent images are
acquired in realtime using acharge coupled detectoCCD) camera and
digital tape recorder.4) 100 test site chip under white liggind the 100 test
site array with its 80zm diameter microlocationsBf Fluorescent image of
the rapid accumulation of fluorescent probe at the positively (+) biased
microlocation (white spots), and repulsion of the DNA probes from the
negatively biased microlocation (black spots). Note thafltterescent DNA
over the unactivated countetectrodes on the perimeter of the device is not
influenced during the checkerboard experime@) Fluorescent DNA in
rapid transport as the polarity is reversed after 78) Fluorescent probes
now accumulahg on the newly biased negative microlocationg) (
Transport after polarity reversalF) Accumulation of the fluorescent probes
on the newly biased positive microlocations. Fii@2).
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1.3.2. Switchable surfaces for the control of proteins and cells

Controlling the behaviour of cells firstly requires the ability to manipulate the
proteins that cells use to mediate their attachment to suridce® a major driving
force for protein adsorption is the surface dehydration associated with hydrophobic
interactions, a focus for switching protein and cell attachment has been the
production of surfaces that are able to alter their wettability whanulstted
appropriately.

Okanobs r es sdevetoped @ swiachgble golgmeric surface for cell
attachment using polfisopropylacrylamide) FNIPAAmM), which switches from a
hydrophilic state to a hydrophobic state by increasing the temperature @bov
LCST of 32°C. Mammalian cells grew on the hydrophobic polymer, but not the
hydrophilic polymer enabling cell adhesion to be turned on anfiLbf]. A pattern
of the PNIPAAmM was formed on a surface by tikitiated polymerisation ofhe
polymer through a metal photomagkigure 1.A) in direct contact with the surface
such thatPNIPAAmM was only formed where the UV was not blocked. Using this
technique, Yamato et al[73] were able to produce an array of 1 mm diameter
circular domains oPNIPAAmM on a background of tissue culture grade PS. Seeded
rat hepatocytes grew on both tRBIIPAAmM and the PSHKigure 1.B), however,
upon lowering the temperature, the cells detached fromPMI®AAM regions
(Figure 1.TC). Uponraising the temperature to 3T seeded endothelial cells then
attached to théPNIPAAm, generating a patterned cell-coture (Figure 1.D).
Alternatively, Yamato et al.[64] seeded rat hepatocytes on the patteMIPAAM
at 20°C, below the LCST, such that cells only attached to the unmodified tissue

culture grade PS. Subsequently seeded human fetal lung fibroblasts@t &ove
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the LCST, adhered to th®NIPAAmM regions resulting in the formation of a
heterotypic cell pattern. This approach has the advantage that cell detachment is not
required. Thesemethods are in principle adaptable to different cell types;

theoretically any patterned -@ulture of two cell types could be realised.

Extending the above approach, Edahiro efB04] developed a photoresponsive,
switchable surface for cell attachment. The surface was compoB&lRFEAM with
a photoresponsive chmphore that underwent isomerisation upon exposure to UV,
and reversed upon exposure to light in the visible spectrum. A Chinese hamster
ovary cell line (CHGK1) was shown to have preferential attachment to the
isomerised chromophore once exposed to UWhoalgh the mechanism for this was
not understood. This surface was patterned by irradiation of UV through a
photomask to produce regions that cells preferentially attached to. BBERAAM
enabled the bulk regeneration of the surface by reducing theetatape below

PNIPAAM6s LCST, causing the cells to detac
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(A)

Figure 1.7A patterned ceulture of hepatocytes and endothelial callg) (The
patterned metal mask with holes-rfim diameter) used for surface
patterning ofPNIPAAmM and PS. B) Hepatocytes were seeded and adhered
homogeneously on the whole surfaces at°87 (C) By reducing the
temperature, hepatocytes detached spontaneously and selectively from
PNIPAAmM -grafted domains. §) Endothelial cells were seeded and
cocultured with formey seeded hepatocytes at 32, forming a ceculture.

Scale bars =4, C, D) 1 mm andB) 200 //m. From[73].
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Hyun et al.,[111] developed a strategy for the switchable attachroépeptides
modified with an elastitike polypeptide moiety based upon the pentapeptide
sequence of ValPro-Gly-X-Gly, where X is any amino acid other than proline. First,

a patterned SAM with carboxylic acid functionality was formed by-pp
nanolithogaphy (DPN). An elastiike polypeptide was then immobilised on the
surface by Jethyl3-(diethylamino)propyl carbodiimide (EDC) i N-
hydroxysuccinimide (NHS) coupling. The elastike polypeptide is able to switch
between a soluble and insoluble stateitstLCST, which is tunable within the
temperature range of100°C [111]. The LCST of the polypeptide could be reduced

by increasing the ionic strength. Proteins could be adsorbed onto this surface in the

collapsed state and released by reducingaimpérature or the ionic strength.

Miyata et al.,[103] developed a smart hydrogel that swelled 10%hepresence
of an antigen. The creation of an antigen responsive hydrogel adds an important and
more specific stimulus ligardeceptor interactions, to the toolbox for switchable
surfaces. This hydgel was formed by copolymerisation of acrylate derivatives of
antigen and its corresponding antibody with acrylamidér\ such that the
antibodyantigen interaction produced extensive crosslinking of the formed hydrogel.
Addition of free antigen resulted competitive binding of the free and immobilised
antigen for the immobilised antibody, resulting in the breakdown of some of the
hydrogel crosslinks and a concurrent swelling of the polymer. Miyata, iL@B]
used a rabbit immunoglobulin (IgG) antibody as the antigen and a goahlaiiti
IgG artibody. The swelling was reversible, antigen specific and occurred within a
time scale of approximately 1 hr. This switchable swelling may be useful for certain

cell culture applications, but it is of great interest for drug delivery on demand.
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1.3.3. Alternativeswitchable surfaces

Switchability is not only limited to hydrogel systenfhere is no lack of other
alternative strategies for the development of switchable surfaces with biodevice

applications.

Lahann et al.,[112] developed a surface coating on gold that transduced
conformational changes in a low density SAM initiated by a voltage bias into
wettability changes. The SAM was formed by attaching a large, cleavable head
group onto the alkanethiol used {fr@rcaptofexanoic acid (MHA), whichimited
the packing densitpf the SAM. After cleavage of the head group, a low density
SAM remained. By application of a voltage bias, the ionised carboxylic acid group
was attracted to the surface, producing a conformationahgeh in the MHA
backbone that exposed a hydrophobic loop at the solid liquid/interface, producing a
reversible change in hydrophilicjtwwhich was observed as a change in contact
angle. Development of theself assembledurfaces offers exciting opporttias

when applied to the manipulation of biomolecules.

Gillies et al.,[113] developed a oneff switchable system using pH sensitive
micelles. Lineardendritic block copolymers containing hydrophobic head groups
and PEG tails were formed, which spontaneously formed micelles in aqueous
conditions. The hydrophobic head group contained a cyclic acetal linker that, upon
hydrolysis at lower pH, decomposed, releasing trimethoxy benzene and producing a
diol end group. This reaction increased the hydrophilicity of the head group and
essentially removedhe driving force for micelle formatignwhich led to their
breakdown. The micelles were stable at physiological pH, however, lowering the pH

to 5 caused the hydrolysis of the acetal group, initiating the destabilisation of the
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micelles. This pH switch waused to deliver a hydrophobic dye encapsulated within

the micelles on demand.

lonov et al., [114] developed a mixed polyelectrolyte brush consisting of
poly(acrylic acid) (PAA) and poly(®inyl pyridine) (PVR) chains with pKa values
of 6.7 and 3.2respectively, whereupon PAA is negatively charged above pH=6.7
and PVPI is positively charged below pH=3.2. Switching of the pH from 3 to 9
caused a switching of the surface chemistry from a positive surface charge to
negative. This change also instigatedearrangement of the surface bound polymer,
whereupon, at low pHPVPI was extended and, thus, dominated the surface
character, whilst PAA was collapsed, hidden beneatktH#l layer. At high pH this
was reversed, with theVPI collapsing and PAA extenaly. Concurrently, changing
the pH altered the contact angle of the mixed polymer brush surface, whereupon the
surface exhibited hydrophilic properties at high and low pH, but was more
hydrophobic over the pH range o84 where the surface had a near relwgurface

charge.

Winkelmann et al.[115] produced a patterned surface with conductive and non
conductive regions of titanium and silicon, respectively by photolithographic
microfabrication using a patterned photosesiSurfaces with regions of different
metals were also formed using this technique, enabling the study of protein and cell
adhesion to a variety of metal interfadé46]. Using this substrate, the controlled
removal of adsorbed PL{-PEG at conductive regions was demonstrated by
application of +1800 mV voltage @awhich enables further adsorption of functional
molecules, in the present case human fibrinogen was adsorbed, toetmosed

titanium layerf117].
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1.4.Application of patterned and switchable surface$ Microarrays

Recent yars have seen the development of many advanced biomedical devices
that have been useful for the study, advanced manipulation and application of
biomolecules. Such devices have proved to be valuable tools for solving many
biologically based problems, pauiarly in the field of medicine. Examples include
microarrays, advanced drug delivery systems, biosensors and scaffolds for tissue
engineerind3, 4, 6, 8] Advanced manipulation of biomolecules requires surfaces or
materials with the ability to adsorb, desorb, bind or prevent adsorption of
biomolecules in localised regions combined with the ability to switch between these
processes on demand or upon activation by a defined stimulus. A number of studies
have been catucted in this field, with the main interest being in higloughput
DNA or protein manipulation and concurrently in controlling cell adhesion on
microarray substrate§l5, 17, 66, 99] With the completion of thuman genome
project has come the challenge of elucidating the function of the vast amount of
genomic i nformation within any single
emergence of three primary types of genomic analysis tools: protein microarrays,
DNA microarrays and cell microarrays. The key advantage of microarray technology
is the ability to conduct higthroughput studies with small amounts of analyte,
enabling the rapid, inexpensive examination of genomics, proteomics or gene
expressiorn118]. Cell microarrays offer an additional advantage in their ability to
analyse the expression of genes and the function of proteins in a living cell where all
the machineryis present to ensure correct function enabling the -thighughput

validation of tens of thousands of gene and protein tafty&es.
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1.4.1. DNA microarrays

Vast amounts of research have been conducted with DNA microarrays and have
proven to be of paramount importance in the areas of cancer research and other
genetic basediskases. In fact, DNA microarray based research is an integral part of
many physiological based research and has revolutionised genomic studies, which
pertains not only to oncology but also neurology, pathology, psychology,

pharmacology, pharmacogenomicgldoxicogenomics, to list a few.

There are three methodologies utilised for DNA microarray formation. The first
method is contact printing, achieved by dipping an array of pins into defined sample
solutions and then, by use of high precision roboticsging the pins in contact
with a substrate, with the formation of spots as sample solution is transferred from
the pin to the substrafsee sectiol.2.5. DNA is typically immobilised to a surface
by either covalent interéions, such as immobilisation of thiolated ssDNA to gold
surfaces, or nowovalent interactions such as adsorption of DNA to amine
functionased surfaces orinteractions of biotin labelled ssDNA with surface
immobilised avidin. Various studies have sougit control the density of
immobilised DNA in order to optimise DNA hybridisation whilst seeking to
minimise nonrspecific DNA adsorption[120-122]. The surface energy of the
substrate material is an important facti@termining how the surface wets, spreads
and dries. Although microarray formation is commonly done on glass, lack of
reproducibility in spot formation has led to efforts attempting to produce varied
surfaces with desirable surface energies that prodece reproducible spo{d23].

One such methods the formabn of a mixed SAM containing different ratios of
alcohol and methyl terminated alkanethiols. SAMs are well known for their ability to

produce regular, reproducible, defect free fi[h24]. Optimisation of surface energy
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by tuning the alcohol:methyl ratio enabled the successful formation of ep&y5

dye indimethylsufoxide DMSO) with reproducible size and shafd&3].

As an alternative to contact printing, Roantact printing has been utilised for
injecting preformed DNA onto a surface at specific locations with high precision.
This method is commonly achieved by utilising inkjet technology. Thargdge of
this strategy is that problems with pin transfer, such as risk of transfer of materials,

variation in spot formation and the influence of metallic pins, can be avf8dgd

Furthermore, the developmeritan on chip DNA growth technique has also been

successful achievg@ee section.2.1).

DNA microarrays have previously been reviewed in ddfait16, 82, 96, 125

130].

1.4.2. Protein micrarrays

Protein microarrays are predominately used to investigate the abundance of
specific proteins, usually achieved by the use of an antibody microarray, and how
proteins interact with each other or with small molec{8¢sProtein microarrayare
formed byadsorbing or covalently bding a number of different proteins in an array
format. Washing with a labelled target molecule or a number of differently labelled
targets, consisting of other proteins or small molecules, can result in the
determination of the proteiprotein or proteirsmall molecule interactions. Protein
microarrays have been extended to include peptide microarrays, which, like protein
arrays, are a series of small peptides immobilised onto a surface in an array format.
Peptide arrays are advantageous over proteinysaria that peptides can be
synthetically made and are, thus, easier to purify and enable the study of protein

fragments, specifically the reactive si{8s.
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A major problem with protein microarrays is the ability to attach the protein whist
maintaining its functionality. Various mettle of attachment are used including
physioadsorption, metal complexation, covalent attachment, electrostatic attraction
or by biological interaction (biotkavidin) (see sectiorl.2.5 [79, 131, 132] The
common problem is that the attachment is either weak, enabling protein to be washed
away or replacewvith another protein, or the binding denatures or sterically hinders
the binding site. One strategy to combat this was achieved byroleiction of a
PLA-PEG film containing biotin[133]. Addition of avidin as a linker molecule
enabled the potential attachment of biotin modified proteins, where if correctly
modified, would result in correctly orientated f@ims that are strongly attached.
Another similar strategy is the use ldfs-proteins, which form a chelate complex
with Ni**. Surfaces modified with carboxylic functionality are able to form suéh Ni
complexes and effectively immobiliselis-proteins, whith can be subsequently
removed by addition of either EDTA that chelate$*Nthus, breaking apart the
complex formed with the hiprotein, or imidiazole that competitively binds to the
Ni?* comples in place of the hjwoteins. Such strategies are oftesed in protein
purification. This and similar strategies involving protein modification and controlled
attachment currently provide the means of effective protein microarray formation

without compromising on protein activity.

Another problem associated Witprotein microarrays is storage, handling and
purification of an array of proteins. Formed microarrays may have limited
temperature ranges and often have short shelf lives. Ramachadranl®4dhave
developed a technique for the production of prot&insitu on the microarray on
demand by utilisingin vitro DNA transcription and translatiorComplementary

DNA (cDNA), which is DNA reverse transcribed from mRNA whereupon the RNA
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has undergone postanscriptional processing including gene shuffling andoimt
excision, is spotted onto the surface. cDNA libraries are usually constriected
include every gene within a genome and the genes are often inserted into plasmid
DNA form. Once spotted and immobilised by a biediidin interaction, use of cell

freein vitro transcription and translation machinery produces the encoded priateins
situ at addressed location. Addition oft€rminal glutathioneS-transferase tag and
surfacetethered glutathion&-transferase antibody enabled the immobilisation of the
protans in situ. Protein arrays produced in this fashion were used to perform typical
protein microarray analysis, including protein recognition with antibodies and
proteinprotein interactions where the probe protein was also transfatetfo, but

withouta tag to prevent immobilisatid34].

Protein microarrays have previously been reviewed in depth and further

information can be found in the following revie{@¥-99, 135142]

1.4.3. Polymer microarrays

Polymer microarraysra a recently developed microarray format tpemmarily
allows for the screening of ceathaterial interactions and are a key enabling device
for the development of new materials for specific biomaterial applications. Typically
an array of polymer materglis formed on a loviouling coating and subsequently
exposed to cell culture conditiorj$43, 144] Polymer spots inducing desirable

behaviour to attached cells can be readily identified.

Anderson et al.[145] developed a method for the situ polymerisation of
polymer materials in an array format. Various combaoraiof acrylate monomers
were deposited with a radical initiator in an array format on a-ftaving

poly(hydroxyethyl methacrylate) coating. Upon UV irradiation rigid polymer spots
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attached to the coating were formed that could be used for subsequgntfassh
material interactions. Automated-ray photoelectron spectroscop¥RS), contact
angle andtime of flight secondary ion mass spectroscoppHSIMS) analysis
allows for the rapid characterisation of the formed polymer array and the ability to
maich observed cellular behaviour with particular chemical or structural properties of

individual polymer spotfl46].

1.4.4. Cell microarrays

A number of different approaches to cell microarrays have been explored enabling
the investigation of gene expression, cell surface interactions pargicwéh
antibodies, ECM composition, cell migration and proliferation, the effects of drugs
on cellular activity and a number of other arpHs. A review of cell microarrays in
general has been recently publisii@fl]. Of great interest has been the development
of TCMs [8]. A schematic represitation of the TCM formation is shown kigure
1.8 TCM formation consists of four key steps. Firstly, a nucleic acid microarray is
formed using typical DNA microarray formation techniques, which have previously
been reviewedn detail[15, 16, 82, 96] Secondly, cells are seeded and attach onto
the surface. Thirdly, DNA detaches from the surface and is taken up by the cells and
finally overexpressed within the cells or, when using RiN#&rference (RNAI), the
target gene is silenced. Various genomic studies have been undertaken utilising
TCMs, such as the determination of the cellular position of expressed proteins,
detection of gene products involved with apoptosis and the screeraggmists and
antagonists of &rotein coupled receptors (GPCRS8) 147, 148] A list of current

applications of cell microarrays using transfection is showirainle 1.1
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Figure 1.8Schematicof the formation of a transfected cell microarray. DNA is
transferred to a solid surface using a robotic transfer device. Cells are then
seeded and attach to the surface. Cells that attach to the regions where DNA
was deposited will firstly uptake and thexpress the DNAL49]. Schematic

not drawn to scale.
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Table 1.10utline of the applications of transfeck cell microarrays.

Application References
Screening of siRNAs and shRNAs for effective silencing of target genes by F
Use of RNAI for gene function determination. [150-154]
Development of a reporter systdéan monitoring the expression of proteins
associated with signalling pathways. [155, 156]
Assignment of the position of subcellular localised proteins. [147, 157]
Automatel analysis of nuclear area, cell area and number of cells. [158]
Screening for agonists and antagonists of GPCRs. [148]
Screening for gene products that are involved with kinase signalling pathway
stimulation of apoptosis or cetell adhesion. [8]
Monitoring the interaction of receptor moldes with membranbound signal
proteins. [8, 159]
Use oflinearpolymerase chain reactioRCR productsfor TCM format [155]
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Overexpressing a defined cDNA is useful for the genomic analysis of proteins of
interest that are functioning within their natural environments. Receptor proteins
have been a focus digse studies and, in particular, the screening of activators and
inhibitors of GPCR$148]. As GPCRs are currently the target of 40% of commercial
drugs, determining the functionality and binding properties of unstudied GPCRs wil
likely determine other potential drug targets. Furthermore, microarray analysis of
these receptors in a microarray format enables thethiglughput examination of

the selectivity of drugs and identification of any sréactions.

Recently, RNAi has l#n demonstrated on TCM450, 152154] RNAi for
mammalian cells involves the use of either short (<30 nucleotides) interfering RNA
molecules or the transfection of DNA constructs that induce the expression of short
hairpin RNAs that interfere with the homologous messenger RNA to specifically
silence the corresponding gefi®0]. Doublestranded RNA strands longer than 30
nucleotides activate the interferon response within mammalian cells and are,
therefore, not only useful for gene siteng assays in prokaryotic cells. Combined
with TCMs, RNAI enables the higthroughput determination of the function of
genes by observing the phenotypic effects of gene silencing. RNAI can be of even
greater use for determining gene function than the-expression of cDNAs, since

the latter can give misleading results through the formation of unnatural phenotypes.

TCMs have three primary limitations. Firstly, an appropriately patterned substrate
material that allows spatial control over both DNA antlsce order to effectively
separate adjacent cell and DNA sites must be developed. This is important, not only
for stringent confinement of DNA and cells to localised and addressable locations,
but also for ease of analysis, whereupon, the lawn oftransfected cells does not

need to be discerned from transfected c@ds]. Secondly, low transfection
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efficiencies are reported for reverse transfection experinji2@ts85, 101, 159]Low
transfection efficiencies are detrimentale@sh colony may consist of as little as 30
cells, thus, in order to gain statistically credible data close to 100% transfection
efficiency is desirable. This is often not observed, limiting the technique to cell lines
such as HEK and monkey kidney fibrabts (COS) where relatively high
transfection efficiencies are easily obtaif2€1], thus restricting the ability to study
genes in the desired cell lines. Lastly, the requirement to accurately observe
phenotypic changes within tens of thousands of cell colonies highthroughput

fashion imposes a formidable challenge for TCM assay development.

1.4.4.1. Methods to generate DNA microarrays

The first step for TCM construction is the spatially controlled deposition of DNA
in a microarray format. This is typically achieved dther contact printing or nen
contact printing with a robotic spotterCP or oAachip DNA synthesi§15, 82, 94,
162]. DNA-gelatin mixtures are often utilised to ensure spatial confinement of DNA
by physical entrament[8, 101} This can also be achieved by producing a surface
with variatiors in hydrophilicity that effectively confinea DNA droplet to the

hydrophilic regions, enabling DNA adsorption only in confined regjaas].

Spatial control of DNA has also been achieved utilising the eleespmsive
nature of DNA to form switchable patterns of DNA on a microelectronics[8Rip
By application of the appropriate positive andgative voltages DNA can be
spatially confined. The advantage of this system is the ability to induce surface
diffusion of DNA by reversing the polarity of the applied voltage. This technique is
limited by the pattern of the electrodes but combines spateitrol with

switchability for advanced DNA surface manipulation.
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Although currently not utilised for TCM applications, the development of an on
chip DNA growthmethodenables higidensity, spatially controlled DNA arrays to
be formed that could be advageous for TCMs provided this DNA could be taken

up and successfully expressed by cee sectiond.2.]).

For TCM applications obtaining high DNA surface concentrations is essential for
enhancing transfection efficiencids.is unlikely that DNA deposited at a particular
location is taken up entirely by the cells seeded upon it, thus, one must ensure an
excess of DNA by producing surface chemistries with the ability to sustain high
DNA surface concentrations. However, DNl Amobilisation must also be reversible
so that the DNA can be subsequently taken up by {24k Indeed, transfection
efficiency has been showto vary significantly with varying surface chemistries
[29], demonstratig the importance of optimising DN8urface interactions for TCM
applications. In order to achieve this various surface chemistries and their

interactions with DNA have been studied.

Generally, the adsorption of DNA onto a given surface is based uporiridiadh
interactions, attractive electrostatic forces governed by the negative charge of the
DNA phosphate groups and oppositely charged functional groups on the substrate
surface as well as hydrophobic effects in aqueous medium associated with the
interactons of nucleobases and nonpolar surfacand moitieg(see sectiori.1.2)

[18, 19] Hydrophobic effects are more significant for ssSDNA as compared with
dsDNA due to the role of nucleodiss, which are imbedded within the core of a

helical dsDNA strand but comparatively exposed within ssSDNA.

Electrostatic interactions of surfaces with DNA have been the primary focus for
enabling high DNA surface concentrations; thus, formation of poblitiekarged

surfaces is often desirable for DNA adsorption experiments. This is commonly
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achieved by the production of amine rich surfaces, which are typically protonated at
physiological pH. Common strategies for the formation of aminated surfaces are
silanisation of glass, the adsorption of cationic molecules such as PEI and plasma
polymerisation of amine containing monomggel, 34, 42] The use of cationic
polymers is particularly useful for TCM applications asnptexes formed between
DNA and unbound cationic polymers can efficiently permeate the cellular membrane

[163].

1.4.4.2. Cell seeding and attachment

Successful seeding and attachment of cells requires an adherent cell line and a
biocompatible surface. Therare many suitable surfaces for cell microarray
formation including glass, silicon and tissue culture polystyrene, all of which are
amenable to a variety of surface modifications. Furthermore, a method has been
developed whereupon n@dherent cell linesare immobilised on a surface,
increasing the scope of cell lines applicable for the TCM mefh6d]. This was
achieved by modifying a glass surface with oleyl poly(ethylene glycodrethich

acts as an anchor for subsequent membrane attachment.

TCMs can benefit from advanced cell patterning techniques if thetieod can
restrict cell attachment to regions where DNA has been deposited previously and
prevent the migration of DNA aransfected cells. Research on cell patterning has
focussed on panawdhui ctiendg pdéabtItaecrkn e d sur f ac
bioactive regions that support protein and cell attachment, anddimsive regions
that resist biomolecule attachment. As caliach to a surface by the production of
surface adhering proteins the manipulation of protein adsorption and cell attachment
are closely related. A technical review of the various approaches to modifying

surfaces for patterned cell growth has been reggntblished[66]. Strategies for
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surface patterning are varied and include microfluic€3P, ultramicroelectronics,
photolithography, sofithography, laser ablation and robotic contact andcamtact

printing (see sectiond.2) [33-35, 52, 53, 74, 788, 80, 86, 88, 95, B. An outline

of the various surface patterning techniques, their advantages and disadvantages and
their application to TCMs is given idable 1.2 Utilising methods including
microfluidics and photolithography, the resoluti@f cell microarrays has been
reduced to singleell microarrays and these microarrays have been used for

biological analysis such as monitoring?Cenobilisation[165, 166]

A common strategy for promoting cell attachment is the functionalisation of a
surface with proteins such as collagen, fibidime vitronectin or the immobilisation
of integrin binding peptides such as RGD, a peptide representing a cell adhesion

mediating sequence within fibronec{88, 5254].

Apart from effects based on the surfaceroistry, the effects of topographical
cues to initiate and control the attachment, proliferation, orientation and migration of
cells and tissue samples on surfaces have been invest{gatedectiori.1.3 [47,

56, 57, 62]
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Table 1.2Description of various surface patterning techniques for spatially
controlled cell attachment.

Cell microarray

Technique Advantages Disadvantages Typical procedures L References
application

Photolithography Submicron Rigorous Deposition of a Formation & patterned [53, 78,
resolution laboratory photoreist or a bioactive or norfouling 80]
pattern procedures. photoactive layer. regions for spatially
formation. Expensive Subsequently irradiate, controlled cell attachment

maintenance typically with UV light, Formation of

costs. through a photomask. topographical cues for
Clean directed cell attachment
environment and outgrowth.
required.

Laser ablation Submicron Rigorous Formation of an Formation of patterned [33-35]
resolution laboratory ablatable layer with bioactive or norfouling
pattern procedures. subsequent laser regions for spatially
formation. Expensive irradiation, either controlled cell attachment
Controlled maintenance  thorough a mask or by Formation of
depth and rate costs. focussed layer. topographical cues for
of ablation. Clean directed cell attachment
Adaptable to  environment and outgrowth.
any ablatable  required.
surface.

Microcontact Lower costs anc Limited number Formation of a Deposition of either [76, 86,

printing relative of molecules photomask for the bioactive or norfouling 88]
experimental  and substratum formation of a patterner molecules for spatially
ease. that can be stamp. Stamp is then directed cell attachment
Micron used. usedto transfer
resolution thiolated SAMs onto
pattern gold or silanes onto
formation. glass.

Microfluidics Relative Poor resolution. Formation ofa PDMS Formatbn of singlecell [52, 74,
experimental  Limited mask from a mold microarrays and arrays of  165]
ease. patterns. contining grooves. various cell lines by
Ability to Sealing of mask onto  controlled delivery of cells
separate surface creates to localised regions.
reaction channels. Solution
solution. containing desired

molecules or cells is
flowed through
channels.

Microelectronics Separates Poor resolution. Use of microelectronics Application of appropriate [77]
various cell Limited to the  chip containing an arra voltages leads to cell
types. dimensions of  of individual electrodes separation on the basis of
Induces surface the is used to apply sp#ic distinct dielectric
migrationof microelectronic voltages to localised  properties between
cells. s chip. regions. different cell types.

Effectively Only applicable
positions and  to limited cell
holds cells lines.

spatially.

Robotic ontact  Quick and No mechanism Spotting of Cell microarrays have [94, 95]

and noncontact  simple pattern for spatial biomolecules onto been formed spotting cell

printing formation. confinement localised addressable patterns by roboticrans.

Micron once patterning regions.
resolution. completed.

Patterned shape

limited to pin

(contact

printing).

Uneven

adsorption of
biomolecules in
each spot.
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Several strategies have demonstrated the ability to reduce protein adsorption,
including the surface immobilisation of carbohydrates. However, by far the most
commonly used and most effective stgy for the formation of nefouling surfaces
available today is the surface grafting of PH&5]. A number of surface
modification methods designed to reduce -spgecific protein adsorption based on

PEG coatings have been discussed previd6sly

1.4.4.3. DNA uptake

The third step in the fabrication of a TCM is the uptake of DNA by cells from the
surface. This step includes three primary processlesseeof DNA from the surface,
diffusion of DNA to the cell surface and transportation of DNA across the cellular
membrane and, typically, into the nucleus. Low transfection efficiencies are likely

due to a failure in one of these processes.

As previouslydiscussed, DNA adsorbs to surfaces by hydrophobic or electrostatic
interactions(see sectiorl.1.?. Therefore, releasing the DNA from the surface is
achieved by reversing these interactions. Switching the hydrophobicityuataaes
can be achieved using hydrogels that respond to temperature changeslatvéreir
critical solution temperature by altering between hydrophobic and hydrophilic states.
This system is readily used for producing switchable cell attacH®én? 3] but has
not been demonstrated for DNA interactions. Hydrophobicity can also be altered by
solvent changes, however, this is unsuitable for cell cultures. The easiest means of
effecting DNA release from a surface ig bhanging the surface charge, typically
achieved by application of a voltage. Temporal control of DNA adsorption and
desorption has been extensively studied by electrochemical techrjitie406,

108].
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Once relesed from the surface, DNA is able to diffuse in solution, soon
contacting the surface of cells that are growing above the DNA loaded patches. From
here, the polyanionic DNA must permeate the cell membrane, wypatally also
has an overall negative chargFrom the methods usually used to facilitate

transfection, only few can be used in a solid phase transfection scenario.

Commonly, transfection reagents such as the commercially available Effectene
and LipofectaminB” reagents, are used to assist tractide in TCMs[8, 35, 101]
The transfection reagent is either mixed with DNA before spotting or afterwards,
added on top of the DNA spots. Alternatively, inclusion of cationic polymers into the
substratum enhancetsansfection due to the increased capacity for the surface
binding of DNA resulting in an increased DNA concentration at the surface of
attached cells and increased membrane permeability of -Edtidnic polymer

complexes, which have a lower surface chahge bare DNA163, 167]

A limited number of transfectiomethod have also been described for TCM
applications as alternatives to the use of cationic polymers. Lentiviruses have been
utilised for the transfectioof a number of primary and transformed mammalian cells
in a cell microarray format for both the overexpression of a particular gene and
RNAI studies[168, 169] Lentiviruses are advantageous over other transfection
techniques in their ability to transfect a wide variety of cell types with a high
efficiency. Another method developed to enhance DNA uptake is the use of
electroporatiorf170]. The advantages of this approach is its ability to initiate both
DNA release from the surface and subsequent uptake into the cells through transient

pores in response to the application of a voltage.

Of particular interest have been studies showing that tiegactions of ECM

proteins enhance transfection efficienfy71-173]. The particular type of ECM
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protein that will enhance transfection efficiency depends on the cell line used. For
example, the use of collagen I'€ a surface coating improved transfection efficiency
up to 8fold in PC12, where fibronectin showed litB#ect [172]. This contrasts with
previous studies done with HEK cellsuman mesenchymal stem celidenrietta

Lack (HeLa cells, normal mouse fibroblasts anduman hepatocellular liver
carcinomawhere high solid state transfection efficiencies were achieved with the
addition of fibronectin[173]. The postulated mechanism for ECM proteins
promoting transfection efficiency is the mechanical stress that these proteins inflict
upon the cellular membrane, easing the uptake of DNAutgh the stressed cell

membrane.

A number of proteins such as transferrin, adenoviral penton protein and human
immunodeficiency virusTat protein have also been shown to improve transfection
efficiency and have been applied to TCM applications succesgfiib]. Of all
proteins used, inclusion of the adenoviral penton protein has achieved the highest

transfection efficiencies. The mechanism for this is unknown.

1.4.4.4. DNA expression
The final step in the formation of a TCM is the expression of the uptaken DNA by

the cell. This process is complex and beyond the scope afhidyiger

Green fluorescing protein () is often used as a reporter protein to ensure that a
particular plasmid has been taken up and is being expressed intracellularly.
Interestingly, a variance in the intensity of fluorescence of cells transfected by a GFP
encoding gene has been noted #rfluorescence intensity seems to correlate with

the number of plasmids or DNA fragments taken up by a cell.

One of the challenges for TCMs is the analysis of potentially thousands of

individual cell colonies each displaying a different phenotype, nofiequiring
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imaging not only of cell clusters, but also of single cells and at the subcellular level.
Fluorescent microarray scanners are useful for the quick production of an image of
the entire array, however, the development of fluorescence scanningsecoipes,

which are able to automatically locate, focus and acquire images of individual cells,
enables highiesolution, subcellular imaging. Considering the vast number of images
potentially generated an automated, higloughput, reproducible strategyprf
subsequent analysis is important. A number of software programs have been
developed for this purpose. One such approach enabled survey analysis of nuclear
area, total cell area and number of cells by software analysis of the red, blue and
green channeldrom fluorescence images taken of cells stained with various
subcellular localised dyes enabled {i€8]. The automated accrual of images of
transfected cells has also been used to generate an automated classification system
whereupon. By reference to a set of assigned images, the subcellular position of

expressed GFRgged proteins was detected and assifibéd.

1.5.Conclusion and future perspectives

The development of mechanisms and devices for the advanced surface
manipulation of biomolecules is an exciting field of research that promises valuable
tools for scientists pursuing sopticated biological studies or developing advanced
biodevices. Surface manipulation of biomolecules currently permits spatial control
over biomolecule placement via patterned surface chemistry or topography and
temporal control over the attachment, adsorptor association and detachment,
desorption or dissociation events via switchable surfaces. Limited research has also
demonstrated control over surface diffusion of biomolecules, which is an exciting

new dimension to the manipulation of biomolecules osudace. A number of
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techniques have been developed to achieve these various abilities, however, the most
interesting and useful systems are those that combine patterns on theom&ven
nanascale and switchable architectures to achieve both temgadagpatial control

over biomolecule surface interactions.

Recent studies have shed some light on understanding the processes involved with
the adsorption and desorption of DNA at the solid/liquid interface. As a stable
polyelectrolyte with inbuilt molealar recognition properties, DNA is an interesting
and unique biomolecule, and owing to its biological importance it is an ideal focus
for the development of biodevices. The manipulation of DNA on a surface requires
control over electrostatic and hydrophibinteractions, the driving force for DNA
adsorption. Typically, low pH and high salt concentrations enhance DNA adsorption.
These principles have been utilised recently to improve DNA based biodevices for

exampleTCMs.,

The manipulation of cells at suckas has been an area of significant recent
research interest. Chemical, biological and topographical cues have been all shown to
be effective in controlling cell surface interactions. Generally, the control of cell
attachment is achieved via the manipwlatof the proteins that the cells themselves
produce to mediate their attachment to surfaces. Protein adsorption, driven largely by
hydrophobic forces, has also attracted much interest, and the ability to pattern
surfaces with proteins enables cell patiggnKey discoveries have led to patterned
cultures of cells with micron resolution using a wide variety of cell types and
substrate materials. The development of switchable systems for cell attachment has
enabled formation of patterned-caltures of ce§ and opens up exciting possibilities

for applications in tissue engineering and stem cell research.
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A number of biodevice applications will benefit from the further development of
biomolecules manipulation and an advanced understanding of the underlying
phenomena. In particular, the recently developed transfected cell microzethgd
will be optimised and its scope expanded to a wide range of cell lines and primary
cells. Already key steps have been taken to confine cell colonies to localised regions,
to improve transfection efficiency, to adapt @g@proactto cells that are notoriously
difficult to transfect or even neadherent. One can easily envisage systems being
developed where cells and DNA are delivered with high precision and speed for
formation of high-density cell cecultures that will not only be useful for genomic
and proteomic analysis, but also for stem cell differentiation experimedtsissue
engineering

The development of TCMs is both an exciting and important development for the
high-throughput determination of gene function, which is important for combating
genetic based disorders such as cancer and for the identification of potential drug
pathways. The increased understanding of BEdwiface interactions and the
development of advaed material surfaces with the ability to temporally and
spatially control biomolecule manipulation, formed by the use of-teghlution
patterning techniques, provides the means to develop highly functional and reliable
platforms for advanced genomicaysis. The continued development of RNAi on
TCMs for highthroughput losof-function studies and the developmentuéthod
enabling highly resolved subcellular phenotypic examination will enalolee ir
depth studies, not only into gene function bwgoainto the machinery involved in
gene expression. The means to optimise the DNA microarray formation, cell seeding,
DNA uptake and expression are within grasp and no doubt will result in the

implementation of an advanced genomic analysis tool that istadapgo a wide
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variety of gene functions and cell lines. Furthermore, the development of cDNA and
RNAi genome wide libraries would enable the hithhoughput, rapid and
inexpensive analysis of entire genomes, with each gene either overexpressed or

silencel at defined cell clusters, all upon a single glass slide.

However, a number of key issues must be resolved before TCMs can become the
high-throughput tool that is desired. Methods to manage low transfection efficiencies
and effective colony separation kseto be developed. Recent developments
discussed in thischapter point to a solution of these problems. The greatest
foreseeable challenge is the ability to process tens of thousands of colonies, all
potentially with a varied phenotype. A number of auttedafluorescence systems
are being developed, and further progress in this area is essential for the successful
implementation of TCMs. The use of fluorescence tags and GFP as a reporter gene
are pivotal to this analysis and have been used successfully famber of gene
function studies. However, the further development of other screening methods that
infer gene function would broaden the scope of TCM applications to study

phenotypes where fluorescence tagging or staining is not viable
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CHAPTER 2. SPATIALLY CONTROLLED ELECTRO -
STIMULATED DNA ADSOR PTION AND DESORPTION FOR

BIODEVICE APPLICATIONS

The content of this chapter is based upon refereid3ded 74, 175]

2.1.Introduction

The development of biodevices, whichirtle s syst ems for &6s ma
tissue engineering, biosensing, biomimetics, implant biocompatibility and microarray
technology [3-8] promises to provide solutions to a vast array of biomedical
problems by eabling the manipulation and study of biomolecules and living cells in
a controlled, highthroughput and/or application specific fashion. The development
of DNA and protein microarray technology has been particularly successful in
revolutionising the way sentists have been able to study gene expression by
providing a highthroughput method of analysis where entire genomes can be studied
on a single arrayl01, 176] In recent years, the scope of microarray technesg
has been broadened by the developmenttodrasfected cell microarra§f CM) [8]
consisting ofcomplementary DNA dDNASs) arrays spotted onto a glass slide at
addressable locations. Human embryonic kidfi¢yK) cells seeded onto this DNA
array were obserdeto take up DNA creating regions of localised transfection within
a lawn of nortransfected cell$8]. Despite the successful application of TCMs a
number of inherent limitations remain unsolved. A successful mechanism for the
prevention of crossontaminatn of cells and DNA between adjacent colonies or
DNA spots has not been achieved, which limits the effective density of these arrays.

TCMs also suffer from low transfection efficiencies limiting their use to cell lines
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that are easy to transfect. Furthermoas potentially thousands of cell colonies can
be produceall with a slightly different phenotype, processing of these cell arrays is
time consuming, particularly when differences are subcellular and subtle, making it
difficult to differentiate betwee transfected cells and the lawn of rAoansfected
cellsRecently a platform for a transfection chip using plasma polymerisdiased
modification of substrate material&as developeB5]. Plasma polymerisation refers

to the formation of highly crosslinked polymerised material ¥y af a monomer in

the plasma stafd8] and can be used to effectively modify surfaces with a thin, well
adherent polymer layer that, by the choice of the monomer, contains the desired
functional groups without altering t h
polymerisation has been achieved with monomers containing alcohol, amine and
carbonylfunctionagroups to produce plasma polymers with equivalent functionality
[177-179] This is also a solvent free process, which prevents the presence of
potentially toxic residual solvent molecules, increasing the biocompatibilithis
material. Allylamine has previously been us@s a monomer to produce an amine

rich allylamine plasma polymer (ALAPP) and have used this surface for the
subsequent highensity grafting opoly(ethylene glycolYPEQG [35]. Excimer laser
ablation was then used to produce raegi@f ALAPP, which sustains cell growth,

and PEG which has been shown to resist cell attachnj@ff. Yet, the amine
functionaties of ALAPP, in their protonated state, are of additional use as they
undergo electrostatic interactions with the negatively charged phosphate backbone of
DNA [36, 180] ALAPP coated surfaceshould therefore lend themselves to the
surfaceretention of DNA. The investigation of spatially controlled DNA adsorption

on this substrate would aid in the development of a highly useful substrate surface
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with application for bidevices in general andransfected cell microarrayin

particular.

The effectiveness airansfected cell microarrayis hampered somewhat by the
low transfection efficienciespreviously documented when DNA undeego
endocytosis if adsorbed to a surfa@5, 159] henceforth ter met
transfectionbo. The reasons for di mi ni s
comparison to transfection with vectors dispersed in an aqueous phase are not well
understood. It is plausible thdte O6st i ckinessd of DNA on
slows down cellular internalisation. Transfection efficiency could be enhanced by
initiating the controlled release of DNA from a suitable substrate surface once a cell
lawn has formed. The use of a voltdgas as the stimulus for controlled adsorption

and desorption of DNA has been extensively studied on metal elecfi®$e406]

In the presentchapter the production and characterisation of a chemically
patterned surface that allows spatially controlled cell attachment and DNA
adsorption was performed. The method is depictdegare 2.1 Here, highly doped
p™" (low resistivity) silicon wafershave been useds a substrate material. After
cleaning of the silicon wafer and ALAPP deposition, an aldehyde terminated PEG
polymer was grafted onto the ALAPP layer using reductive amingti®i].
Subsequent use of masked excimer laser ablation producedshmeddpatterned
surface.This platformhas also been investigatéat TCM applications. Once the
chemically patternedsurface was formed, DNA was spotted onto the ALAPP
regions, where protonated amine groups assisted in the adsorption of DNA,
preventing ésorption of the DNA into solution. Cells were then seeded onto this
surface and only attached on the ALAPP regions. Finally, the cells were analysed for

evidence of successful transfection.

2-65



Chapter 2i Spatially controlled electrstimulated DNA adsorption and desorption fordewice
applications

Figure 2.1Schematic of the formation of a TCM. Silicon was modifiediesatially
by plasma polymerisation and PEG grafting. Laser ablation was used to
form ALAPP wells, a robotic arrayer was then used to spot DNA into these
wells. Cells seeded onto this surface grew exclusively within the wells, on top
of the DNA spots. Apiphtion of a negative voltage triggered the release of
DNA from the surface, making it available for uptake by nearby, adhered
cells. Transfected cells are depicted as green. Schematic not drawn to scale.
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