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Abstract

Surface chemical modifications are presented for supporting primary neurons in
culture. The initial substrates for culture were glass and gold. The surface
modifications were based on self assembled monolayer (SAM) approaches. Glass
surfaces  were initially modified by silanisation  with  either  3-
aminopropyltrimethoxysilane (APTMS) or 3-aminopropyldimethylethoxysilane
(APDES), to present amino-terminated surfaces. Gold surfaces were initially
modified by thiol SAMs of either 11-amino-1-undecanethiol (AUT) or a peptide
fragment of laminin (PA22-2), to present an amino- or peptide-terminated surface

respectively.

The amine-terminated surfaces of both glass and gold were subject to further
modification. A heterobifunctional linker, containing a polyethylene glycol (PEG)

spacer, was used to couple the peptide PA22-2 to the amino-terminated surfaces.

Surface modifications were characterised using WCA, XPS and ToF-SIMS. The
heterobifunctional linker bound homogeneously across the AUT SAM surface,
however the linker was not distributed evenly on either of the amino silanisations of

glass.

Primary neurons from dissociated embryonic rat hippocampi were cultured on the
modified glass and gold surfaces. The cell viability was measured during a 3 week
long culture using calcein and ethidium homodimer fluorescence. Neuronal cell
cultures were viable on all the gold surface modifications. The only viable glass
surface was a control surface of adsorbed poly-1-lysine (PLL) on glass. Cell viability
on the AUT and the Peptide-PEG-AUT modified gold surfaces was equivalent to the
PLL coated glass.

A quartz crystal microbalance was used to measure the adsorption of components
from the cell culture media to the modified surfaces. The culture media was serum
free, and requires a supplement for optimum culture viability. Most adsorption was
observed on the AUT and peptide SAMs from the supplement, which contains
proteins such as bovine albumin. The inclusion of the PEG linker between the AUT

and peptide resulted in a lower mass adsorption from the media.



Both the AUT and peptide SAMs on gold supported the neuronal culture despite
relatively high protein adsorption. Protein adsorption could be due to electrostatic
interactions between the protein and the surface. The adsorbed protein layer is the
interface upon which the neurons adhere. When attached via the PEG linker, the
peptide surface had better viability, and fewer clustered neurons after 3 weeks
compared to the peptide SAM without PEG. This result indicates that reducing
protein adsorption upon the surface may result in more evenly distributed neurons on

peptide surfaces over longer culture periods.

The presented gold surface modifications provide suitable substrates for neural
cultures which can be used in existing applications for investigating neural activity,
such as; multi-electrode arrays, micro-fluidics devices, and surface plasmon

resonance.
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I Introduction

I-1 General Introduction

The complex form and function presented by the brain makes it an interesting system
to study, and the improved treatment for neurological disorders gained from
knowledge of how the nervous system works make it an essential system to study.
The adult human brain consists of billions of neurons. Neurons form networks of
axons and dendrites which transmit electrical impulses to other cells and regions of
the brain and body. There are several different types of neurons, and through the
release of neurotransmitter molecules neurons have excitatory or inhibitory
responses on signalling''!. The brain is therefore a complex system, as such, studying
smaller regions in isolation can be beneficial to understanding how the brain
functions and processes information. To this end, cell culture techniques are being
developed to grow functional networks of neurons in more accessible and defined
environments. These methods typically require altering material properties to
promote biocompatibility. Typically a suitable biological interface is required to
promote the attachment and growth of particular cells. Understanding surface
chemistry, and the modification of such surfaces is essential to developing successful
interfaces for culturing neurons. These methods can then be applied to many tools
and devices aimed at investigating the function of neurons, for example, electrodes

and implantable devices.
I-2 Scientific background

I-2.1 Surface modification

The surface is defined as the interface between the bulk of the sample and its
environment. Frequently, the surface chemistry is modified to achieve certain
properties. Common goals include changing the surface wettability,
biocompatibility, conductance, or corrosion resistance. These are desired for the final
application, or for the next step in the fabrication process. Although this list is not

exhaustive, its diversity is profound. As a consequence, surface modification is



widely found through scientific and commercial areas. The applications include
micro-fabrication, filtration, small molecule detection and biological interfaces. Of
these, biological interfaces include the cell-surface interaction, an area of interest in

this study.

In this context, surface modification implies the attachment of a molecule to the
surface. The molecule could adsorb onto the surface through non-covalent
interactions such as ionic bonding or van der Waals forces. Also, the molecule may
become physically bound to the surface through a covalent or metallic bond.
Common methods for modifying surface chemistry involve wet chemistry and solid
state synthesis. Wet chemistry involves solution based reactions, an example is self-

[2]

assembly'™ which is discussed below. Solid state synthesis includes vacuum

evaporation and chemical vapour deposition[3 I which can form monolayer films of

silanes'.

Self assembly implies a spontaneous interaction between smaller units to form a
larger product. To assemble, one or more units must be mobile. As a result, self
assembly is commonly carried out in solution. The coordination of self assembly
with a surface can result in a structurally orientated layer. The following sections
introduce self assembled monolayers (SAMs) of organosilanes and thiols. A
common goal of these processes is to modify the surface to present a specific

chemical functionality at the surface.

I-2.1.1 Organosilane self assembled monolayers

Two types of silane used to form SAMs are chlorosilanes and alkoxysilanes®'. These
silanes polymerise to polysiloxanes. This is a two stage process consisting of an
initial hydrolysis, followed by condensation as shown in figure I.1. Water is required
to hydrolyse the silane to the reactive silanol. Self-condensation occurs between
silanol molecules via the hydroxyl (OH) groups, forming the polymer. The chloro-
or alkoxy-groups are convenient; preventing polymerisation during storage, and the
addition of water starts the polymerisation. The amount of water added determines

the extent of polymerisation[(’].
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Figure I.1: Hydrolysis of an alkyl- (A) and chloro- (B) silane.

Condensation between two silanols (C). Adapted from'®".

The chemical treatment of a substrate/surface with a silane is termed silanisation.
The surface must present hydroxyl groups in order for a silane to bond. Oxide
surfaces will present hydroxyl groups through the chemisorption of water, which

[7]

directs further physisorption of water . Silicon oxides and metal oxides are

commonly used substrates for silanisation”'. Glass is also used, consisting of silicon
dioxide, as well as additives such as oxides of sodium, aluminium and boron®!.
Ideally, the surface should be free of contamination, such as adventitious
hydrocarbon species which adsorb from the atmosphere. Surface contamination may
block silanisation and result in poor surface immobilisation.  Removing
contamination is commonly achieved by oxygen plasma etching or piranha etching.
Oxygen plasma etching proceeds under vacuum by electron impact dissociation of
oxygen to form radicals'”’. The oxygen radicals react with adsorbed organic material
forming water and carbon dioxide. Oxygen radicals can also react with the substrate

surface forming oxides. Piranha etching occurs in a solution of hydrogen peroxide

and sulphuric acid, through the production of peroxomonosulfuric acid"®. This



highly oxidising species will convert organic material to carbon dioxide and water.
Surfaces subject to piranha etching may be oxidised and the acid can protonate the

oxide forming hydroxyl groups on the surface.

Silane SAM formation is generally assumed to follow the scheme in figure 1.2A.
Physisorbed water directs hydrolysis to occur at the surface. The silanol then
condenses with the surface and other silanol molecules, forming a covalently bound
surface monolayer figure .2B. Often, a heating step is used to remove water, thus

driving the siloxane formation to completion.

In practise, the formation of well defined SAMs is difficult. Defects in packing
density and polymerisation can result in untreated surface regions or multilayered
structures. One possible defect is presented in figure 1.2C. Inconsistent amounts of
water may cause defects, inherent by the inability to restrict polymerisation to the
surface only. Also, the use of functionally terminated silanes can interfere with the
silanisation process. For example, terminal amino groups will hydrogen bond with
surface hydroxyls!''!. The amino group can donate a proton to catalyse the direct

condensation of the silane with the surfacem], forming an amino terminated surface.
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1-2.1.2 Thiol self assembled monolayers

Gold presents a surface which has no stable oxide under atmospheric conditions, and
resists corrosion from most chemicals. Despite this noble nature, disulfides and
thiols have been shown to bond with the gold surface!”. Certain types of these
molecules form orientated self assembled monolayers (SAMs). It is widely accepted
that the thiol-gold SAMs are structurally more ordered than those formed by

silanisation on oxide surfaces[s], as discussed below.

The first SAMs on gold were prepared from organic disulfide molecules with 1
minute immersion times'"?. Further work demonstrated that longer immersion times
(several hours) of long chain alkanethiols with gold formed well ordered SAMs!*.
An alkanethiol consists of an alkyl chain with a terminal thiol group. The opposite
terminus may have a different chemistry such as an acid (COOH) or amino (NH;)
group. The thiol adsorbs to the gold from solution forming a thiolate bond. Adjacent
alkane chains orientate with each other via inter-molecular van der Waals forces. As

a consequence, the molecules extend perpendicularly to the gold, displaying the

terminal group as the new surface. This process is displayed in figure 1.3.

CHj

C

v

Figure 1.3: Alkane thiol adsorption on gold.
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It is hypothesised that formation of the gold-thiolate bond occurs through
oxidative addition of the thiol bond to the gold surface. Indirect evidence for this
mechanism has come from vapour phase depositions of SAMs in the absence of
oxygen. Also, nitro (NO;) groups have undergone reduction to amino (NH,) groups
during SAM formation. These observations support the theoretical release of
[15]

hydrogen by reductive elimination

is ~ 167 kJ mol™ and is sp3 hybridised[m’m.

, as presented in reaction I.1. The bond strength

RSH + Aud = RS Aut-Aul + 1/, H, RI.1

Alkyl chains greater than 10 carbon atoms in length present more ordered
monolayers in comparison to shorter chains. This is due to the increased van der
Waals force between the longer chains. Long-chain alkanethiols form densely
packed monolayers which are stable under ambient conditions. There are two phases
to the adsorption kinetics!'*. The first phase is the chemisorption of the thiol to gold.
This phase takes several minutes. During this time, the monolayer thickness
increases to 80-90% (of the final thickness), and the amount of surface bound carbon
saturates. The second phase is the reconfiguration of the alkyl chains into a densely
packed, orientated layer. To achieve this highly orientated monolayer takes several

hours.

Common substrates are thin gold films prepared by thermal evaporation or
sputtering. The resulting gold surface can influence the orientation of the thiols. Gold
can be formed as polycrystalline or single crystal surfaces. The unit cell (crystal)
structure is face centred cubic with Miller indices of (111) or (100). Gold (111)
presents the lowest surface energy, and is therefore the more thermodynamically
favourable. This means that gold (111) is the main orientation at the surface!'®.
Although not fully elucidated the thiol molecules are assumed to orientate in a
hexagonal (\/ 3 x4 3R30°) lattice, with a distance of 0.497 nm between sulfur atoms,
figure I[.3. A molecular simulation indicates at least 20 molecules of 1-
octadecanethiol are required to form an ordered monolayer, with extended alkyl

chains!'”'.



Figure 1.3: Hexagonal orientation of alkane thiol bound to gold(111).
Open circles are gold atoms, black circles are sulfur atoms'.

Although the SAM will completely cover the gold surface, some defects have
been observed. Molecular vacancies (pinhole defects) occur where one or several
thiolates are ‘missing’ from the surface. Domain boundaries are formed where two
differently orientated thiol assemblies meet on the surface. In the case of long chain
alkanethiols, the alkyl chains are supported by van der Waals forces at a ~ 30° tilt
from the surface normal. During the SAM formation not all regions will ‘tilt’ the

same way, forming a boundary where they meet.

Alkanethiol SAMs have been shown to insulate the gold surface from ionic
conduction, forming a dielectric film between the gold surface and solution (20211 " Ag
a result, the electric potential produced by ions moving in solution will be
diminished or absent at the gold surface. This is important to consider when
developing a device to detect the movement of ions in solution, such as when
neurons fire action potentials as described in section 1-2.4. Detecting neural activity
typically requires electrodes with low impedance to improve the signal to noise

ratio*>**!

. The presence of a SAM may then reduce the sensitivity of a gold
electrode to recording extracellular action potentials. However, an electrode
modified with an amino-terminated SAM has been used to record the impedance of a

cell layer, indicating that some electrical current can cross the SAM**. SPR with



gold sensors has been shown to detect action potentials'™

, although alkanethiolate
SAMs were not used. SPR is sensitive to changes of refractive index at the surface,
which can detect binding events in the picogram range, and binding events onto
alkanethiol SAMs™®. With respect to the development of a sensor for detecting
neural activity, the use of a SAM to guide neuronal cell adhesion may benefit a SPR

based method over electrodes.

Depending on the final application, the preference for forming monolayer over
multilayer surfaces could be inconsequential. However, a monolayer may provide a
specific electrical conduction, surface energy, or rigidity: Important for electronic
devices and surface force studies respectively. Monolayers also make theoretical

considerations easier, such as determination of surface chemical concentration.

1-2.2 Cell adhesion

Knowledge of how cells form adhesions in vivo is essential for understanding how
cells respond on artificial bio-interfaces. This section covers general mammalian
cell-cell and cell-extracellular matrix adhesion. The adhesions are mediated by
specific proteins. These proteins are molecules possessing highly conserved
structures which are secreted from cells, or displayed across the cell membrane as

receptors. The main cell adhesion receptors are integrins, cadherins, and syndecans.

I-2.2.1 Extracellular matrix

The extracellular matrix (ECM) defines the non-cellular exterior support within
which a cell resides in vivo. Produced by cells, the ECM functions to provide
mechanical support and guide cell adhesion. Recent studies indicate the ECM can

27 Growth factors are

display or release previously sequestered growth factors
involved in directing cell growth, differentiation and function. Thus, the ECM is a
dynamic structure important for healthy cell growth. Structurally the ECM consists
of proteoglycans, collagens and elastins. Proteins secreted into the ECM that are
found to influence cell adhesion include fibronectin and laminin. Adhesion between
these ECM proteins and cells occurs through integrin receptors on the cell surface.
As will be discussed below (section I-3.5), components of the ECM are commonly

used in artificial bio-interfaces to promote cell adhesion.



I-2.2.2 Integrin receptors

Integrin binding provides a strong and specific cell attachment to external surfaces.
Integrins are transmembrane receptors, meaning they span across the membrane
presenting internal and external domains. The receptors are heterodimeric proteins,

281 with

consisting of an alpha and beta subunit. There are 24 integrin receptors
different affinities for the various ECM proteins/ligands'*”". Ligand binding promotes
the receptors to migrate and cluster togetherm]. Clustering leads to the localisation of
intracellular signalling molecules, resulting in a cell response. Actin reorganisation
for cell spreading/contraction, proliferation, and differentiation are possible results of
integrin binding. Insufficient integrin binding can cause cell death, termed

anoikis”®'”?. Therefore, integrin binding is important for maintaining functional and

healthy cells, beyond simply anchoring the cell.

Integrin binding has been spatially controlled using nano-patterned surfaces'>!. A
spacing of <58 nm between integrin binding sites was found to be necessary for the
cell adhesion and spreading of osteoblasts and fibroblasts. This occurred despite
these surfaces constricting the integrin clustering to a hexagonal pattern, which may
not occur in vivo. None the less, results suggest the distribution of surface ligands is

an important consideration for cell adhesion on artificial bio-interfaces.

1-2.2.3 Syndecans

Syndecans are proteoglycans, consisting of a transmembrane protein with covalently
bound  carbohydrate  polymers®.  These polymers are un-branched
glycosaminoglycan chains, upon which ligand binding is associated. As with
integrins, syndecans can move within the cell membrane. A large number of ligands
can associate with syndecans. In terms of extracellular matrix adhesions, the ligands
include collagen, fibronectin and laminin. Cell-cell adhesions occur through L-
selectin and N-CAM (neural cell adhesion molecule) among others. A synergistic
role for syndecans involves sequestering soluble growth factors for neighbouring
receptors. Also, co-operation with integrins are proposed to initiate intracellular

signalling mechanisms'*®.,

1-2.2.4 Cadherins
Cadherins are involved in cell-cell adhesions. They require extracellular calcium

ions to function, resulting in cell clusters. Members of the cadherin protein receptors

10



include E-cadherin (endothelial tissue), N-cadherin (neurons) and P-cadherin

(placental tissue).

1-2.2.5 Adhesion in vitro
Several types of cell adhesions have been characterised in vitro for fibroblasts; focal

complexes, focal adhesions, and fibrillar adhesions!*®

. Focal complexes are
temporary adhesions at the leading edge of the cell. Focal adhesions, which originate
from the initial focal complexes, provide a larger anchor and stronger adhesion.
Fibrillar adhesions form under the central bulk of the cell. Both focal and fibrillar

adhesions involve integrin binding.

I-2.3 Surface properties influencing cell adhesion
Cell adhesion to a surface will occur if the cell can attach to a surface. Therefore, the
surface must have suitable properties to allow cell adhesion. This section discusses

the surface properties known to influence cell adhesion.

Surface wettability has been shown to influence cell adhesion. It is generally
observed that cell adhesion is more prominent on hydrophilic surfaces in comparison
to hydrophobic surfaces. Gradients of wettability have been shown to influence cell
adhesion. Plasma polymer gradients of allylamine and hexane display a gradient of
wettability[SSJ: Fibroblasts preferentially adhered to the region with a 60° water
contact angle, and to a lesser extent as the gradient became hydrophobic. A further
study with plasma polymerised hexane revealed that primary neurons preferentially
adhered to hydrophilic rather than hydrophobic regions™>®. This trend has also been
observed on surfaces pre-adsorbed with cell adhesive proteins. In comparison to
hydrophobic glass, hydrophilic glass resulted in increased endothelial cell adhesion
when pre-adsorbed with fibronectin®”!. Similar results were observed on hydrophilic
and hydrophobic acrylate polymers[3 81 The trend may be attributed to different
conformations of the adsorbed proteins as a result of surface wettability™”’. Specific
regions of the proteins responsible for cell adhesion may become denatured on
hydrophobic surfaces, resulting in reduced cell adhesion***"!. However, modifying
surface wettability requires altering other properties which may influence cell

adhesion: Such as the chemistry, roughness/topography, charge, or applied electric

11



field. This can make it difficult to infer cell adhesion results solely to wettability or
any particular surface property, rather, all properties should be considered to provide

more complete understanding.

Surface roughness has been shown to influence cell adhesion of fibroblasts**:

Cell adhesion was preferred on hydrophilic surfaces with low roughness. Controlling
surface topography provides a means to guide cellular adhesion and growth.
Topography has been shown to influence the alignment of neurons in culture as
reviewed*. Axons of hippocampal neurons orientated along 1 um wide tracks,
and to a lesser extent 2 um wide tracks in PDMS™!. Groove widths of 5-10 um in
poly(methylmethacrylate) (PMMA) were also shown to guide axon outgrowth of

primary neurons after a preconditioned culture with radial glia"*®".

I-2.4 Neurons

Neurons are specialised cells which conduct electrical impulses to other neurons or
target cells. Networks of neurons form a nervous system in vivo, allowing impulses
to travel large distances in short times. These networks provide the interface through
which an organism interacts with its environment. Responding to rapid changes
internally and externally is beneficial for an organism’s survival. Although the major
cellular components of the brain are glia, the neurons are considered the functional
units which co-ordinate the nervous system; including motor control, processing

sensory information and the formation and recollection memories.

Understanding how the nervous system develops and functions allows the
progression and discovery of treatments for trauma and disease. More
fundamentally, the ability to study information processing and computation within
neural networks may further knowledge on the biological basis for memory and

47481 Measuring the electrical activity of cells, termed

consciousness
electrophysiology, provides a way to probe the signalling of neurons. Several
techniques can be used to study electrophysiology; microelectrode recordings, multi-
electrode arrays (MEAs), and fluorescence imaging of voltage sensitive dyes'*.
Microelectrodes can be used in several configurations to measure extracellular or

intracellular potentials, or patch clamp techniques[so’sn. Scanning ion conductance
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microscopy has also been used for patch clamping ion channels of cardiac cells".

More recently, surface plasmon resonance (SPR) has been used to detect action
potentials from explanted sciatic nerve fibres'*, a primary culture of neurons grown

[53]

on plasmonic nano-sized gold pads" ™, and from in vivo cortical tissue via a gold

coated optical fibre>*.

The generalised structure of a neuron is shown in figure 1.4. Neurons receive
incoming signals from other neurons which form synapses with the dendrites and the
cell body. The impulse travels down the axon to the terminal branches, these

branches can synapse with other cells.

\ — Nucleus

|
 Axon hillock
\ Signal Direction >

" - s

oA

N \
Cell body ;
Axon ‘Myelin sheath

- Dendrites
o Terminal branches

Figure 1.4: Generalised structure of a neuron, adapted from'". The dendrites and cell
body receive incoming signals which can cause the neuron to fire an impulse. The
impulse travels along the axon and spreads through the terminal branches.

I-2.4.1 Nerve impulse

Neurons conduct electrical impulses by changing the permeability of their membrane
to certain ions. This is achieved by regulating voltage-gated ion channels in the
plasma membrane, which open or close depending on the membrane potential. A non
stimulated neuron is more negatively charged inside than outside, creating a potential
across the membrane; the resting potential. The resting potential is maintained
actively by sodium/potassium pumps, which requires adenosine triphosphate to
pump sodium ions out, and potassium ions in. The pioneering work in this field was

carried out on the squid giant axon"".
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Stimulation causes voltage-gated ion channels to open, allowing ions to cross the
membrane changing the potential. If a certain threshold potential is achieved by
influx of sodium ions, an action potential will occur, initiated near the axon hillock,
figure 1.4. The action potential is the nerve impulse, the ‘all or nothing’ event when
the membrane potential is briefly depolarised. Neighbouring voltage-gated ion
channels open in response to the potential change, propagating the impulse along the
neuron. Following the action potential is a refractory period (short time interval)
where the membrane potential is hyperpolarised, preventing backward propagation
of the impulse. An absolute refractory period exists during which time further
stimulus will not cause an action potential. This results from inactivation of sodium

ion channels for a short time following depolarisation.

Many neurons have myelinated axons figure 1.4, consecutive regions of non
conductive myelin produced by glial cells. The myelin sheath makes the signal
conduction down the axon faster and more efficient than without. This is achieved by
spatially restricting a high concentration of the voltage-gated sodium ion channels to
the spaces between the myelin sheath, called nodes of Ranvier. As a result, the
depolarisation at the previous node causes an electrotonic potential inside the axon
which is able to spread to the next node and induce an action potential. This process

is termed saltatory conduction.

I-2.4.2 Synapses

Synapses are the junctions between neurons and their target. Many cells can form
synapses with a particular neuron and modify its activity (ability to fire action
potentials), and one neuron can form synapses with different cells. These networks
of processes are difficult to trace in vivo, but do follow an underlying structure®.
The main types of synapse are electrical and chemical. Electrical synapses
communicate the impulse directly, whereas chemical synapses can modulate the

signal strength and its effect.

Electrical synapses occur where two cells are connected via channels called gap
junctions. These channels allow the direct flow of ions between cells by diffusion, as

a result nerve impulses travel rapidly between cells.

Chemical synapses are more common than electrical synapses in vertebrates.

Chemical neurotransmitters mediate the signal between the cells. The
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neurotransmitters are released when an action potential arrives at the synaptic
terminal. Following diffusion across the synaptic cleft the neurotransmitters bind to
specific receptors on the postsynaptic cell. The receptors are often ion channels,
where ligand binding causes ions to flow into the cell and alter the membrane
potential. Depending on the receptor activated, an inhibitory (hyperpolarised) or
excitatory (depolarised) response can be achieved. Numerous types of
neurotransmitters and receptors can be involved, implicating a complex level of
control over the nerve impulse not possible with the electrical synapse alone. These
factors may have implications in neuronal computation, how the networks process

information"”".

1-2.4.3 Glia

Neurons are supported in their function by other cells, collectively termed glia. Glial
cells provide neurons with structural support, cell guidance cues and trophic
(survival) factors”®®. Although glial cells have not been shown to produce action
potentials (defining them from neurons), some are excitable through changes of
intracellular calcium concentrations. Astrocytes are the major glial cell type, they
can form synapses between themselves and neurons, and can release and bind
neurotransmitters to modify neural activity. The tripartite synapse refers to the bi-

[59], however there is evidence

directional signalling between astrocytes and glia
supporting the absence of this synapse in adult tissue!®!. Oligodendroctyes, another
glial cell, form the myelin sheath around axons, resulting in faster signal

transduction'®!’.

I-2.4.4Neural cell culture
The culture of primary neurons in vitro results in the spontaneous formation of
networks of physiologically active neurons. These networks provide models for

studying neuronal signalling using electrophysiological and pharmacological tools.

Healthy cell cultures depend on several factors. A suitable media supplies the
cells with essential nutrients and growth factors. In the case of a primary culture, the
cells are obtained from a dissection, requiring careful isolation of live cells. Neurons
are adherent cells, requiring a surface to grow upon. The surface provides an
essential support for the neuron’s axons and dendrites to grow along, which is

required for the spontaneous formation of networks. For initial cell adhesion, it is a
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requirement that the surface presents adhesion sites/molecules, without which the
cells would not adhere. If no adherent substrate surface is present, the neurons can
preferentially adhere to themselves, forming clusters called neurospheres'®”.
Likewise, if an adherent surface does not adequately provide adhesion sites, the

neurons can cluster together'®®*.

The dissection provides a mixture of glial and neuronal cells for the culture.
Cultures consisting of mostly neuron cells have been achieved'®. Glial cells can be
suppressed by adding antimitotic agents to the culture, which kill proliferating cells
(glia) allowing the non-proliferating cells, neurons, to remain the major constituents
of the culture!®®. However, the lack of supporting glial cells may make the culture

model less representative of the in vivo environment.

A commonly used commercially available media is Neurobasal media, which is
further supplemented with N2 or B27 serum free supplements®”’?. The N2
supplement was developed for culturing a neuroblastoma cell line'!, and B27 was
optimised for culturing primary hippocampal neurons'®’. Variations in the quality of
cultures using serum containing media, such as with foetal bovine serum due to
batch variability, has led to increased use of serum free media. Serum free media can
contain proteins, defining it from protein free media and chemically defined media,
but no serum supplement is required for cell viabilitym]. Serum free media may also

reduce glial proliferation'®®®"".

The cell density can also influence the morphology of the culture and activity of
neurons. Cell density is controlled by adjusting the number of cells per unit volume
plated onto the surface. Cultures with at least 250 cells/mm? for serum free media
was required for neurons to display characteristic electrical activity[75]. At high

densities, >10,000 cells/mmz, large islands of clustered cells form after 2 daysm].

I-2.5 Surfaces supporting neuronal cell culture

This section highlights surface treatments which have been used for the adherence of
neural cells in vitro; neuronal cell cultures. Initial substrates are those commonly
used in cell cultures such as glass slides, coverslips, petri dishes and tissue culture
plastic. These substrates provide rigid support, are transparent for optical imaging,

cheap (per unit) and can be purchased pre-sterilised for immediate use.
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One of the most widely used surface treatments for neural cultures are coatings of
poly(L-lysine) (PLL)[66]. The D enantiomer (optical isomer of L); PDL, is also used
for culture. Generally, amino acid polymers of D enantiomers are more resistant to
proteolytic degradation, as shown against trypsin cleavage[77’78]. As a result, PDL
surfaces may last longer than PLL, providing better adhesion in the long term.
Poly(lysine) surfaces are often used as a positive control when exploring other
treatments. Dissociated cultures of embryonic rat cerebral cells have been shown to
adhere to PLL and PDL coated petri dishes!™: The cells formed networks and

survived for over 14 days.

Surface treatment involves the adsorption of the poly(lysine) onto the substrate
from solution. Followed by rinsing with a buffer solution or sterile water’®”, the
sample may be dried before use. Covalent attachment of PDL to indium tin oxide has

also supported the culture of dissociated neurons™"’

. This was achieved by
silanisation of the oxide surface to display amine groups, and then using

glutaraldehyde to cross-link PDL amine groups with the surface bound amines.

Evidence suggests poly(lysine) promotes adhesion through -electrostatic
interactions between the positively charged lysine and negatively charged species on

the cell®?,

I-2.5.1 Proteins

Neurons express cell adhesion receptors described in section I-3.2. These receptors
are responsible for tethering the neurons to the extracellular matrix and guiding their
growth. Laminin is a protein responsible for neuron adhesion in vivo. The protein is a
heterotrimer of a, B, and y subunits which form a cross shape. A key domain implicit

of the laminin protein family is the alpha helical coiled coil domain.

Laminin displays numerous binding sites for collagen, sulphated lipids, and
integrins of various cell types'®. The 31, a6f1, a7l and a6p4 integrins have
been shown to bind laminin'®”. Several regions of laminin have been implicated in

the adhesion and growth of neural cells"™%*.

Laminin mediates cell adhesion in a variety of tissues'®. In particular, laminin
was shown to promote neurite outgrowth, adhesion, and survival of neurons to

greater extents than collagen and fibronectin (also ECM components)[86]. Fibronectin
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is also a commonly used adhesion promoter, which has been shown to support
dissociated mouse cortical neurons™®”. Adhesion occurs through binding specific
integrin receptors for regions of the proteins, unlike the less specific adhesion on
poly(lysine). As with poly(lysine), laminin coatings can be made by adsorption from

solution!®*88!,

The conformation of these proteins is critical to their cell adhesive properties
through cell receptor binding. Because the conditions for culture are biological
conditions optimised for cell survival, proteins will take natural conformations.
However, upon binding to a surface the protein conformation may change[39],
denaturing the cell adhesive property of the protein. The initial wettability of the
surface to which the protein adsorbs has been shown to be significant. The response
of fibroblasts to surfaces of adsorbed albumin and fibronectin on hydrophilic and
hydrophobic plasma polymers has been explored®!. Fibroblasts attached to a greater

extent when fibronectin was adsorbed to hydrophobic plasma polymerised hexane,

than hydrophilic allylamine.

A combination of poly(lysine) and laminin has also been used for neuronal cell

culture®.

1-2.5.2 Peptides

Evidence suggests that cells interact with specific peptide sequences of the cell
adhesion proteins via integrin receptors[91]. The peptides can be made by enzymatic
cleavage of the protein and subsequent protein fragments, or by chemical synthesis
such as solid-phase peptide synthesis. When attached to a surface (covalently or
otherwise) these peptides can be used to promote cell adhesion. Perhaps the most
prolific of these is the arginine-glycine-aspartic acid (RGD) peptide sequence[92],
originally found in fibronectin®. The RGD sequence also occurs in several other
ECM proteins, including collagen, vitronectin and laminin. A wide range of integrin
receptors are involved in binding RGD'!. Support for specific binding of such
peptides by cells comes from several approaches: Deliberate alterations to the
peptide sequence results in little or no cell adhesion; reduced adhesion is observed

when soluble peptide is added during cell plating, by competing with the substrate

bound peptide for receptors on the cell surface. Generally these peptides promote
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adhesion to a lesser extent than the whole protein[84’94], due to the existence of

multiple adhesion sites and their conformation in the whole structure.

Several peptide fragments of laminin have been identified as adhesion promoters

for neuronal cells™!

. The peptide fragments can show selectivity for different
neuronal cell types®). The sequence RNAIAEIIKDI supported cultures of rat
cerebellar neurons, the peptide was conjugated to bovine serum albumin and
adsorbed to glass coverslips”®. The sequence SRARKQAASIKVAVSADR, termed
PA22-2, promoted the adhesion of PC12 cells when non-specifically adsorbed onto
culture wells. However, in these initial studies the adsorption of peptide resulted in
non-covalently bound surfaces, the peptides may have bound in differing
configurations and with the possibility of desorbing during the culture. Integrin

binding to the IKVAV sequence has been shown to involve the B1 subunit®"*!,

By adding a terminal cysteine residue to the peptide, peptide SAMs can be
formed on gold through the cysteine thiol group. PA22-2 attached via the terminal

cysteine on gold supported dissociated mouse hippocampal neurons"”".

1-2.5.3 Other surfaces
Surfaces presenting amine groups, analogous to poly(lysine), can promote neuronal
adhesion. This has been observed for dissociated hippocampal cultures on plasma

[36]

polymerised allylamine™™, poly(allylamine)[45], an amino-terminated SAM on

gold“oo], and poly(ethyenimine)[75 1

Nerve growth factor (NGF), a protein that initiates cell survival, has been
covalently linked to a poly(allylamine) coated poly(dimethylsiloxane) surface!*: the
presence of NGF resulted in faster axon formation in comparison to the

poly(allylamine) coating alone.
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I-3 Aim

The primary aim of this thesis is to modify the chemistry of glass and gold surfaces
in order to support 2D cultures of primary neurons. This will be based on silane
modification of glass, and thiol modification of gold. Further, the chemical
properties of the surface treatments will be analysed to help explain the cell
response. Any properties found to have positive or negative influences on the
cultures development and viability will provide useful input for improving future
work. In order to facilitate electrophysiological recordings, the cell cultures should
be viable for at least several weeks to allow the culture to develop. Successful
treatments on gold surfaces would provide a platform for SPR sensors, and the

recording of electrical activity within the networks by SPR.
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I1 Methods

II-1 Surface Characterisation Techniques

A surface will interface with other solids/liquids/gases which defines it from the
bulk/interior of a material. The surface will have distinct chemical and physical
properties. The chemical properties include elemental and functional composition.
Physical properties include topography, stiffness and surface energy. No one
technique can fully characterise all properties of a surface. It is therefore necessary to
use several complementary techniques to gain complete understanding of the

surface. Listed below are the main techniques used in this study.

e Sessile Drop Water Contact Angle Measurement
¢ Time Of Flight Secondary Ion Mass Spectrometry
e X-ray Photoelectron Spectroscopy

e Atomic force microscopy

I1-1.1 Sessile Drop Water Contact Angle (WCA) Measurement

Water contact angle measurements can help determine surface energy/tension,
although the influence of surface roughness must be considered™°!. Water is
commonly used as the probe liquid because of its ease of handling and the ready
availability of pure deionised water. The technique is sensitive to the top ca. 1 nm of

the solid-liquid interface!>'%*.

A common method for measuring the WCA is to use a sessile drop™'®!. A
droplet of water is dispensed onto the surface and the angle (¢) between the droplet
edge and the surface is recorded as shown in figure II.1. The static contact angle is
taken as the angle where the three phase line (the point at which the water droplet
interfaces the sample and the external environment) is in equilibrium. Once the
droplet has finished spreading on the surface the base diameter is constant and the

system can be considered in equilibrium. A surface’s wettability can change after

treatment; becoming more hydrophobic or hydrophilic.
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Sample

' <—— Base Diameter ——> '

Figure II.1: Profile of a sessile drop showing 6 and the three phase line. Figure
adapted from'.

Yig*€0S O =Ysg — Vs Eqn. II.1

Young’s equation, II.1, describes the relationship between the surface tension and
the contact angle 1'% Where Vi Vse and yg are the surface tensions of the three

(liquid-vapour, solid-vapour and solid-liquid) interfaces respectively.

Surface roughness will influence 6. A surface which is homogeneously wetted by
the droplet (figure I1.2) can be described by Wenzel''%!. In cases where the surface is
heterogeneously wetted (figure 11.2), the Cassie-Baxter relation is used where the

fraction by area of each known interface with the drop will influence 6.

A % B % C %
Figure I1.2: Water contact angle under A) Young-Laplace,
B) Wenzel, and C) Cassie-Baxter conditions.

22



I1-1.2 Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

ToF-SIMS analysis detects the chemistry of a surface in the form of a mass
spectrum, although it is not readily quantifiable. The sample surface is bombarded
with high energy ions to fragment and sputter compounds comprising the surface. In
static SIMS where surface composition is maintained, a low primary ion beam
current is used. Less than 1% of the surface is degraded, and statistically no point on
the surface is bombarded more than once. Therefore only secondary ions from the
native/static surface are analysed. Specifically these secondary ions originate from
the uppermost 2 nm of the surface, inferring static SIMS a high surface

specificity[104].

Secondary ions are separated in a time of flight (ToF) mass analyser before
detection, figure I1.3. The result is a spectrum of ion intensity against mass to charge
ratio. In a ToF mass analyser the secondary ions are accelerated to the same energy
by an electric field before their flight time to the detector separates them by mass to
charge ratio'” defined by equation II.2. The primary ion beam is pulsed for a short
time to allow ions to enter ‘flight’ simultaneously. The fragments are analysed and
identified according to their mass.

mlL? Eqn. I1.2

t? = «
20, m/q

[Where; t is time, m is mass, L is distance of flight path, ¢ is charge, U, is the
strength of the applied field (potential difference)].

Primary lon Beam

Reflectron
l Secondary lons |||||||| ‘ ‘ ‘HH
@
I ”HHHHHlIIn..
Extractor . ) .
MO
Detector

Figure I1.3: Secondary ion separation in a Time of Flight mass analyser equipped
with a reflectron. Lighter ions (green) travel faster than heavier ions (red). Figure
adapted from!".
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Imaging is achieved through rastering of the primary beam across the surface. The
detector is a channel plate, this can be considered a 2D array of electron multipliers.
An electron multiplier will amplify the signal of one ion strike by secondary
emission of more electrons which under an electric field will continue to collide with

the multiplier surface creating a cascade effect.

I1-1.3 X-ray Photoelectron Spectroscopy (XPS)

XPS yields quantitative information on the elements present on a sample surface.
The technique relies on the fact that atoms hold their electrons at discrete
levels/strengths characteristic to the identity and chemical state of the atoms. When
X-rays are used to excite photoelectrons, this electronic structure is revealed in the
energy of the photoelectrons. By knowing the X-ray energy used to cause electron
emission from the surface, the energy of the resulting photoelectron and therefore the
atom of origin can be identified. Only electrons excited from the top ca. 10 nm
escape the material without undergoing an inelastic collision, as a result XPS is a

surface sensitive technique.

The kinetic energy (Ex) of a photoelectron is measured and relates to the binding
energy of the electron (Eg) by equation I1.3. Where hv is the photon energy of the X-
ray (h is the Planck constant, v is frequency), W is the work function determined by
instrument calibration: the energy required to expel the electron into the vacuum
from the Fermi level'®'%! The binding energy defines which atomic level and
which element the electron occupies. A spectrum of photoelectron counts against
binding energy reveals peaks corresponding to the electron configuration of the

elements present at the surface.

Eg= hv—Ex —W Eqn. I1.3

The emission of a photoelectron is shown in figure 11.4. Auger electrons are also
detected in XPS. Auger electrons are emitted as vacant electron orbitals (from
photoelectron emission or electron stimulated emission) are filled by electron

transitions from higher energy orbitals figure I1.4.
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Figure I1.4: Diagram showing emission of a 1s electron and a possible Auger
electron as a result. Figure adapted from!' .

A hemispherical analyser focuses photoelectrons of a given ‘pass energy’ onto the
detector. Electrons are detected by an electron multiplier or channel plates. Electron
multipliers work by amplification of a single electron strike by secondary emission
of more electrons which under an electric field will continue to collide with the
multiplier surface creating a cascade effect. A metal anode collects the electrons
forming a current for the pulse counter. The micro-channel plate (MCP) detectors
can be thought of as consisting of many electron multipliers arranged in a 2D format.
In imaging XPS, which is not utilised in this work, a delay-line anode determines the
spatial position of photoelectron impacts. This is achieved by measuring the time of
arrival of the signal along the delay-lines (copper windings) from the four corners of

the MCP array“(m.
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I1I-2 Atomic Force Microscope (AFM)

Developed to measure forces on small molecules and atoms, the AFM uses a sharp

tip to interact with a surface via a cantilever (spring)!'®

. By measuring the
deflection of the cantilever the tip-sample force can be measured. Measurable forces
include attractive, repulsive, magnetic, electrostatic and van der Waals.
Topographical images at the nanometre scale can be obtained by raster scanning the

tip across the surface.

The probe is manipulated through piezoelectric translators for fine control.
Cantilever deflection is commonly measured optically with a resolution of 0.01
nm!'%!. This optical lever technique, figure IL.5, records the motion of a laser
reflection from the back of the cantilever using photodiodes. Images can be obtained
using contact mode or tapping mode. In contact mode, the tip remains in contact with
the surface throughout the raster scan. As a result, the absolute spatial resolution is
determined by the tip radius (5-10 nm). In tapping mode the tip intermittently
contacts the surface. The tapping is achieved using a piezo-oscillator, which drives
the cantilever near its resonate frequency. The root mean square amplitude of the

oscillation can be converted to height to give topographical images.

Laser

Photodiode

~ Surface

Figure I1.5: Optical lever setup for AFM. A photodiode detects the laser reflection
spatially. Arrows depict directional motions of the cantilever as a result of surface-
tip forces and surface topography.
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II-3 Quartz crystal microbalance with dissipation

monitoring (QCM-D)

The QCM-D is a sensitive mass balance that works on the principle of a dampening
action resulting when components adsorb onto a vibrating quartz crystal figure I1.6.
This is described by the Sauerbrey equation, 11.4. The piezoelectric properties of
quartz allow mechanical vibrations to occur in response to applied voltages.
Therefore by applying different voltages the fundamental and harmonic resonances

can be achieved.

The dissipation can be measured by removing the applied voltage: The decay of
the crystals resonance frequency is measured as the crystal relaxes. This provides

information on the rigidity of the film and its coupling to the sensor. A soft elastic
film will dampen vibrations through friction and viscosity'' '),
—Af-Dq-Vq Eqn. IL4
Am = ——"o—
2" funa” "1
[Where; Am is mass change, Af is change in frequency (Hz), Dq is the density of quartz (2.648x10° ng/cm™), Vg
is the speed of sound in quartz (334 m/s™), ., is the fundamental frequency of the quartz sensor (5 MHz), and

is overtone number (1, 3, 5 or 7)].
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Figure 11.6: A) The frequency response curve of a QCM crystal to protein adsorption
from solution. The 4 stages are represented diagrammatically: The frequency is
stabilised with a control solution (1); addition of a protein solution causes a
frequency decrease, indicating protein adsorption to the crystal (2); the protein
adsorption will saturate over time (3); rinsing with the control solution removes
weakly adsorbed protein (4). B) Simplified schematic of the QCM instrument, the L.
valve allows the test solution to be changed without influencing the crystal chamber
environment.
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I1-4 Cell Culture

Primary cultures of dissociated embryonic rat hippocampal neurons were prepared

and cultured at low density in serum free media.

Hippocampi were explanted from rat embryos at day E18-E19 of gestation and
dissociated enzymatically in 2 ml of HEPES-buffered Hanks balanced salt solution
(HBSS), containing 200 ul (1% wt/vol) Trypsin and 20 ul (0.5% wt/vol) DNAse, for
20 minutes at 37°C. To inactivate the trypsin, Eagle’s Basal Medium (BME)
containing foetal bovine serum (FBS) was used to wash the hippocampi. Further
dissociation was then achieved by gently triturating with a fire polished glass Pasteur
pipette in the presence of DNAse. The dissociated cell suspension was then
centrifuged for 5 minutes at 1200 rpm. The resultant pellet of cells was re-suspended
in the serum free Neurobasal media containing B27 supplement and 0.5 mM

glutamine.

Coverslips were separately placed in 6 well tissue culture plates. Each coverslip
was plated with 75,000 dissociated cells in 300 pl media, and incubated for 30
minutes at 37°C to allow cell adhesion to occur. The wells were then flooded with
Neurobasal/B27 media to a total volume of 2 ml. The media was replaced after the
first 24 hours with fresh media, and then maintained every 4 days by replacing half
of the media with fresh media. The cultures were maintained at 37°C in a humidified

5% CO, atmosphere.

I1-4.1 Light Microscopy

Phase contrast images of the cultures were captured with a Nikon eclipse Ti inverted

microscope.

Under normal bright field microscopy, transparent specimens such as biological
cells are poorly resolved. The advent of the phase contrast microscope allowed

transparent specimens to be imaged with better contrast!!'"!12]

. The technique
achieves a higher contrast image by converting changes in the phase of light
(introduced by the specimen) into changes of amplitude. A phase ring positioned in
the microscope condenser forms a ring of parallel light, which illuminates the
specimen. This light becomes focused on a matching phase ring located in the

objective lens, where the phase becomes shifted by a quarter wavelength, and the

29



intensity is attenuated. However, some light is scattered and phase shifted by the
specimen. This scattered light is also collected by the objective lens, but over a larger
area than the light collected by the phase ring. As a result, a large phase difference
between non-scattered and scattered light causes interference as they recombine (a

change of amplitude), forming a high-contrast image.

I1-4.2 Fluorescence Microscopy

Fluorescence microscopy was carried out on a Nikon eclipse Ti inverted microscope.
A live/dead cell viability assay with ethidium homodimer-1 (EthD-1) and calcein
AM was used. EthD-1 has excitation and emission wavelengths of 528 nm and
617 nm respectively in the presence of DNA. The fluorescence of EthD-1 is
enhanced by intercalating into DNA, however, EthD-1 cannot cross the membranes
of live cells. EthD-1 can penetrate disrupted membranes indicative of dead cells thus
labelling them!'". Calcein has excitation and emission wavelengths of 495 nm and
515 nm respectively. Calcein AM, an acetoxymethyl ester of calcein, is cell
permeable and weakly fluorescent. Once inside a cell, native enzyme esterase
activity cleaves off an acetoxymethyl group to form calcein. Thus, calcein can
fluoresce in live cells. To carry out the assay, sample coverslips were incubated at
37°C with 4 uM EthD-1 and 8 uM calcein AM for 30 minutes. The coverslips were

then immersed in fresh media and imaged immediately.
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III Substrate Preparation and
Characterisation

II1-1 Introduction

To support the survival of neurons in cell culture the substrate surface should be
compatible with cell adhesion and growth. The substrates used were 19 mm diameter
glass cover slips with and without a gold coating. We investigated the chemical
modification of both the glass and gold, both of which have benefits for use in cell
culture. Firstly, both glass and gold are resistant to corrosion in biological media
making them suitable for long term cultures. Several methods are available to
modify the chemistry of their surfaces'®. Lastly, adhered cells can be observed via a
light microscope (if the gold film is transparent), which is essential for monitoring
culture progress. This chapter deals with the surface chemical modifications taken
from the literature and their comprehensive characterisation. This was achieved
using ToF-SIMS, XPS and WCA as described in chapter II. This characterisation of
the surface chemistry is necessary to interpret the neuronal cell culture results which

are presented in chapter IV.

To support the adhesion and growth of the neuronal cell culture, the peptide
fragment of laminin PA22-2 is used. The amino acid sequence of PA22-2 is
CSRARKQAASIKVAVSADR, which has been shown to promote adhesion of
neurons! . Although, the smaller sequence of IKVAYV has also proved effective for
supporting neuronal cultures!'"®! the terminal cysteine residue of the longer peptide
provides a thiol group which will be exploited for the surface modification. Surfaces
with exposed PEG chains have been shown to reduce non-specific protein
adsorption'" """, A PEG linker will be used to tether the peptide to the surface, with
the aim of reducing non-specific adsorption from the media during cell culture.
Reduced protein adsorption may improve the cell adherence resulting in cultures

with good surface coverage, as discussed in chapter 4.
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II1-2 Experimental

I11-2.1 Glass Surface Modification

Pre-treatment

To remove particulates from the surface introduced during packaging, the as
received cover slips were sonicated for 10 minutes in 10% (v/v) ‘decon 90’ detergent
in deionised water. The detergent was rinsed off using copious amounts of deionised

water. Cover slips were dried using a nitrogen stream.
Oxygen Plasma

Surfaces exposed to atmospheric conditions will adsorb volatile hydrocarbon
species. The removal of adventitious hydrocarbon exposes the underlying substrate
surface, such as hydroxyl groups required for silanisation. Highly reactive oxygen
radicals oxidise organic material to carbon dioxide and water. The radicals are

produced by electron impact dissociation as a result of the plasma.

Pre-treated cover slips were placed in a RF plasma barrel etcher. Oxygen plasma
treatment was carried out at 0.2 mbar, at 60 W for 10 minutes. These cover slips

were used for silanisation or treatment with poly-; -lysine.
Silanisation

The principles of silanisation are described in 1.3. Three silanes were used to modify
the surface of glass; (3-mercaptopropyl)trimethoxysilane (MPTS), (3-
aminopropyl)trimethoxysilane (APTMS), and (3-aminopropyl)dimethylethoxysilane
(APDES). Their structures are presented in figure II1.3. MPTS was used as a layer to
increase adhesion of gold to glass. APTMS and APDES were expected to provide
amino terminated surfaces. Surface models resulting from APTMS, APDES and
MPTS silanisation are shown in figure III.1. The methods used to modify the
surfaces are described below, APTMS and APDES treatments followed the same

protocol.
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(3-mercaptopropyl ))trimethoxysilane (MPTS) treatment

[118].

Glass cover slips were subjected to the following procedure, adapted from™ ™';

Rinsed with propan-2-ol.

Immersed in a 50:1:1 solution of propan-2-ol : MPTS : deionised water at
80°C for 10 minutes.

Rinsed with propan-2-ol and dried under nitrogen stream.

Placed in an oven at 100°C for 10 minutes.

The above procedure was repeated for a total of three times.

Stored at 40°C until used.

3-Aminopropyltrimethoxysilane (APTMS) / 3-aminopropylydimethylethoxysilane
(APDES) treatment

Glass cover slips were;

Rinsed with anhydrous toluene.

Immersed in a 1% (v/v) silane in anhydrous toluene for 1 hour. The use of
anhydrous toluene is intended to confine the hydrolysis of the silane to the
surface. This is because water molecules will be present at the surface, as a
result of adsorption of water vapour from the atmosphere.

Rinsed consecutively with anhydrous toluene, ethanol and distilled water.
Placed in an oven at 100°C for 1 hour.
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Figure III.1: Model surface representation of APTMS (A), APDES (B), and MPTS
(C) silanisation.

Poly- -lysine (PLL) Adsorption

The structure of poly-i-lysine (PLL) is shown in figure III.3. This is thought to

adsorb to the glass surface via electrostatic interaction between the NH3" and the

negative surface charge of glass[llg].

PLL treatment
Glass cover slips were;
e Rinsed with deionised water.

e Immersed in PLL solution for 5 minutes.
¢ Rinsed with deionised water, and dried under nitrogen stream.
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I11-2.2 Gold Surface Preparation

Gold is not reactive with glass, and does not readily form stable oxides. This means
an adhesion layer is required, forming a sandwich layer which can bond between the
glass and gold. Metals such as chromium and titanium can form stable oxides with
glass and metallic bonds with gold, thus making them useful adhesion layers.
However, a metal adhesion layer can compromise the performance of SPR sensors,
which is a potential application for this work. To avoid using a metal adhesion layer,
the use of a silane adhesion layer was considered. The silanisation of glass with

MPTS is expected to present thiol groups which would bond to gold[“&lzo].

Gold coated cover slips were prepared by thermal metal evaporation in a bell jar.
The sample chamber was under vacuum, 10° mbar. A liquid nitrogen cold trap was
used to prevent contamination of the samples by diffusion pump oil vacuum back
streaming. A current was passed through a tungsten filament containing gold causing
evaporation. The evaporated gold condensed on all surfaces in ‘line of sight’ of the
filament. A uniform thickness of 50 nm gold was coated onto the cover slips. This
was achieved by monitoring the deposition with a quartz crystal microbalance

positioned the same distance from the filament as the cover slips.

II1-2.3 Gold Surface Modification

Freshly evaporated gold has a high surface energy, which can promote adsorption of
adventitious hydrocarbons. Oxygen plasma treatment was expected to remove
adventitious hydrocarbon. Oxygen plasma treatment was carried out at 0.2 mbar, at
60 W for 5 minutes in a RF plasma barrel etcher. These samples were used

immediately for the subsequent surface modifications.
Self Assembled Monolayers of Thiols

The principles of thiol SAM formation are described in 1.3. Two molecules were
used, 11-amino-1-undecanethiol (AUT) and the peptide PA22-2 (their structures are
shown in figure II1.3). Both molecules contain a terminal thiol group, which is
expected to bind to gold. The AUT is expected to present amino groups on the gold

surface.
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11-amino-1-undecanethiol (AUT) treatment

Gold cover slips were;
e Rinsed with ethanol.
e Immersed in a solution of 1 mM AUT in ethanol for at least 18 hours.
e Rinsed with ethanol.
¢ Rinsed with deionised water and dried under nitrogen stream.

Peptide fragment of laminin, NH>-CSRARKQAASIKVAVSADR-COOH (PA22-2)

treatment

Gold cover slips were;
¢ Rinsed with deionised water.
¢ Immersed in a solution of 0.1 mM peptide in PBS for at least 18 hours.
¢ Rinsed with deionised water and dried under nitrogen stream.

Poly- -lysine (PLL) Adsorption

It is expected that PLL will adsorb to gold via electrostatic interaction between

positively charged lysine residues and the negatively charged surface of gold[m].
Poly-;-lysine (PLL) treatment

Gold cover slips were;
e Rinsed with deionised water.
e Immersed in PLL for 5 minutes.
¢ Rinsed with deionised water, and dried under nitrogen stream.

Peptide Coupling to Amino Terminated Surfaces

The APTMS and APDES silanisation, and AUT SAM present free amino groups on
glass and gold respectively. A heterobifunctional linker, alpha-Maleinimido-omega-
carboxysuccinimidyl polyethylene glycol ester, was used to attach the peptide to the
amino terminated surfaces. The reaction scheme is presented in figure IIL.2. A
nucleophilic substitution from the surface amine to the succinimidyl ester forms an
amide bond, joining the linker to the surface. Subsequent addition of a thiol causes
nucleophilic addition on the maleimide group, forming a thioether bond. The
polyethylene glycol (PEG) chain has a molecular weight of ~5000 Da, with a length
of ~50 nm. Using the linker, peptide attachment to the APTMS, APDES and AUT
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was attempted by the following treatment. The resulting samples are termed

APTMS-PEG-Peptide, APDES-PEG-Peptide and AUT-PEG-Peptide.

1.7-NH,
0 0

GN/%ﬁo/\%/ O\/\b
% © n 0 /
!
2. _N/\Eo/\/} O\/\ﬁ j -
H " & / O
!
0
3. _H/\Eo/\/ito\/\l\jb—s—peptide
“

o)

Substrate surface

Figure II1.2: Reaction scheme of alpha-Maleinimido-omega-carboxysuccinimidyl
ester polyethylene glycol with an amine surface (1), and then a peptides thiol (2).
Covalently linking the peptide to the surface (3).

PEG linker treatment
APTMS-glass, APDES-glass and AUT-gold samples were;

¢ Immersed in a 1| mM alpha-Maleinimido-omega-carboxysuccinimidyl ester
polyethylene glycol solution in dimethylformamide (DMF) for 2 hours.
¢ Rinsed with DMF, and dried under nitrogen.

Peptide PA22-2 treatment of maleimide terminated surface
Amino-PEG-maleimide terminated surfaces were;

¢ Immersed in a 0.1 mM peptide solution in PBS at 5°C for 3 hours.
¢ Rinsed with deionised water, and dried under nitrogen.
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Figure II1.3: Chemical structures of the silanes (A), thiol (B), poly-I-lysine (C), and
peptide (D) used for surface modification.
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II1-2.4 Water Contact Angle (WCA)

Static water contact angles were recorded on a CAM 200, KSV instruments. A 10 pl
droplet of deionised (18.2 MQ-cm) was lowered to contact the surface and the
needle withdrawn. Video frames were captured every second for 10 seconds. The
droplet profiles were fitted using the Young-Laplace method. The left and right
contact angles were averaged to give the WCA and extrapolated to time 0 to account

for evaporation.

I11-2.5 X-ray Photoelectron Spectroscopy (XPS)

XPS was carried out using a Kratos AXIS ULTRA with a mono-chromated Al ka X-
ray source (1486.6 eV) operated at 15 mA emission current and 10 kV anode
potential. Spectra were analysed using casaXPS software. Atomic compositions for
samples were determined from a linear background. Chosen peak areas were divided
by the relative sensitivity factor and the transmission as determined through
calibration of the instrument. The resultant value when taken as a ratio of the total

for all identified peaks is the final atomic composition.

I1I-2.6 Time of Flight Secondary Ion Mass Spectrometry (ToF

SIMS)
ToF-SIMS was carried using a TOF-SIMS 1V from ION-TOF GmbH. Spectra were

obtained using a Bi*® primary ion source operated in high current bunched mode,
with a pulse width of 10.2 ns. On the glass samples only, a flood gun was used to

prevent charging of the surface by showering the surface with low energy electrons.

Initial ion intensities were corrected for shot noise and then normalised by the

spectrum total ion intensity for comparison.
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II1-3 Results

I1I-3.1 Gold Adhesion Layer

The silane (3-mercaptopropyl)trimethoxysilane (MPTS) was used to promote gold

adhesion to the glass cover slips. ToF-SIMS analysis indicates the presence of

sulphur, evidence that MPTS is present on the glass surface, table III.1 and figure

II1.4. The resulting gold coated substrates proved resistant to gold delamination from

the glass on handling.

Normalised Ion Intensity (x105)
Ion (mass) Oxygen Plasma Etched MPTS Coated Glass
Glass
O (15.995) 18268 11968
OH" (17.003) 12164 8534
S” (31.970) 62 3499
SH™ (32.981) 128 4038
Table III.1: ToF-SIMS ion intensities of negative sulphur and thiol ions
on oxygen plasma etched glass and after MPTS silanisation.
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Figure II1.4: Negative ion mode ToF-SIMS spectra.
Oxygen plasma etched glass (top) and MPTS treated glass (bottom).
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II1-3.2 Surface Modifications

Several surface treatments of glass and gold were explored to investigate their

suitability to promote cell adhesion, summarised in table III.2. The steps taken to

prepare the surfaces are presented in section IIL.2. For clarity, x-PEG-Peptide refers

to the intended amine termination with subsequent modifications by the

succinimidyl-PEG-maleimide linker, and then the peptide.

Treatments on GLASS

Treatments on GOLD

Poly- -lysine

Poly- -lysine

3-Aminopropylydimethylethoxysilane
(APDES)

11-amino-1-undecanethiol (AUT)

3-Aminopropyltrimethoxysilane (APTMS)

Peptide

APDES-PEG-Peptide

AUT-PEG-Peptide

APTMS-PEG-Peptide

Table II1.2: Summary of surfaces investigated.

I1I-3.3 Surface Wettability

Changes of surface chemical composition can result in changes in wettability. WCA

measurements from glass and gold surface treatments were obtained using a sessile

drop approach and are presented in table III.3.

Glass Surface Treatment

Static water contact angle (°)

Oxygen plasma etched <10

PLL 31 £2
APDES 67 £2
APDES-PEG-Peptide 62 +6
APTMS 35 +4
APTMS-PEG-Peptide 59 £7

Gold Surface Treatment

Oxygen plasma etched <10

PLL 34 +4
Peptide 57 £5
AUT 41 5
AUT-PEG-Peptide 61 6

Table I11.3: Sessile drop water contact angles of glass and gold surface treatments

A very low water contact angle is observed after oxygen plasma treatment for

both glass and gold surfaces. This indicates that the oxygen plasma treatment has

removed hydrophobic organic matter that has adsorbed to the surface. Gold should
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be completely wetted, but this is difficult to achieve practically because of volatile
organic contamination adsorbed on most surfaces from the ambient atmosphere.
Apart from the glass-APDES treatment which presents the highest WCA, the amine
terminated surfaces of PLL, APTMS and AUT present a range of WCA’s from 31°
to 41°. Therefore, these surface treatments appear to present more polar groups than
the APDES. This is the first sign that the APDES treatment may not have been
efficient or complete, and as a result did not display the polar amine functionalities
as intended. These results will be discussed further below in the light of XPS and
ToF-SIMS results.

I11-3.4 Surface Chemistry

111-3.4.1 XPS
To compare the elemental composition of the surface after surface treatment, XPS
was carried out. The main focus will be comparing the amounts of N, O and C across

the samples to help determine how successful the surface treatments were.
Glass Surface Treatments

Wide scan XPS spectra are shown for comparison in appendix 1. The elemental
composition of the treated glass surfaces are shown in table II1.4. Glass is composed
of silicate oxides of other elements. This is confirmed by the high amounts of
oxygen and silicon on all of the glass surfaces. The observation of boron suggests
that this is a borosilicate glass. The presence of carbon indicates some advantageous

contamination from volatile carbonaceous species.

Notably, the PLL, APDES, and APDES-PEG-Peptide treatments show elemental
compositions similar to the oxygen plasma etched glass. The ToF-SIMS results will

further confirm if these treatments were successful.

APTMS treatment shows increased amounts of carbon, and nitrogen in
comparison to the oxygen plasma treatment (control). An APTMS treatment that was
the only carbon and nitrogen included in the XPS analysis would have a C:N ratio of

approximately 3:1, the observed ratio is 4:1. The discrepancy could be from
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advantageous hydrocarbon contamination increasing the ratio of carbon. The amount

of oxygen detected has decreased after treatment by approximately half, suggesting

the oxygen signal from the glass is being attenuated by the over layer.

APTMS-PEG-Peptide treatment shows increased oxygen compared to the

APTMS alone, but the other detected elements have similar percentages. The PEG

and peptide components contain oxygen which may account for the observed value

over that of APTMS alone. However, the amount of oxygen is less than the control,

indicating the treatment has attenuated the oxygen signal from the glass substrate.

Glass Atomic Composition (%)
Treatment C (0] N Si B
Oxygen plasma 9.6 60 1.5 22 3.3
etched

8.5 61 0.77 23 3.0
PLL +0.4 +3 +0.4 +0.8 +3
6.7 61 13 24 3.3
APDES £008 [+03  |+004  |+08 |05
|84 60 1.8 23 2.6
APDES-PEG-Peptide |, 57 106 |zo0.1 £03 | +0.06
35 33 8.7 18 14
APTMS +0.6 +0.5 +0.3 +0.1 +0.1
136 41 6.4 15 1.4
APTMS-PEG-Peptide | , 5 £08 |04 £03 | %2
Zn Ti K Na Cl
Oxygen plasma 0.68 0.74 1.8 0.52 i
etched
0.60 0.90 2.0 0.68
PLL +004 |01 +02 +03 |
0.56 0.77 2.0 0.39
APDES £0.007  |£0.02 | £0.2 01 |
048 0.79 1.4 1.1
APDES-PEG-Peptide | 5, | ;0004 |+007  |2002 |°
0.24 0.22 0.76 0071 |32
APTMS £009 |+007 |+009  |+04 | +0.05
__ 10.03 0.13 0.40 0.05 0.28
APTMS-PEG-Peptide | [ 000p | +003  |£0.07 | £006 | +02

Table I11.4: Relative atomic composition of treated glass surfaces.

Mean and standard deviation from two different regions.
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Gold Surface Treatments

The atomic compositions for the treated gold surfaces are presented in table IIL.5, the
spectra are shown for comparison in appendix 1. The most abundant elements on the
gold surfaces are gold and carbon. As with the glass, carbonaceous contamination is
attributed to volatile species in the atmosphere. Also, consequences of the PLL

treatment are not readily apparent from these elemental composition results.

Gold Atomic Composition (%)

Treatment C () N Au S
Oxygen
plasma 38 +0.2 8.3+0.8 4.1+0.8 50+0.2 -
etched
PLL 33+4 93+04 501 52+5 -
Peptide 40+3 13 +0.8 10 +0.1 37+2 -
AUT 59+0.5 2.6+0.5 5.1+0.6 31+0.3 24+0.3
AUT-PEG- 1 5, 5 80+07 |41+1 29+ 4 23+0.6
Peptide

Table I11.5: Relative atomic composition of treated gold surfaces.
Mean and standard deviation from two different regions.

When directly bound to gold, the XPS analysis of the peptide surface contains
more oxygen and nitrogen compared to the control. This increase is attributed to the
peptides —HN-CO- backbone structure. This treatment has also attenuated the signal

from the underlying gold, indicating the significant peptide coverage of the surface.

The XPS analysis of the AUT-gold surface indicates more carbon and a decreased
oxygen and gold signal in comparison to the control resulting from substrate signal
attenuation by the over layer. Although the amount of nitrogen does not differ from
the control, the observed C:N ratio of 11.6:1 is close to the expected ratio of 11:1.
With the observed sulphur, these results indicate the presence of AUT on the gold.
The observed ratio for N:S is 2:1, the expected ratio is 1:1. The difference could be
due to the addition of nitrogen contamination present on the oxygen plasma treated

gold.

AUT-PEG-Peptide surface treatment resulted in increased oxygen on the gold
surface, compared to the AUT-gold. This is attributed to the high oxygen content of
the PEG chain, and the presence of oxygen in the peptide. Attenuation of the gold

signal also indicates an over layer has formed.
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I11-4.2 ToF-SIMS

The identification of components on the surfaces using fragments of their molecular
structure is possible using ToF-SIMS. With prior knowledge of the expected surface
composition, it is possible to search for ion fragments native to specific surface
treatments. For example, amino acids can be identified by certain characteristic ion
fragments''*?. Although several amino acids can contribute to the same fragment
ion, some fragments are more specific. One of these fragments, C,H¢NO", is most
specific to serine. As serine is present in the peptide, identification of C,HgNO™ will
be useful for discerning between the peptide and PLL (peptide polymer) treatments.
The PEG polymer consists of the -[OC,H4]- repeating unit shown in figure IIL.2.
Major ions dominating PEG spectra are C,HsO" and C,HsO,’, which have very little
contribution from peptide fragments. Identification of these ions will be used to help
determine successful surface modification. Ion images were used to determine
surface homogeneity, these are displayed in full in appendices 16-19, from these

selected images are shown through this thesis.
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Glass Surface Treatments

Normalised ion intensities of selected fragments from ToF-SIMS analysis of treated

glass surfaces are listed in table II1.6. Spectra are shown in appendices 2-7.

Normalised Ton Intensity (x10°)
Ions Oxygen PLL APDES | APTMS | APDES- | APTMS-
Plasma PEG- PEG-
+ etched Peptide | Peptide
CH; 497 392 558 648 596 1636
NH; 7 67 60 126 46 32
C,H; 214 185 219 306 184 209
C;H3 1278 2072 1664 2544 1329 1486
SiOH 1350 1189 2406 2192 1234 1182
C,Hs0 836 510 424 113 1586 11146
C,HsNO | 21 17 24 10 214 42
CsH; 0N 66 1590 65 54 621 114
0) 17312 13354 16778 5225 10278 5729
OH 12416 9997 10598 4157 7101 5399
CN 1817 5445 2892 14690 8583 5679
Si 286 245 388 232 199 112
SiC 22 21 35 24 20 11
CNO 1191 2980 995 1216 5762 2889
SiO 34 32 115 84 58 39
GCs3N 97 190 104 693 306 380
SiC, 16 13 20 31 14 14
SiO, 3732 2990 4161 1624 2169 1298
C,H;0, 7 5 4 7 26 159
Si,HO, 5 4 10 44 9 12

Table II1.6: Positive and Negative ion intensities from treated glass surfaces.
Normalised by total ion count.

The PLL treatment has a large CsH;oN' (attributed to lysine) intensity in

comparison to all other treatments. Less specific peptide fragments including NH;",
CN" and CNO™ have higher intensities on PLL than the control. These observations
are seen on both the glass and gold PLL treatments. In contrast to the XPS results,
which did not detect PLL through the nitrogen signal, the presence of the CsH;oN*
ion from ToF-SIMS highlights the instruments greater sensitivity for detecting thin
films. The low WCAs of 31° and 34° on the PLL may suggest the underlying
hydrophilic surface was detected by the water probe, indicating the adsorbed layer is
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thin. The distribution of the ion fragments attributed to PLL show that the surface

coverage of PLL on both glass and gold surfaces is homogeneous, figure IIL.5.

Surface Ion Images
CsH oN" CN CNO
PLL-Glass
PLL-Gold

Figure II1.5: ToF-SIMS i;)n imags 0 . tréatd glass and old.
Images are 500x500 pm.

Silanisation with APDES and APTMS resulted in a small increase in alkyl
fragments of CH;" and C3H3". These could come from the alkyl chain of the silanes.
Intensities of CN™ and C3N attributed to each silanes terminal amine group are
higher on APTMS. Along with the increased nitrogen on APTMS observed by XPS,
and the more polar surface of APTMS from the water contact angle results. This
evidence indicates more amine groups are present on the APTMS surface than the
APDES. Also, attenuation of the O" and OH’ intensity on APTMS, which is not
observed for APDES, indicates higher surface coverage of APTMS. Surface
coverage of both APDES and APTMS treatments appears homogeneous, as shown
by the distribution of CN" in figure II1.6.

The APTMS/APDES-PEG-Peptide treatments show increased CoHsO" (attributed
to PEG) intensity above all other treatments. Apart from the initial silane used, either
APTMS or APDES, the conditions for the binding of the PEG linker and peptide

were identical, as described in section III-2.1.
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The PEG linker is expected to bind to exposed amino groups on the surface
following silanisation. The previous observations that APTMS silanisation has more
nitrogen than APDES silanisation, indicates APTMS treatment presents more amino
groups for the succinimidyl function of the PEG linker to react with. Explaining why
the C;HsO™ intensity is seven times greater on the APTMS-PEG-Peptide than the
APDES equivalent, table III.6. There is a heterogeneous distribution of PEG on both
APTMS-PEG-Peptide and the APDES equivalent, shown in figure III.6.

Ion Images

Surface

CN CNO C;H50, C.Hs0" C:HNO"
APDES = R

APTMS

APDES-
PEG-
Peptide

APTMS
-PEG-
Peptide

subsequent PEG and Peptide treatments on glass. Images are 500x500 pum.

It is apparent from the ToF-SIMS ion images that APDES/APTMS-PEG-Peptide
treatments have formed heterogeneous surface modifications. The only difference
between treatments was the initial silane used. It is important to note that the
equivalent modification on AUT-gold has resulted in uniform ion images of the PEG
and peptide fragments, figure IIL.8, suggesting the reaction of the PEG linker was
successful. Apart from the initial SAM formation of AUT on gold, the conditions for
the PEG linker and peptide binding were identical and in parallel to those on the
APDES/APTMS silanised glass. This implies that the condition of the initial amine
surface determines the success of the surface modification. However, several factors
should be considered to explain the heterogeneity. Firstly, although the APDES and

APTMS silanes show uniform coverage, the amine groups required for binding the
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PEG linker may not be available to react. This could be due to hydrogen bonding of
the amine with the surface hydroxyl groups in combination with the inherent
variability in how the silane molecules can polymerise with themselves and the
surface!®. As a result, some amine groups may become ‘blocked’ within the silane
layer, which may account for non-uniform binding of the PEG linker. Secondly, the
intensity of ions detected by ToF-SIMS is influenced by topography, which can
result in artefacts present in the ion images!'*!. The PEG linker is a long polymer,
~5000 Da and ~50 nm long. Clustering of the PEG linker molecules at binding sites
on the surface may contribute to topographical changes across the surface. A further

study with AFM may confirm this, but has not been done.

Both APTMS/APDES-PEG-Peptide treatments show the presence of the peptide,
indicated by the C;H¢NO" ion (attributed to serine). The peptide was expected to
bind to the PEG linker through reaction with the linkers terminal maleimide group.
Evidence for this reaction is shown from ion images of the APTMS-PEG-Peptide:
Tons attributed to the peptide (CNO", C;HgNO™ and CsHo(N™) follow the same spatial
distribution as the PEG ions, figure I11.6.

The intensities of CsH;oN*, CNO™ and CN" indicate more peptide is present on the
APDES-PEG-Peptide surface and that the peptide is has a more homogeneous
coverage than the APTMS equivalent. This is a surprising result considering that the
C,Hs50" intensity indicates more PEG linker was present on the APTMS, which
should in turn provide more peptide binding sites. To help explain this, the ToF-
SIMS ion images of the PEG ions which reveal some heterogeneity are compared in
figure II1.7. On the APDES-PEG-Peptide sample, regions of PEG ions are small, ~25
um in diameter. Between these small regions the PEG ion intensity is almost zero,
figure II1.7B. Therefore, the PEG linker has only bound in small regions to the
underlying APDES silane. It is apparent that APDES silanisation has not presented
enough amino groups for the PEG linker to bind uniformly. These results indicate
the APDES-PEG-Peptide surface is actually peptide adsorbed upon the APDES
silanisation, and has not worked as intended. This is supported by the lower nitrogen
content and more hydrophobic surface of APDES in comparison to APTMS. The
PEG fragment ion C,HsO" shows wide islands of high intensity on the APTMS-
PEG-Peptide sample. Between these islands the PEG ion intensity is approximately

three times less than the brighter regions, shown by the line scan and histogram in
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figure I11.7B and C. Therefore, the PEG linker has bound across the entire APTMS

surface, but appears to vary in concentration across the surface.

The difference in peptide intensity between APDES-PEG-Peptide and APTMS-
PEG-Peptide samples could be explained in terms of physisorption. That is, more
peptide adsorbs to the APDES surface than binds to the APTMS-PEG linker surface.
This possibility is supported by the distribution of peptide ion fragments CNO',
CoHgNO" and CsH oN*. These ions have very little intensity outside of the higher
intensity PEG region on APTMS-PEG-Peptide samples. However, peptide ions
display homogenous coverage on the APDES-PEG-Peptide surface, indicating an
adsorbed layer. This adsorbed peptide layer is too thin to be detected by XPS,
explaining why ADPES-PEG-Peptide did not differ widely from the control in terms

of elemental composition.
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Figure II1.7: Comparison of C;HsO" (PEG) ion intensity on APTMS-PEG-Peptide
(left) and APDES-PEG-Peptide (right) ToF-SIMS ion images, 500x500 um (A).
White lines indicate line profiles (B). Image intensity histogram (C).
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Gold Surface Treatments

ToF-SIMS results for gold are shown in table III.7. Spectra were collected with the
same parameters as the glass samples except the flood gun was not required because
the gold samples are conductive. The spectra are presented in appendices 8-15. All
treatments appear to attenuate the Au* and Au” intensity in comparison to controls.
This observation implies each treatment has coated the gold surface. As seen on
glass, PLL adsorption to gold is indicated by the strong CsH;oN" ion intensity. PLL-
gold also presents the highest NH;" intensity. The distribution of these ions indicates

that PLL has a uniform coverage on gold, appendix 17.

Normalised Ton Intensity (x10°)
Ions Oxygen PLL AUT Peptide AUT-
Plasma PEG-
+ etched Peptide
CH; 218 231 226 201 490
NH; 5 191 82 41 28
C,H, 92 82 70 61 67
C;H; 705 1294 1517 582 911
CHS 150 50 335 20 174
C,Hs0 311 408 453 163 6536
C,HeNO 19 18 19 870 196
CsH; ;0N 107 6468 425 2287 638
Au 199 170 99 78 63
0) 1453 958 742 1416 931
OH 1270 706 1109 1149 987
CN 4939 6900 4105 8783 5528
S 92 38 306 12 155
CNO 2182 4299 935 7701 3265
CS 9 5 5 1 3
CsN 170 190 151 246 261
CSO 165 48 46 4 10
C,H;50, 13 6 12 15 182
SO; 214 80 5215 487 3648
Au 4363 2708 3770 617 2805
AuS 79 48 630 22 379

Table II1.7: Positive and Negative ion intensities from treated gold surfaces.
Normalised by total by total ion count.
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AUT modification of gold presents higher intensities of NH;", CHS", and C3H3"
ions in comparison to the control. These are attributed to the amine, thiol and alkyl
chain of AUT respectively. The increased alkyl contribution is supported by the
increase of carbon detected by XPS over that of the control, table III.5. A good
indication that the thiol had bound to gold is the observed AuS- ion. However, the
presence of SO; indicates some of the thiol was oxidised, forming a sulfonate''**..
Sulfonates do not bind to gold and would be displaced from the surface by thiol
adsorption. In this case the sulfonate has not been completely removed during the

rinsing stage of sample preparation, or was formed subsequently. The ion images

indicate that AUT has formed a homogeneous surface coverage, figure I11.8.

Ion Images

Surface

CN CNO’ AuS’ C2H50+ C2H6NO+ C5H10N+

Peptide

AUT-
PEG-
Peptide

Figure II1.8: ToF-SIMS ion images of AUT, Peptide and AUT—PEG—Peptide srfaces on gold.
Images are 500500 pum.

Peptide treated gold, expected to bind via the cysteine thiol, presented a surface
with more nitrogen and oxygen when compared to the controls from XPS. The ToF-
SIMS results show that O" and OH' ion intensities do not differ from the control.
However, the CNO" ions have three and a half times more counts than the control,
which are attributed to the peptide bonds. This surface also presents the highest
intensity of the C,H¢NO" ion attributed to serine. The ion images for serine and
lysine ions show a uniform intensity. Therefore, the peptide-gold surface is

homogeneous.
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Analysis of the AUT-PEG-Peptide surface reveals the AuS ion, from the initial
AUT binding gold. Compared with AUT alone, the AuS™ ion intensity is lower
because of attenuation by the PEG linker and subsequent peptide layer above. The
C,H50" ion of the PEG chain has fourteen times more counts than any other surface,
confirming the presence of PEG. Compared to the control, counts for the serine ion
fragment are ten times higher, and that of lysine is six times higher. These results
indicate the AUT-PEG-Peptide treatment was successful. In comparison with
peptide-gold, the serine and lysine fragment intensities are four times lower on the
AUT-PEG-Peptide surface. Therefore, AUT-PEG-Peptide presents less peptide than
the peptide-gold surface. Although this result appears to be supported by the higher
oxygen and nitrogen on peptide-gold from XPS analysis, the contribution of the
AUT and PEG components unbalance the elemental ratios. Finally, in contrast to the
heterogeneous PEG distribution on the APTMS-PEG-Peptide surface on glass. The
AUT-PEG-Peptide ion images have a more homogeneous coverage of C,HsO"
(PEG), figure II1.8. The small lighter region is a defect in the gold film and is present

in the total ion image, appendix 16.

ITI-5 Summary

To determine the success of chemical modifications of glass and gold surfaces they
have been investigated by water contact angle, X-ray photoelectron spectroscopy,
and time of flight secondary ion mass spectrometry. The modifications were
intended to functionalise the surfaces with amine groups, or to bind a peptide

fragment of laminin.

Five glass surfaces were prepared; two via silanisation with amine terminated
alkoxysilanes (APTMS and APDES); two by binding the peptide to the APTMS and
APDES surface via a maleimide-PEG-succinimidyl linker; and one final surface of
adsorbed PLL.  Silanisation with APTMS and APDES were intended to
functionalise the glass surface with amine groups, these amine groups would be
required in order to bind the PEG linker, which subsequently binds the peptide. Both
XPS and ToF-SIMS show the APTMS treated surface has more nitrogen, and amine
associated fragments than ADPES. As a consequence more PEG-linker has bound to

the APTMS surface over APDES, but both surfaces have a patchy distribution of
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PEG. The heterogeneous distribution of PEG could be a result of non uniform
silanisation of the glass surface. The peptide has bound to the PEG-linker on
APTMS, following the underlying heterogeneous distribution of PEG. In contrast to
the peptide binding on APTMS-PEG-Peptide, because less PEG linker bound to the
APDES surface, the peptide seems to have homogeneously adsorbed over the
APDES surface. Therefore, neither silanisation attempt has introduced enough amine
content to result in a homogeneous coverage of PEG linker, and subsequent peptide.
However, when APTMS was used, there are regions of APTMS-PEG-Peptide. The
PLL adsorbed layer is homogenous, as determined from ToF-SIMS, indicating PLL

has successfully physisorbed onto the glass.

Four gold surfaces were prepared; one via adsorption of an amino terminated
alkyl-thiol (AUT); one via direct adsorption of the peptide; one by binding the
peptide to the AUT surface via a maleimide-PEG-succinimidyl linker; and a final
surface of adsorbed PLL. The AUT has bound to gold indicated by the presence of
AuS ion fragments with ToF-SIMS. Identification of amino acid ion fragments
indicates the presence of peptide when adsorbed to gold, and also when bound by the
PEG linker. In contrast to the glass surfaces, all the gold modifications result in a
homogeneous distribution of characteristic ion fragments chosen to represent each
modification. Therefore, the modification with AUT was successful; both peptide
modifications have been successful; and the PLL successfully adsorbed to gold.
These results also indicate that for the methods chosen in this study, thiol
modification of gold has provided a more reliable surface functionalisation than

silanisation of glass.
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IV Response of Primary Neurons

IV-1 Introduction

This chapter presents the ability of each surface to support a low density neuron cell
culture. Primary cultures of neurons dissociated from embryonic rat hippocampi
were used, as described in chapter II. Poly-L-lysine (PLL) is commonly used to
support cultures of neurons on a variety of surfaces, therefore PLL surface

treatments have been included for comparison.

Initially cultured neurons settle from a cell suspension and adhere to the surface.
If the conditions are favourable, processes grow out from the cells within 24 hours.
The term ‘processes’ refers to the long, thin projections of membrane from the cell
body. One of the processes forms the axon, while the rest form dendrites. These
processes grow along the surface, eventually reaching target cells where synapses

develop between the axons and dendrites, figure IV.1. Neurons in mature networks

spontaneously begin firing action potentials.

0O £9 SIS P W RsToat daivi
Figure IV.1: Phase contrast images of embryonic rat hippocampal neurons cultured on
PLL coated glass. After initial plating, the neurons have few processes (left). Axons and
dendrites then develop, spread over the surface and form synapses with other cells. A
resulting network at 14 days in vitro is shown (right). Scale bar is 100 pm.

The formation of homogenous networks with evenly spaced cells occurs
spontaneously when the properties of the surface/substrate as well as culture
conditions are favourable to support the neural network. However, it has been shown

that cultures of higher densities, > 10,000 cells/mmz, initially form homogenous
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networks which then collapse to form large clusters approximately ~250 um long

761" At lower cell densities the process is different; tight clusters

[63]

after 2 days culture
of cells form when the cells prefer to adhere to themselves rather than the surface
Example images of cell clusters and processes are shown in figure IV.2. Clustered
groups of cells are unfavourable for imaging applications which aim to monitor
properties of individual cells, such as with SPR imaging. Clustering requires higher
resolution images and refocusing to distinguish between cells, which is difficult on
the timescale of action potentials. A typical action potential lasts a few milliseconds,
consisting of several phases described in section 1-3.4. Thus, a large bandwidth,
typicallyl0 KHz, is required to record the shape and detail of each action potential.
In order to image these properties, it would be beneficial for all cells to be in focus

and distinguishable from each other.

Figure IV.2: Example observations from phase contrast images of neural cultures at 14 days
in vitro. A) High surface coverage of separated cells, with fine processes and little cell
clustering. B) Low surface coverage with few cells. C) Low surface coverage with clusters
of cells indicated by arrows. D) Clusters of processes form thick structures indicated by
arrows. Scale bar is 100 um.
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IV-2 Results

IV-2.1 Qualitative observations

Representative images from calcein fluorescence from days 7 and 21 show the
morphology of the living cells on the variety of glass and gold surface treatments,
figure IV.3. Desirable cultures in this study would show evenly distributed single
cells with evenly distributed axons and dendrites forming between them. Cultures
displaying non-continuous or patchy growth, and/or clustering of cells or processes,
indicate the surface is not able to support the culture optimally. These qualitative

observations have been summarised in table IV.1.

Treatment Surface Separated | Clusters of | Clusters of
coverage cells cells processes
Glass Surface
PLL High High Low Low
APDMES Very low Very low High n/a
APDMES-PEG-Peptide Very low Very low High n/a
APTMS Low Low High High
APTMS-PEG-Peptide Very low Very low Low n/a
Gold Surface
PLL Low Low High High
Peptide Medium Low High Medium
AUT High High Low Low
AUT-PEG-Peptide High High Low Low

Table IV.1: Qualitative observations of neural cultures at day 21. The underlined responses
are considered indicative of a suitable culture environment; a high surface coverage of non-
clustered cells and processes.

The cell response was poor on all treated glass surfaces except PLL. On PLL
surfaces cells have a high survival rate, and tend to distribute uniformly across the
surface throughout the 21 days culture. Cell processes also spread uniformly over the
PLL-glass surface. Initially the APTMS surface showed good cell coverage but by
day 21 the cells had formed small clusters and their processes had gathered into
fascicules (bundles of processes), figure IV.3. Cell adhesion and survival was very
low on all other glass surfaces (APDMES, APDMES-PEG-Peptide, APTMS-PEG-

Peptide); on these surfaces the few surviving cells tended to cluster together.

On all gold surfaces neuronal cultures exhibited a high survival rate and uniform

coverage, which was in contrast to the glass surfaces. Initially the cells did not
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cluster and their processes spread uniformly over the surfaces. However, clustering
of cells was seen on the PLL and Peptide (without PEG) surfaces by day 21. The
AUT and AUT-PEG-Peptide surfaces continued to support uniformly distributed
networks, with no significant clustering of either the cells or their processes, until
week 3 of the culture. The cell response to AUT and AUT-PEG-Peptide treated

surfaces was qualitatively comparable to the PLL-glass control.

Figure IV.3: Representative images at day O and 21 for all surface treatments. A) Phase
contrast images are unmodified. B) Live images, from calcein fluorescence, were processed
as follows for clarity; converted to 8 bit grayscale, colour inverted, colourised green,
contrast enhanced. C) Dead images, from ethidium homodimer fluorescence, were processed
for clarity as with the live images, except colourised red. The dead cells were made white for
the overlay by further processing; made binary, dilated once, and inverted. D) Image
overlays of the phase contrast, processed live and dead images. Scale bar is 100 pm.
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IV-3 Quantitative observations

To obtain a quantified response of cell growth between surfaces the cells were
stained with calcein and ethidium fluorescent dyes, figure IV.3. Live cells were
marked by their ability to uptake and cleave calcein AM to calcein which then
fluoresces green. While dead cells present no barrier to ethidium homodimer which
binds to DNA and fluoresces red. The counting procedure was performed manually
because as the culture matures a dense network of processes cover the surface. This
makes reliable counting by an automated or semi-automated program difficult.
However, by alternating between phase contrast and fluorescent images, manual
counting gives accurate results with an estimated error rate of less than 7 % based on
repeatability of results. On surfaces where cells have clustered (APDMES,
APDMES-PEG-Peptide and APTMS-PEG-Peptide on glass) reliable counting of
cells was not possible. The results would be unreliable for comparison with other
surfaces and have therefore been omitted from quantitative analysis. The counts for

live and dead cells are shown in figure IV .4.
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Figure IV.4: Average Live(A) and Dead(B) cell counts. Error bars are standard deviation (n=6 at
day 0, n=9 at days 7-21). "Unpublished data from separate culture preparation, used with
permission (Acknowledgement: Katharina Reusch).

The average number of living cells varies considerably with surface and time, as
seen in figure IV.4A. After 21 days culture the highest numbers of live cells are
observed on Peptide-PEG-gold, AUT-gold, and PLL-glass surfaces. Fewer live cells
are observed on PLL-gold and Peptide-gold surfaces at 21 days culture. An ANOVA
test shows that the mean live cell numbers are significantly different between surface
treatments at day 21; F(4, 40) = 17.18, P < 0.001. A Tukey HSD post hoc means

comparison indicates that the mean live cell numbers on PLL-gold and Peptide-gold
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are equal, and these are significantly different from the remaining surfaces (P <

0.01).

The Pearson correlation coefficient was calculated to determine if there was
correlation between the average number of live and dead cells. The number of live
cells at each time point may correlate with the change of dead cell numbers (death
rate) over the following time period, 1 week. The least squares approach was used to
determine the linear regression of average cell number against time for live and dead

cells. The results are presented in table IV.2.

Surface Pearson Correlation Coefficient Linear regression R

Av. Cell Number Av. Cell Number v

Time
Livev | Live v Death Live Dead
Dead® Rate®™

PLL-glass 0.52 -0.34 0.17 0.98
PLL-gold -0.86 0.84 0.63 0.97
AUT-gold -0.27 0.94 0.02 0.99
Peptide-gold -0.44 -0.19 0.29 0.92
AUT-PEG-Peptide 0.36 0.79 0.18 0.98
PLL-TCP -0.85 -0.76 0.77 0.99

Table IV.2: Correlation and Regression analysis of average cell number. ©

Correlation between live and dead cells at each time point. ® Correlation
between the average number of live cells at T, and the change of dead cell
numbers (death rate) between T, and T, ;.

The correlation between average live and dead cell numbers varies for the
different surface modifications. A strong negative correlation was found on the PLL-
gold and PLL-TCP surfaces. A small negative correlation was found for the Peptide-
gold and AUT-gold surfaces. A negative correlation indicates that as the live cell
numbers increase the dead cell numbers decrease, and vice versa. In contrast to the
negative correlation, the PLL-glass and AUT-PEG-Peptide surfaces have a positive
correlation. A positive correlation indicates that both live and dead cell numbers

either increase or decrease together.

The variation in live v dead correlations across different surfaces could be due to
the observed trends of live and dead cells over time. Live cell numbers show a linear

trend on PLL-gold and PLL-TCP surfaces, which have declining live cell numbers
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over the culture. The remaining live cell counts appear to show no linear trend with
time, and no other trend is apparent figure IV.4. In contrast to the live cells, the
number of dead cells shows a strong linear trend with time; all surfaces show a linear
increase in dead cells during the culture. Thus, the strong negative correlation
between live and dead cells on PLL-gold and PLL-TCP surfaces is explained by the

declining number of live cells, and increasing number of dead cells.

The live cell numbers correlate positively with the death rate on PLL-gold, AUT-
gold and AUT-PEG-Peptide surfaces. The positive correlation indicates that the
number of live cells and the death rate either increase or decrease together. A
negative correlation was found on PLL-TCP surface, and to a lesser extent on PLL-
glass and Peptide-gold surfaces. The negative correlation indicates that as live cell

numbers increase the death rate decreases, and vice versa.
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To test how consistent the cell coverage was for individual surface modifications,

the coefficient of variation (CV) has been shown for live and dead cell counts, figure

IV.5. The CV is appropriate for comparing the variation when sample means differ.
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Figure IV.5: Coefficient of variation for Live(A) and Dead(B) cell counts. Standard
deviation divided by mean describes the coefficient of variation (CV).

On day O the number of live cells fluctuate the least on the Peptide-PEG-gold

surface, in comparison to the other samples. The PLL-glass, PLL-gold, AUT-gold

and Peptide-gold surfaces show similar variations of live cell counts on day O.
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The live cell coverage varies the most on the PLL-gold and Peptide-gold surfaces,
which show high variations compared to other treatments, over the culture time

period.

The variation of live cell number on PLL-glass increases after the first week, and
presents the highest variation of all surface treatments at day 21. Indicating that at

day 21, the cell coverage varied the most on the PLL-glass surfaces.

In comparison with the other surface treatments, the AUT-gold surface shows
more constant variations in live cell numbers over time. Both AUT-gold and
Peptide-PEG-gold show lower variations in live cell numbers at day 21, in
comparison to the other treatments. Therefore, the AUT-gold and Peptide-PEG-gold

surfaces have the most consistent cell coverage at day 21.

In general, the coverage of dead cells is most inconsistent on the PLL-glass
surface. The number of dead cells varies most on the PLL-glass surface, and the

magnitude of this variation is highest on day 0.

The Peptide-gold surface displays less consistent dead cell coverage over the first

week, and a more consistent coverage over the second and third weeks.

The AUT-gold, Peptide-gold, and Peptide-PEG-gold surfaces show a more
consistent coverage of dead cells over the culture time period. The Peptide-PEG-gold

surface shows the least variation of dead cell numbers at day 21.
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A proportion of the cells will die during culture preparation due to physical
stresses during the dissection. These dead/dying cells will be present in the cell
suspension plated onto the surfaces. The average number of dead cells is the same
for all surfaces at time zero; F(5, 24) = 0.77, P = 0.58. This would be expected if the
surfaces did not cause significant cell death before counting on day O (4 hours after
plating), and also implies the cells were evenly distributed in the suspension.
However, the live cell counts do show variation from 300 to 450 cells/mm? at day 0,
figure IV.4. Assuming an even distribution in suspension, an average count of 219

cells/mm? is expected.

The cells were plated by placing a droplet of media of volume, V, onto round
substrates of diameter, D. Due to water surface tension the height of the droplet, z,
varies with the radius, r, across the substrate. The relationship between droplet height
and radius, z(r) is dependent on the wettability of the substrate surface, which can be

described by the WCA, @, figure IV.6.

z

\%
X
Ao }/2 | hav }

Figure IV.6: Droplet of WCA @, with central height of hy,
average height of h,, and a volume of V. Figure used with permission (Acknowledgement:
Dr Noah Russell) .

Assuming the cells are initially evenly distributed within the droplet, as they settle
from suspension, the cell density at the surface will depend on the droplet height.
The variation in cell density across the surface will therefore be dependent on the

WCA.

The heterogeneity in cell density on a surface, H, can be defined by the ratio of
the height of the droplet in the centre, hy, to its mean height, h,,. Assuming a
spherical droplet, H can be described by the WCA, equation IV.1.

3 Eqn1V.1

H=3—-———
cos¢ + 2

75



The heterogeneity of the cell density on the surface varies with water contact
angle, described by equation IV.1, from 2 times the average cell density to 1.5 times

the average cell density between 0° and 90° WCA, figure IV.7.

Centre Density / Average Density

() T T T T 1
0 20 40 60 80 100
Water Contact Angle

—Equation IV-1 X Surface modifications

Figure IV.7: Heterogeneity of cell density as a function of water contact angle. Live
cell counts for the surfaces were divided by the predicted 219 cells/mm? and plotted
against their WCA.

The majority of surfaces have lower ratios of heterogeneity than that predicted by
equation IV.1, figure IV.7. This ratio, predicted by the model, applies to the centre of
the droplet. Although the cell counting was sampled from the central region of the
surface, it was not exactly from the centre of the substrate. This would cause a

reduced ratio in comparison to the predicted value.

Several other factors may affect the cell distribution. Following plating, cells were
given 30 minutes to ‘settle’ before the wells were flooded with media. Loosely
bound cells could be displaced. The variation across surfaces could then be due to
cells having different affinities for each surface. Dead cells in suspension will adhere
to the surface by adsorption. However, dead cells are unlikely to spread on any
surface by forming adhesion domains with receptors, and rearrangement of their

internal structures. Therefore, little variation in dead cell numbers would be expected

76



between different surfaces. In comparison, live cells can adhere and spread to
differing extents depending on the surface properties. The possibility of cell
displacement from the surface may explain the variation between samples, and may

also account further towards the lower than predicted ratios of heterogeneity.

To determine if cell division may account for the above average live cell
numbers, time lapse images were taken following the addition of media 30 minutes
after plating the cells. Images were taken at 20 minute intervals for 5 hours, on PLL
coated glass coverslips, figure IV.8. The difference in cell numbers after 5 hours
indicates that the cultures are not proliferating fast enough to explain the above

average cell numbers at time 0.

77



240 min

300 min

=120 min

280 min

Figure IV.8: Time lapse phase
contrast images of neural
cultures on PLL-glass surfaces.
Black arrow indicates cell
division. Red arrow indicates
cell death.
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The most striking result in the data is that the average dead cell count follows a
strong positive regression with time, which is not observed for the live counts, table
IV.2. Furthermore, this trend is comparable across all surfaces, figure IV.4B. Linear
regression shows an average death rate of 14 cells/mm2/day. It is noted that this data
was collected from one cell culture preparation. To test the reproducibility of these
data a separate data set has been included for comparison, for cells grown on PLL
treated tissue culture plastic; with acknowledgment to Katharina Reusch for
permission to include this data. This data was collected from another preparation
where the culture conditions were identical, but the cell counting was automated.
The resulting average number of dead cells shows the same magnitude and positive

regression as with the presented surfaces.

The death rate, found by dividing the average change in number of dead cells by
the number of days in vitro is shown in figure IV.9. Surface treatments of PLL-gold
and Peptide-gold present decreasing death rates over the culture period. The death
rate increases on the PLL-glass and Peptide-PEG-gold surfaces over week 2 and
week 3. On the AUT-gold surface, the death rate decreases over week 2 and then
increases over week 3. The significantly lower live cell numbers observed on PLL-
gold and Peptide-gold surfaces shown in figure IV.4A, could account for a reduced
death rate because fewer live cells are available to contribute to the pool of dead

cells.
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Figure IV.9: Average change in number of dead cells divided by the number of days

in vitro for the presented surfaces. "Acknowledgment to Katharina Reusch for permission to
include her data from tissue culture plastic.

A repeated measures ANOVA was conducted on the dataset to determine if cell
numbers varied across different surfaces over time. Strictly speaking, the dataset
does not follow a repeated measure of the same sample across time because the
samples were not viable following staining. However, it is reasonable to assume that
counts at each time point are not fully independent from the previous time (for each
separate surface). This is because the culture would develop with time. Therefore, a
repeated measures ANOVA is appropriate because it will account for a correlation

over time, if present.

Test comparing numbers F value Significance
of;
Live cells v surface 18.157 < 0.001
Live cells v day 12.150 < 0.001
Surface*day (interaction) 3.511 < 0.001
Dead cells v surface 3.296 0.027
Dead cells v day 177.543 <0.001
Surface*day (interaction) 2.108 0.026

Table IV.3: Repeated measures ANOVA, (df=6).
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The results of the ANOVA are displayed in table IV.3. This analysis confirms
statistically the observation that the live cell counts differ significantly with surface
treatment (F = 18.157, P < 0.001) and across time (F = 12.15, P < 0.001). The
surface-time interaction term is also significant (F = 3.511, P < 0.001). Therefore the
surfaces effect live cell numbers differently over time. The dead cells show a very
significant time trend (F = 177.543, P < 0.001), with a slight but significant
dependence on surface treatment (F = 3.296, P = 0.027) and a small interaction effect

(F=2.108, P =0.026).

Although the surfaces show significant differences between dead cell counts, the
apparent death rate (14 cells/mm?day) is independent of surface or live cell
numbers, figure IV.4B. The trend implies that dead cell counts accumulate over time,
1.e. dead cells are not readily removed from the culture. Removal of dead cells by
phagocytosis is unlikely to occur in adherent cultures!'?, therefore dead cells would
not be removed as they are in vivo. Each dead cell count will have a contribution
from previous weeks; however, this does not explain the strong regression observed

in the data.
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IV-4 Culture model

Dissociated cultures of primary hippocampal neurons have been shown to include
neurons, glial cells (incl. astrocytes), and neural progenitors’>'**!. In particular the
progenitor cells can become neurons by differentiating, neurogenesis[72’127]. Neurons
are considered non proliferative, whereas glia can divide and proliferate[lzg]. Neural

progenitors can divide, but can also differentiate into neural or glial cell types.

-
@P kq D ks
()

k

Figure IV.10: Cell culture model. Populations of Neural progenitor (P), Neuron (N), and
Glial (G) cells contribute to dead cells (D). Rate constants (k) for proliferation,
differentiation and death are shown.

The proliferation of some mammalian cell types in culture may not follow an

d[129]

exponential tren . However, an initial phase of exponential growth can be

expected, and has been observed for the pheochromocytoma cell line, PC121"*% an
immortalised neural cell line. The probability a live cell dies over a certain time
period would be constant. The increased number of dead cells during any time period
may then be expected to be proportionate to the number of live cells in the culture.
Thus, fluctuations in the number of live cells would be expected to influence the
numbers of dead cells. A positive correlation between the number of live cells and
the death rate was found on the PLL-gold, AUT-gold and AUT-PEG-Peptide
surfaces. Suggesting that as the number of live cells increases, so does the death rate.
However, when considering all surfaces, there is no trend to the number of live cells
with time. The magnitude of live cell numbers also varies with surface and time. In
contrast, the numbers of dead cells appears consistent for all surfaces in terms of
magnitude and rate of change. This lack of correlation between live and dead cell
counts is unexpected. Forming a mathematical model of the cell culture may help
explain these results. A complex culture model is presented in figure IV.10,

depicting rate constants for proliferation, progenitor differentiation and death rate.
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To test the cell culture model in figure IV.10 is beyond the scope of this study,
requiring methods to identify the live and dead cell types, and many data points to

follow the progress of the culture.

A simplified model is proposed in figure IV.11. The model makes the following
assumptions: Live cells can replicate or die; the probability of cell death is always
constant, and independent of other cells; the probability of replication is also

constant; and dead cells don’t leave the surface, k3=0[125 |

@L k2 D k3

Figure IV.11: Simplified cell culture model. Live cells (L) can proliferate at rate k; or die at
rate k, becoming dead cells (D). Dead cells may leave the surface at rate k;.

Following the above assumptions; the number of dying cells is proportional to the
number of live cells for a short time interval. This relationship is described by two
coupled ordinary differential equations (ODEs); the rate of change of live cells is
given by equation IV.2, and the death rate by equation IV.3. This implies that the

death rate is a constant fraction of live cell number.

dL
== (ky — ky)L Eqn IV.2

dD
& kL EqnIV.3
dt ~ 2 d
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The live and dead cell populations based on the above assumptions can be
determined through the solutions to the ODEs, equations IV.4 and IV.5. The model
predicts that both live and dead populations should follow exponential trends.
However, the data contradicts this, figure IV.4; live cells show no clear trend, and

dead cells show a linear trend on all surfaces.

L = Lyekika)t Eqn IV 4
ka

D=—2=I,(ek17kdt _ 1)+ p Eqn IV.5
=T o )+ Dy a

From the above model, equation IV.3 in particular, there are two possible ways to
achieve a linear death rate: if L was constant, or if k; is inversely proportional to L.
The viability results show that L was not constant figure IV.4, which could therefore
indicate that death rate varies inversely with the population size of live cells. The
models assumptions; live cells die independently of other cells with a constant
probability, and replicate with a constant probability, are then incorrect. In order for
the death rate to be inversely proportional to the number of live cells, implies the live
population influence the death rate possibly through a soluble survival factor. The
fact that the dead cell numbers follow a similar trend on all surfaces indicates that
the biological mechanism of the soluble factor is robust, and relatively simple to

initiate.

The above evidence indicating that the death rate is inversely proportional to the
live cell population has not been reported before. However, taking into account the
roles of cell signalling, growth factors and culture density does provide support for
the observation. Changing the cell density changes the amount of direct cell-cell
interaction and also the concentration of soluble factors released by the cells, both of
which correlate positively with density. Changing the cell density has been shown to
have a parabolic effect on cell viability, reducing the viability at low and high
densities, indicating an optimum depending on the culture!"*". Further, the electrical
activity of neurons has been shown to be reduced at low densities, indicated by a
lack of synchronised bursting activity below 250 cells/mm?®">!. Most cells require
growth factors for survival and proper function. Neurotrophic factors are growth

factors involved in neuron survival'"*>'**. Conditioned media is media collected
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from a living culture, and thus contains neurotrophic factors secreted by the cells.
Media can be ‘conditioned’” with one cell type, and then used to culture a different
cell type. In comparison to non-conditioned media, increased survival rates of

[134’135], which are attributed to the

neurons are recorded using conditioned media
presence of neurotrophic factors. One study found increased concentrations of
glutamine in conditioned media from cortical neurons, and that cell viability was
comparable between non-conditioned media supplemented with glutamine and the
conditioned media'"*®, Neurotrophins are soluble peptides secreted by neuronal cells
which are required for the survival of neurons. Several neurotrophins have been
identified: nerve-growth factor, brain-derived neurotrophic factor, and neurotrophin-
3, -4/5 and —6/7"%"!. These factors can influence the differentiation of progenitor

. 137
cells into neurons'™”!

. Differentiation has also been directed by influence of the
surface-bound factors''”. These studies imply the role of signalling and cell density,

either directly or through soluble factors, on cell viability.

It is important to consider aspects of the cell signalling and apoptosis mechanisms
which could dictate the above hypothesis. Apoptosis is the common mechanism of

cell death in vitro''®13!

, as opposed to autophagy and necrosis. Apoptosis is
programmed cell death initiated by internal or external cues. Internal triggers would
include damaged DNA and malfunctioning proteins. External triggers would include
ligand binding of ‘death signals’ or lack of neurotrophic factors received from
neighbouring cells. Apoptosis is characterised morphologically by the condensation
and fragmentation of chromatin, rounding of the cell, and blebbing of the plasma
membrane. Apoptosis acts to prevent rupturing of the plasma membrane which could
release harmful factors into the cellular environment. Anti-apoptotic signalling can
occur through neurotrophin binding of Trk receptors of neurons, resulting in

survival'?!,

It is proposed that the live population of cells influences the death rate through a
combination of apoptotic and neurotrophic factors. Although no effort has been

made to identify these factors.

To test the hypothesis that the population of live cells secrete a soluble survival
factor which influences the death rate requires further investigation. The soluble

factor may have a critical concentration at which the cells survival is optimal.
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Assuming the soluble factor is excreted by each cell at a constant rate, and that it will
dilute in the media. Cell viability studies varying the cell density (within a constant
volume of media) would determine if the death rate varied with size of the
population. A deviation of the death rate at higher or lower densities would imply a
concentration dependant factor, such as a growth factor. If the observed death rate
was constant at all cell densities, dilution of a constantly secreted factor is not
supported, because at low densities the secreted factor should be below a critical
concentration. A supporting experiment whereby the cell culture volume is varied
(with a constant cell density) would yield equivalent results: Again, a constant death
rate for all volumes would accept the null hypothesis. More sampling points for
viability counts over a longer time (than studied here) is required for confirmation of
the trend in death rate. Confirmation of a soluble factor could be supported by
regular media changes. Adding fresh media would dilute a soluble factor, adding
conditioned media (media previously used for neuronal culture) would be a control.
Observed differences in death rate may be attributed to soluble factors. If such
experiments as above implied a soluble factor was involved, the identification of the

molecule would be beneficial.

IV-5 Summary

The various surface modifications of glass and gold were investigated for their
ability to support primary cultures of embryonic rat hippocampal neurons. Cell

viability was determined from calcein and ethidium homodimer fluorescence.

All of the gold surface modifications supported the neural culture for at least 21
days. The cultures showed a high coverage of live cells which formed processes. The
highest live cell numbers were observed on the AUT and AUT-PEG-Peptide
surfaces, these were comparable to the PLL-glass control surface at day 21. The
peptide and PLL modified gold surfaces showed lower live cell numbers at day 21 in
comparison to the PLL control. The cells on the peptide and PLL modified gold
became clustered over the period of the culture, resulting in a patchy distribution of
clustered cells and clustered processes. The high coefficient of variation for live cells
at day 21 on peptide and PLL modified gold also indicates the cell coverage varied

across these samples, due to the patchy distribution of clustered cells.
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The only glass modification to support the culture was the control PLL surface.
The APTMS and APTMS-PEG-Peptide surfaces had initial cell adhesion, but the
cultures became clustered and uncountable after the first week. The APDES and
APDES-PEG-Peptide surfaces had very few living cells, which were clustered

together.

The surfaces that did support viable neural cultures had an apparent linear trend in
the dead cell numbers. The trend was similar for all surfaces regardless of the live
cell numbers. Through the use of a mathematical model to describe the culture, the
linear trend in dead cells could be explained if the death rate varied inversely with
the size of the live cell population. That is, a larger population of live cells will have
a lower death rate. This relationship implies that the live cell population is secreting

a soluble survival factor which influences the death rate of the culture.
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V Protein Adsorption

V-1 Introduction

The response of the primary neuron culture on several surfaces has been discussed in
chapter IV. To gain some information that may help explain the cell response results
requires consideration of the mechanisms of cell attachment (chapter 1), and also the
surface chemistry (chapter III). It is important to note that the surface will be
exposed to the components of the culture media before the cell settles on the surface.
These soluble factors include proteins, amino acids and vitamins which are required
to maintain the viability of the cells. They will adsorb to the surface in a way
dependant on their chemistry and that of the surface, mainly via ionic and van der
Waals forces. Small molecules and ions are likely to be displaced as the cell receptor
proteins sense the surface. Larger proteins can adsorb irreversibly to the surface,
with extended van der Waals forces and hydrophobic/hydrophilic interactions!"*”".
Protein adsorption from culture media has been shown to mask pre-defined surface
chemistry and influence cell attachment: Selective attachment of mature and
progenitor endothelial cells to peptide surfaces was observed under serum free
conditions, but not with serum (2% FBS)[MO]; human fibroblast adhesion and
spreading on fibronectin was prevented by adsorbing bovine serum albumin onto the
fibronectin''*!!. This chapter investigates the adsorption of proteins, and how this

could influence the cell response.
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V-2 Experimental details

V-2.1 Quartz crystal microbalance

A quartz crystal microbalance (Qsense D300) was used to measure the adsorption of
components to a surface. The QCM technique is described in chapter 1I. Briefly, a
test solution was washed over a resonating quartz crystal. The resulting adsorption
and desorption at the crystal-solution interface was observed as a decrease or
increase in resonance frequency respectively. The resonance frequency was
converted to mass using the Sauerbrey equation II.4, and the resulting change in

mass determined.

In order to re-use QCM sensors, they were immersed in a piranha etch solution
for 5 minutes. The piranha solution consisted of a 3:1 mixture of sulphuric acid and
hydrogen peroxide. The solution will oxidise organic material, forming carbon
dioxide and water, thus removing contamination from the sensor surface. The QCM
sensors were then rinsed with copious amounts of deionised water and then dried
under a nitrogen stream. The QCM sensors were further subjected to oxygen plasma
etching (0.2 mbar and 60 W for 5 minutes in a RF plasma barrel etcher) before each
experiment or surface treatment. This was to keep conditions constant with the

surface modifications presented in chapter III.
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V-2.2 The quartz crystal sensor as a model surface
The Qsense gold coated crystal sensor required by the QCM was used to model the
surface of the gold coated cover slip. To infer the results of adsorption/desorption to

the cover slip, it is important that the gold surface topography and area are similar.

Atomic force microscopy (AFM) was used to image and compare the surface
topography of the QCM sensor to a gold coated cover slip. Tapping mode AFM was
carried out in ambient conditions with a silicon nitride cantilever. The results are
shown in Figure V.1. Both images show granular structure, consistent with thermally
evaporated gold and a polycrystalline structure'®. The average roughness was 1.29
nm for the sensor, and 0.53 nm for the cover slip. The dimensions of possible
adsorbing species such as proteins can be ca. 5-15 nm, which are unlikely to be
influenced by the difference in roughness. With respect to the AUT SAM, the length
of the AUT molecule is similar to the difference in roughness ~ 1 nm. Therefore,
AUT SAM maybe more disordered on the rougher QCM sensor. However, surfaces
with the peptide (~4 nm long) and the PEG (~50 nm long) modifications would be
less influenced by the change in roughness which is overcome by their length. These

observations show the sensor surface is a suitable model for the cover slips.

229nm

Figure V.1: Comparative height images of a 5x5 pm2 area on a gold coated
QCM sensor (left) and gold coated cover slip (right).
Colour scale is height nm.
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V-2.3 Adsorption of Peptide
QCM sensors were oxygen plasma etched; 0.2 mbar and 60 W for 5 minutes in a RF
plasma barrel etcher. These samples were rinsed with deionised water, dried under a

nitrogen stream, and then used for the peptide adsorption experiment.

Phosphate buffered saline (PBS) was used as the deposition solution for the
peptide (0.1mM) on gold samples in the QCM, analogous to the process used to
functionalise cover slips (Chapter III). The QCM resonance frequency was stabilised
against PBS buffer before the addition of the peptide solution. Once the frequency
was stable the peptide solution was flowed over the crystal. The dynamic adsorption
process was allowed time to equilibrate, determined by a stable resonate frequency.

Finally, a rinsing step with PBS buffer removes non-specifically adsorbed peptide.

V-2.4 Adsorption of Culture Media Components

The gold QCM sensors were subjected to the same treatments as the gold substrates
described in chapter III to form the surfaces of 11-amino-I-undecanethiol SAM
(AUT-gold), the peptide SAM (Peptide-gold), and finally the peptide linked to AUT
via a PEG chain (AUT-PEG-Peptide gold). The treatment steps are reproduced

below.

QCM sensors were oxygen plasma etched; 0.2 mbar and 60 W for 5 minutes in a
RF plasma barrel etcher. These samples were used immediately for the subsequent

surface modifications.
11-amino-1-undecanethiol (AUT) treatment

QCM sensors were;
¢ Rinsed with ethanol.
¢ Immersed in a solution of 1 mM AUT in ethanol for at least 18 hours.
¢ Rinsed with ethanol.

¢ Rinsed with deionised water and dried under nitrogen stream.
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Peptide fragment of laminin, NH,-CSRARKQAASIKVAVSADR-COOH (PA22-2)

treatment

QCM sensors were;
¢ Rinsed with deionised water.
¢ Immersed in a solution of 0.1 mM peptide in PBS for at least 18 hours.

¢ Rinsed with deionised water and dried under nitrogen stream.

AUT-PEG-Peptide modification
QCM sensors pre-treated with AUT were;

¢ Immersed in a 1| mM alpha-Maleinimido-omega-carboxysuccinimidyl ester
polyethylene glycol solution in dimethylformamide (DMF) for 2 hours.

¢ Rinsed with DMF, and dried under nitrogen.

¢ Immersed in a 0.1 mM peptide solution in PBS at 5°C for 3 hours.

¢ Rinsed with deionised water, and dried under nitrogen.

Adsorption from the media was determined on these surfaces. The cell culture
media was Neurobasal media with a B27 supplement, the components are listed in
table V.1. PBS was used to stabilise the QCM before addition of the media, and

afterwards to remove weakly adsorbed molecules.
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Neurobasal Media Concentration B27 Supplement
mg/litre uM
Inorganic salts Proteins

CaCl, (anhydrous) 200 1800 Albumin (bovine)
Fe(NO3)3.9H,0 0.1 0.2 Catalase
KCl 400 5360 Insulin
MgCl, (anhydrous) 77.3 812 Superoxide dismutase
NaCl 3000 51300 Transferrin
NaHCO; 2200 26000 Other components
NaH,P0O,.H,0O 125 900 Biotin

Other components Retinyl acetate
D-glucose 4500 25000 L-carnitine
Phenol red 8.1 23 Corticosterone
HEPES 2600 10000 Ethanolamine
Sodium pyruvate 25 230 Galactose

Amino acids Glutathione
L-alanine 2.0 20 Thyronine
L-arginine. HCI 84 400 Linoleic acid
L-asparagine.H,O 0.83 5 Linolenic acid
L-cysteine 1.21 10 Progesterone
L-glutamine 73.5 500 Putrescine
L-glutamate 3.7 25 Selenium
Glycine 30 400 Tocopherol
L-histidine. HCI1.H,O 42 200 Tocopherol acetate
L-isoleucine 105 800
L-leucine 105 800
L-lysine.HCI 146 5
L-methionine 30 200
L-phenylalanine 66 400
L-proline 7.76 67
L-seribe 42 400
L-threonine 95 800
L-tryptophan 16 80
L-tyrosine 72 400
L-valine 94 800
Vitamins

D-Ca pantothenate 4 8
Choline chloride 4 28
Folic acid 4 8
i-Inositol 7.2 40
Niacinamide 4 30
Pyridoxal. HC1 4 20
Riboflavin 0.4 1
Thiamine.HCI 4 10
Vitamin B12 0.34 0.2

Table V.1: Components of the Neurobasal media and B27 supplement, adapted

from!®”!
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V-3 Results

V-3.1 Peptide adsorption to gold

The coverage of the peptide PA22-2 on gold has been determined to be uniform with
ToF-SIMS, chapter III. To estimate the peptide density requires that the mass
adsorbed to the surface is known. This can be measured with the QCM as the surface
is assembled in the instrument. The frequency response and Sauerbrey mass gain due

to the peptide adsorption are presented in appendix 20.

The resulting mass change upon exposure to a 0.1 mM concentration of PA22-2
in PBS was 379433 ng/cmz. Given the peptides molecular mass (2017.34 amu), the
result indicates a peptide ‘footprint’ of 0.88 nm”. By assuming the model for thiol
binding on reconstructed gold (111), the observed peptide coverage is illustrated,
figureV.2A. The dimensions of the peptide are ~ 0.5 x 0.5 x 7 nm. If the peptide
was bound end on to the surface so that all thiol binding sites were occupied, the
‘footprint” would be 0.16 nm’. A peptide bound parallel to the surface as such to
block potential binding sites would have a larger “footprint’ of 3.5 nm? (the surface
area of the peptide). The peptide, consisting of a straight chain of 19 amino acids,
may bend and fold in different orientations. Therefore, it is reasonable to assume that
the peptide would not occupy every possible binding site due to steric effects. The
observed mass change indicates the peptide is protruding from the surface in

agreement with a theoretical model™’ presented in figure V.2B.
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Figure V.2: (A) Proposed foot print area (red circles) of peptide PA22-2 on
gold(111), black circles are possible thiol binding sites 0.497 nm apart. (B)
Simulated theoretical conformation of PA22-2 on gold, when bound by the terminal
cysteine, redrawn from™. The peptide region near the N terminus may form a
helical conformation.

Despite many attempts, the instrument was found not to stabilise with ethanol as a
test solution. Because ethanol was needed for the AUT thiol adsorption it was not

possible to reliably measure the binding of AUT to gold with the QCM.
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V-3.2 Protein adsorption from culture media

The mass adsorption of components from the culture media onto various surfaces
was determined by QCM. Gold coated QCM sensors were treated to produce AUT-
gold, Peptide-gold, and AUT-PEG-Peptide-gold surfaces using the same surface
preparation method described in chapter III. The frequency response and Sauerbrey
mass gain due to the adsorption from Neurobasal and the B27 supplement are

presented in appendices 21-24.

The average Sauerbrey mass change resulting from adsorption are summarised in
table V.2. The addition of the B27 supplement results in more mass adsorption in
comparison to Neurobasal alone, as observed on both the AUT-gold and Peptide-
gold surfaces. The AUT-gold surface promoted the greatest adsorption from the
supplement. The AUT-PEG-Peptide-gold surface has the least mass adsorption from

the supplement.

Surface Mass adsorbed (ng/cmz)
Neurobasal Neurobasal + B27
AUT-gold 243 391 +88
Peptide-gold 50 43 310 £21
AUT-PEG-Peptide-gold No data 70 £24

Table V.2: Mass gain at 15 MHz, following exposure to Neurobasal
media with and without the B27 supplement.

On the AUT-gold, adsorption from Neurobasal media alone was marginal, ~ 2
ng/cmz, figure V.3. Once the supplement is added there is a more significant
adsorption which remains after PBS wash, figure V.3. The B27 supplement contains
proteins and enzymes, whereas the Neurobasal component does not, table V.I.
Consequently, the mass increase could be assigned to the adsorption of the proteins
present in the supplement. The amount is estimated using the Sauerbrey equation to
be ~ 391 ng/cm”. The culture media endothelial basal medium containing 2 % FBS
resulted in ~ 290 ng/cm® mass adsorption on an AUT SAM!'"**! using SPR. The
AUT SAM had a WCA of ~ 51°, which was higher than the ~ 41° observed on the
AUT SAM in this work. Although the culture media was different, significant
adsorption from the media is observed on the AUT SAM. SPR was also used to
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study the adsorption from Neurobasal + B27 media onto peptide PA22-2

1431 Two maleimide terminated disulfide molecules were used to form

surfaces
maleimide terminated SAMs on gold, one of the molecules contained a PEG chain 6
units long. The peptide was then coupled to the maleimide surface. Although the
mass gain due to media adsorption was not predicted, a relative comparison was
made between the PEG and non-PEG peptide coupled surfaces. The result indicated
that both surfaces had similar responses to adsorption from the media. This result is
in contrast to the results for the longer maleimide terminated PEG chain (over 100
PEG units, 5000 amu) used in this study for peptide coupling. Longer PEG chains

[144]

have been shown to have greater resistance to protein adsorption' ", which may

explain the contrasting result of the shorter PEG chains protein adsorption.
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Figure V.3: QCM trace of mass adsorption from culture media to the AUT-gold
surface at 15 MHz. Green line is Neurobasal addition. Red line is Neurobasal+B27
addition. Dotted lines are PBS additions, (A) PBS additions ~ 2 minute intervals.
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Several of the proteins in the supplement are negatively charged in the media.
This can be inferred from the reported isoelectric point (pI) of each protein: Bovine

9[145]; insulin pl 5.3“45]; superoxide dismutase pl 4.75[146];

serum albumin pl 4.
catalase pI 5.8"'*"); transferrin pI 5.85!"**!. The isoelectric point is the pH (-log[H*])
at which the protein has an overall neutral charge. The culture media is buffered at a
pH of 7.4, so fewer hydrogen ions are present to balance the remaining negative
charge of the proteins. Therefore, negatively charged proteins may adsorb to the
surface via electrostatic interactions with any positively charged regions of the
surface. This electrostatic adsorption could be an important factor in the high protein
adsorption observed on the amine terminated AUT-gold surface. Although the
electrostatic charge of the surfaces presented was not investigated, it is known that
amine groups can be positively charged; PLL adsorbed to polystyrene results in a

positively charged surface!'*.

In solution, the amine will exist in equilibrium between the un-protonated and
protonated form. The equilibrium is described by the acid dissociation constant, Ka.
The pH of a solution will affect the position of the equilibrium, described by pKa
(the negative logarithm of Ka). When the pH is below the pKa value the equilibrium
shifts and the amine becomes protonated. In solutions with a pH above their pKa
value the amines will remain un-protonated. Primary amine groups have high pKa
values, making them bases (proton acceptors). For example, the pKa values for
butylamine and undecylamine are approximately 10.6 and 10.7 respectively“so].
These values provide an estimate pKa value for amine groups of the aminopropyl

silanes and aminoundecanethiol. However, the consideration that the amine groups

are immobilised to the surface must be taken into account, as discussed below.

The buffered pH 7.4 of PBS used in this study is below the pKa value for the
amine groups, indicating that the amine groups would be protonated. However, once

a molecule has been immobilised on a surface the pKa value becomes less

511 yequiring a more acidic environment to

[152]

informative. The pKa for bases decreases
protonate the surface bound amines. The pKa for acids increases °~', a more basic
environment is required for dissociation. These studies determine the pH value at
which half of the surface groups are ionised, a pK;, value. The trend is due to
several factors. Firstly, the close proximity of charged groups of the same polarity is

unfavourable due to electrostatic repulsion, hence more basic pH is required to drive
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dissociation of acids, and a more acidic pH for protonation of amines''>*. Secondly,
the acid and amine groups can form hydrogen bonds between neighbouring groups.
Hydrogen bonding will favour close interaction of the terminal groups, opposing the
charged alternative. Further, the ionic strength of the solution will influence the
surface charge and pKj,. Ions can diffuse to the surface and compete with the
electrostatic interactions, reducing electrostatic repulsion between terminal groups.
Therefore, at high ionic strength, the difference between pKa and pK;, is
reduced! >, Considering the above factors, the AUT surface at pH 7.4 will be
significantly protonated, and have a net positive charge. This is further supported by
the observation that negatively charged phosphate ions interact with the amine

surface in neutral pH buffers!'>.

In contrast to the AUT surface, components from the Neurobasal media alone
adsorbed onto the peptide surface, ~ 50 ng/cmz. This difference could be due to
different structural characteristics of the AUT and peptide SAMs. The van der Waals
forces between the alkyl chains of the AUT SAM may form stronger intermolecular
forces than those within the peptide SAM. As a result, components of the media may
penetrate and reside within the peptide SAM but not within the AUT SAM. The
hydrophobic region of alkyl chains within the AUT SAM may also prevent polar
components of the media penetrating the SAM. The interactions between the
Neurobasal components and AUT SAM may then be overcome during the PBS
washing step. In the case of the peptide SAM, the components which may reside

within the layer are not completely removed during the PBS wash.

Similarly with the AUT SAM, the peptide SAM adsorbed components from the
B27 supplement. The different amino acids of the peptide will posses different
electrostatic charges''!; at pH 7.4 there are 5 positive, 1 negative, and 12 neutral
amino acids present in the PA22-2 peptide sequence. These charges may contribute

to the protein adsorption through electrostatic interactions with the peptide surface.
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V-3.3 The effect of PEG on protein adsorption

The AUT-PEG-Peptide surface has a reduced protein adsorption from the media,
when compared with the peptide bound directly to gold. However, protein adsorption
has not been completely eliminated. In a study where the peptide sequence RGD was
bound to a protein resistant PEG surface, it was found that increasing the proportion
of bound RGD peptide resulted in increased protein adsorption from 100% human
serum'™!. The protein adsorption may occur through interactions with the terminal
peptide. It is also possible that the smaller molecules present in the media could
penetrate into the PEG layer, contributing to the mass gain. In comparison with the
other modifications, the presence of the PEG chain between the peptide and AUT
SAM has reduced protein adsorption from the B27 supplement.

PEG surface modifications have been used to prevent protein adsorption, and as a
result prevent cell adhesion!”®"*”\. The length and surface density of the PEG chains
are important factors for the resulting protein resistance!'*>'*®. Longer PEG chains
are more effective than shorter chains for preventing protein adsorption!"*. In
solution, the PEG chains become hydrated forming random coils""*. Water is bound
tightly within the PEG layer, which may prevent protein interactions which involve
the displacement of water. The hydrated coils are flexible and resist compression
making adhesions unfavourable in terms of entropymg]. The protein resistance of
PEG surfaces may not last indefinitely under a constant protein and/or cellular

environment!°*16!,

V-4 Summary

The adsorption of components from the neural culture media Neurobasal and the
B27 supplement has been monitored using a QCM. Gold QCM sensors were pre-
modified to form the AUT, peptide or AUT-PEG-Peptide surfaces, onto which

protein adsorption was measured.

The AUT and peptide surfaces adsorbed the greatest mass from the B27
supplemented Neurobasal media, in comparison to the Neurobasal media alone.
Both Neurobasal and B27 have a complex composition of small molecules such as

vitamins, amino acids, and salts. However, only the B27 contains proteins. The
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higher mass adsorption in the presence of B27 is attributed to the protein

components.

The AUT-PEG-Peptide surface adsorbed fewer components of the B27
supplemented Neurobasal media in comparison to the AUT and peptide SAMs. The
reduced adsorption is attributed to PEG chain between the terminal peptide and the

AUT SAM.
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VI Discussion

VI-1 Introduction

The main goal of the work contained within this thesis was to modify the surface
chemistry of glass and gold to support long term cultures of primary neurons. The
aim of this section is to explain the results of the neuron culture (Ch. IV) in light of

the surface chemical analysis (Ch. III) and protein adsorption study (Ch. V).

VI-2 Protein adsorption and cell culture

Upon initial plating, smaller molecules will diffuse and interact with the surface
quicker than the cells, which settle under gravity. This could be inferred from the
QCM results, which showed an instantaneous mass adsorption at the point of
introducing the media to the surface. The consideration that proteins in the cell
culture media will adsorb to the surface before the cell is important. This is because
the adsorbed proteins may mask the initial surface chemistry. When the adsorbed
proteins display a cell adhesion domain, and are not denatured, the cells will adhere
to the protein regardless of the original underlying surface chemistry. This is shown
for proteins such as fibronectin and laminin which promotes cell adhesion on non-
adherent substrates. In contrast, proteins that do not display cell adhesion domains
will deter cell adhesion, albumin is one example. Once cells have attached to the
surface, they may excrete proteins to produce an extracellular matrix over the

original surface. This matrix provides extra adhesion sites for the cells.

The fact that not all the surfaces presented showed good cell adhesion, implies
that the adsorbed media components alone are not enough to support healthy
adherent neural cultures, and that the underlying surface chemistry is an important
factor. The adsorbed components do not inhibit cell adhesion, shown by both the
AUT-gold and peptide-gold surfaces, upon which neurons survived despite the
adsorbed layer. It could be argued that the adsorbed media components can influence

cell adhesion, but require the underlying surface chemistry to direct their adsorbed
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orientation/conformation to do so. Although no evidence is presented here for the
role of protein conformation on cell adhesion, evidence indicates a dynamic role

(89.162.163] " proteins can have

between surface wettability and protein conformation
complex structures, determined by interactions between amino acids, and with water
molecules!'®!. When a protein contacts a surface this structure may change as a
result of more thermodynamically favourable interactions with the surface'®”.
Proteins adsorb more strongly to hydrophobic surfaces, in comparison with

[139]

hydrophilic surfaces This is a thermodynamically favourable adsorption,

displacing water at the hydrophobic surfaces’ interface; hydrophobic dehydration™".
This adsorption may be too strong for other cell adhesion proteins to displace in
order in order for cell adhesion, as shown for albumin'®'**. The surfaces presented
are hydrophilic, with WCA ranging from 31° to 67°, and so cell adhesion may occur
through displacement of the adsorbed protein layer by cell adhesion proteins secreted

by the cells, or through cell adhesion motifs which may be presented by the adsorbed

protein layer.

It is difficult to suggest there is a correlation between ‘WCA and protein
adsorption’, figure V1.1, due to the few data points presented here. It is important to
note that the uppermost chemistry of the surface will determine the surface
wettability. Different chemistries may show similar wettability but differ in protein
adsorption due to other interactions such as electrostatic forces. For example, a PEG
surface can have certain properties which resist protein adsorption, discussed in
chapter V. A protein resistant PEG surface has a WCA of ~ 20° ['®>1%] The peptide
modified PEG surface presented here has a WCA of ~ 61°, and retains some
resistance to protein adsorption. Thus, a correlation between WCA and protein
adsorption may not be expected across the different surface chemistries investigated

here.
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Figure V1.1: Protein adsorption vs water contact angle.

The results presented here show no correlation between ‘WCA and live cell
numbers’ figure VI.2. Both successful and unsuccessful surfaces (in terms of neuron
survival) displayed a range of wettability. Thus, when using the Neurobasal media
and B27 supplement, the quantity, identity and conformation of adsorbed media
components due to surface wettability appears to have little effect on neuron

adhesion to the surfaces in this study.
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Figure VI.2: The number of live cells at day 0 and 21 vs water contact angle.

The amino terminated AUT-gold surface and Peptide-gold surface showed the
highest protein adsorption. It was discussed in chapter V that protein adsorption
could be due to electrostatic interactions between negatively charged proteins and
the positively charged surface; amine groups of AUT, and certain amino acid
residues of the peptide. This electrostatic driven protein adsorption has been
observed on a PLL surface!'*. Therefore, protein adsorption maybe driven through
electrostatic interactions between the protein and surface, for the surfaces presented.
The mechanism of neuronal cell attachment to these surfaces may overcome the
electrostatic force of protein adsorption, and displace the protein layer. A SAM of
AUT on gold promoted cell adhesion (human umbilical vein endothelial cells and
human cervical carcinoma cells) in the presence of a pre-adsorbed layer of
albumin!'*?!. Indicating albumin is displaced by other cell adhesion proteins during
the adhesion process, or that the conformation of the albumin presents some initial

adhesion sites for the cell.

In comparison to the directly attached peptide-gold surface, the inclusion of the
PEG linker promoted higher average live cell numbers, and reduced protein
adsorption from the supplement. The protein resistant nature of PEG was discussed

in chapter V. It is assumed that the cells are able to specifically bind the peptide
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through integrin receptors. The reduced protein layer on PEG may allow the cells to
interact with more peptide molecules, resulting in higher integrin binding, formation
of adhesion complexes, and initiating internal cell signalling pathways required for
survival. When directly bound to gold via the cysteine residue, the peptides will be
constricted spatially and may exhibit steric hindrance during integrin binding. In
contrast, due to the length of the PEG chain and its non-rigid nature, the accessibility
of the peptide to integrin recognition maybe more favourable on the PEG coupled
surface. The PEG layer introduces a softer mechanical stiffness in comparison to the
directly adsorbed peptide, due to the hydrated PEG chains releasing water on

[167] A

compression softer substrate may promote more viable neuronal cultures than

harder substrates. Mechanical stiffness has not been investigated here, however, it is
known that substrate stiffness can direct cell differentiation[mg]; neuronal
differentiation was favoured on a softer substrate!'®". Neurons, in vivo, are supported
by other neurons and glial cells, which provide a mechanically soft surrounding.
However, the implication of this affect on the cell viability results presented is
unclear. It is more likely that the protein resistant properties of PEG enable the

attached peptide to be more accessible for cell adhesion, improving viability over the

peptide only surface.

VI-3 Surface chemistry and cell adhesion

This section aims to explore how the surface chemistry influenced the cell viability.

The primary neuronal cell cultures survived on the AUT-gold, Peptide-gold,
AUT-PEG-Peptide-gold, and on PLL-gold as well as the PLL-glass control surfaces.
The evidence from surface characterisation with ToF-SIMS and XPS suggests these

surfaces present the intended chemical modifications, chapter III.

Although neuronal cells adhered to APTMS-glass and APTMS-PEG-Peptide-
glass surfaces, the cultures became clustered within the first week, and unsuitable for
the comparison of cell viability. The APTMS treatment appeared to present surface
amine groups as intended, chapter III. However, the PEG linker bound with a
heterogeneous distribution to the APTMS. As a result, the subsequent peptide
binding step followed the underlying distribution of the PEG linker, forming a
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heterogeneous distribution of peptide at the surface. The lack of cell viability on the
APTMS-PEG-Peptide surface could be attributed to the incomplete coverage of
peptide at the surface. The clustering observed in these cultures indicates the neurons

preferentially adhere to each other, due to lack of surface adhesion sites.

The neuronal cell cultures on APDES and APDES-PEG-Peptide surfaces were
not viable. Evidence from the surface characterisation suggests the initial APDES
silanisation did not present sufficient amine groups for the PEG linker to bind
homogeneously. Due to the low amount of surface bound PEG linker, the addition of
peptide resulted in an adsorbed layer rather than the intended PEG-Peptide coupled
layer. Previous studies have shown cell attachment to peptide surfaces produced by

41701 However, longer adsorption times and a

adsorption from solution
drying/evaporation step were used, which is not required for the maleimide-peptide
coupling used here. Evaporating a peptide solution will leave a peptide residue on
the surface, which is likely to have a higher concentration of peptide in comparison
to an adsorbed film from solution. Therefore, the amount of adsorbed peptide on the

APDES-PEG-Peptide surface was insufficient to promote neuronal cell adhesion.

107



The Pearson correlation coefficient has been calculated between the elemental
composition determined by XPS and the average live cell number, table VI.1, using
data from the viable cultures only (PLL-glass, PLL-gold, AUT-gold, Peptide-gold
and AUT-PEG-Peptide-gold). At day 0, carbon and oxygen show the greatest
correlation with live cells. The positive correlation of carbon on cell growth is partly
an artefact due to the alkyl chain of AUT. At day 21 the live cell numbers correlate
negatively with the initial nitrogen content. Surfaces presenting methyl groups have

reduced cell adhesion!!*

, suggesting that the cell adhesion concerns the terminal
amino groups rather than the underlying alkyl chain of AUT. Due to the analysis
depth of XPS (~ 10 nm), the atomic composition may include contributions from
underlying surface regions which do not influence cell adhesion. Therefore, the

correlation between surface composition by XPS and cell response may not be an

Culture Pearson Correlation Coefficient
Element vs Av. Live Cell Number
Day C O N C/N C/O O/N
0 0.61 -0.56 0.06 0.25 0.96 -0.45
21 0.16 0.26 -0.69 0.96 0.36 0.37

Table VI.1: Correlation between XPS atomic percentages and average live cell

numbers. Data from PLL, AUT and peptide surface modifications.
accurate indicator of which elements influence cell viability.
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The Pearson correlation coefficient has also been calculated between the ToF-
SIMS ion fragment intensities and live cell counts, table VI.2. It is important to note
that ToF-SIMS is not quantitative, the ion intensities may not be indicative of a
particular fragments actual concentration at the surface. However, the greater
sensitivity and smaller analysis depth (~ 2 nm), in comparison to XPS, may provide
a more accurate indication of what chemical functionalities the cells encounter. At
day 0, the ion fragments CN, CNO™ and C3N" show a negative correlation, indicating
nitrogen has a negative influence on cell viability. This negative correlation is also
apparent at day 21. The significance of any correlations at day 21 is debatable, by
this time cells may have excreted ECM factors masking the original surface.
Previous studies have shown a positive correlation between cell adhesion and surface

{33:1421. However, this trend has not been observed for the cell

nitrogen conten
viability on the surfaces presented within. This is not a surprising result considering
the variation of surface modifications used. The surfaces presenting only amino
groups are then considered separately in section VI-3.1, because the surface

functional groups are essentially the same a clearer correlation maybe observed.

Pearson Correlation Coefficient
Ion Ion vs Av. Live Cell Number
Day 0 Day 21
CH;" -0.41 0.73
NH;* 0.23 -0.51
CH,' -0.40 0.34
C:H;" 0.15 0.48
C,Hs0" -0.19 0.53
Czi-1615\10+ -0.39 -0.53
CsH;(N* -0.20 -0.77
0} -0.47 0.35
OH -0.43 0.39
CN -0.60 -0.84
CNO’ -0.64 -0.77
CN° -0.69 -0.12
C,H50; -0.19 0.49

Table VI.2: Correlation between ToF-SIMS normalised ion intensity and average
live cell numbers. Data from PLL, AUT and peptide surface modifications.
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VI-3.1 Amino terminated surfaces

The PLL, AUT, APDES, and APTMS surfaces present terminal amine groups.
Comparing the nitrogen content of these surfaces may correlate with the cell
viability. The XPS analysis was not sensitive to the adsorbed layer of PLL on glass
and gold. Ordering the remaining surfaces by nitrogen content from XPS analysis
gives; APTMS (8.7%) > AUT (5.1%) > APDES (1.3%). This order is also
reproduced by the normalised intensity of the NH;" and CN ion fragments,
attributed to the surface amine groups, from ToF-SIMS analysis. The AUT surface
promoted adhesion of neurons, and the long term culture of neurons. Whereas the
APTMS and APDES surfaces, with the highest and lowest nitrogen content
respectively, were not sufficient to support viable cultures. This result indicates that
the amine content of the surface may influence the cell response. Furthermore, since
the nitrogen content (% by XPS) of the AUT SAM is between the APTMS and
APDES, there may be an optimal concentration of surface amino groups required for
viable neural cultures. The number of positively charged amine groups may also
influence the adhesion and growth of primary neural cultures’®”. The results of
qualitative observations inferred that there is positive correlation between the amount
of positively charged amines and the viability of the adherent culture. In a separate
study, a mixed SAM of AUT and 1-dodecanthiol (DDT) on gold was used to
investigate cell adhesion!'*!. It was found that cell adhesion increased as the surface
ratio of amine (AUT) to methyl (DDT) increased. Providing further evidence that
amine groups have a positive influence of on cell adhesion. Given the above,
although the APTMS surface has higher amine content, the AUT surface may
present more accessible positively charged amine groups, resulting in better viability
of neural cultures. Cell adhesion onto positively charged surfaces is thought to
initially occur through electrostatic interactions with negatively charged molecules

on the surface of the cell, such as glycoproteins.
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VI1-4 Surface treatments for neuronal culture

Several of surfaces presented are suitable for culturing primary neurons. In particular
cell viability on the AUT and AUT-PEG-Peptide modifications was better or
comparable to cultures on PLL-glass over the 3 week long culture. Due to the gold-
thiol bond, the surfaces modifications are stable over long periods of time. The PLL
layer can be degraded by enzymes, which can result in reduced cell adhesion over
several weeks in culture. As with PLL, peptides may also be degraded by
enzymes'' ", reducing their long term application. In contrast to biological molecules

which can be degraded by enzymes, the AUT SAM will be resistant to enzymatic

degradation, providing a cell adhesion layer for long term culture applications.

VI-5 Neuronal culture death rate

A high linear regression was observed for the dead cell counts, which was
independent of the surface treatment and the number of live cells. This result implies
that the death rate is inversely proportional to the number of live cells, and that
soluble factors released by the cells could explain the observation, as discussed in
chapter IV. Other studies have found that low density cultures require conditioned

[172]

media or feeder cells of glia" "~, which provide the neurons with soluble growth

factors in order to survive. A lower density of electrically active neurons can be

achieved using conditioned media than with non conditioned media'”’.

VI-6 Current applications

Investigating the electrical activity of neurons is one of the most important reasons
for developing cell cultures. The gold surface modifications presented within offer

suitable platforms upon which electrical activity can be monitored.

Multi-electrode arrays (MEAs) are used for recording action potentials, requiring
that neurons are adhered in close proximity to the electrodes. MEAs can be made
with gold electrodes. These electrodes can then be modified with the AUT or peptide
modifications presented to promote cell adhesion onto the electrodes for recording

neural activity.
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The gold surface treatments are also compatible with surface plasmon resonance,
an optical technique which is sensitive to changes in the refractive index of the
medium within approximately ~ 100 nm of the gold surface. SPR has been used to
detect neuron action potentials'®~*. SPR imaging (SPRi) is made possible by the
contrast in reflected light resulting from changes of refractive index on the surface.
SPRi can be used to image cells in culture!'?!. Low density neural networks coupled
with SPR, could be used to develop a system where every action potential is
recorded from all neurons, throughout the duration of the culture. This ability is not
readily provided by existing approaches with MEAs, microelectrodes, or fluorescent
dyes. As such, this system would make a valuable contribution to the fields of

electrophysiology and neuroscience in general.

VI-7 Conclusions

Gold surfaces have been successfully modified to support the neural cultures. The
viability of neurons cultured on AUT and AUT-PEG-Peptide surface was higher
than the PLL control over the first two weeks in culture, and comparable to PLL at
the end of the third week. Both of these gold surface treatments are able to support
viable cultures of neurons at low density. These surfaces will provide alternative
treatments to promote neural adhesion onto gold electrodes or SPR sensors with the

aim of recording electrical activity.

Generally, the gold surface treatments were more homogeneous than the glass
surface treatments which were patchy for the PEG-Peptide equivalent treatments on
APDES and APTMS. The process of surface silanisation can be difficult, involving
the control of several variables for optimum performance. In contrast, alkanethiol
SAMs on gold are generally more straightforward provided that the gold surface is
clean. The poor cell viability observed on the glass surface modifications is

attributed in part to their non uniform nature in comparison to the gold treatments.

Despite showing high adsorption from the culture media components the AUT
and Peptide SAMs promoted neural cell adhesion, and the growth of viable cultures.
It is understood that the adsorbed protein may provide initial adhesion sites for the

cells. Further production of cell adhesion proteins by the cells may displace proteins
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or mask non adhesive regions of the surface. The PEG-Peptide surface had the
lowest adsorption of media components, which was attributed to the inclusion of the
PEG chain. Cell viability was also maintained on the PEG-Peptide surface while the
Peptide SAM started to decline by week 3, forming clustered neurons. This could be
due to protein adsorption from the media masking the peptide layer and preventing
cell adhesion. The PEG-Peptide surface, with reduced protein adsorption, may allow
neural cells to adhere more specifically to the peptide. Thus, on PEG-Peptide

surfaces there is less clustering after 21 days culture.

VI-8 Future Work

Several of the surfaces discussed demonstrate the potential to support viable low-
density cultures of primary hippocampal neurons. However, the electrical activity of
the cultures has not been addressed. Cultures of adult neurons have been shown to
require further addition of glutamate to the media to induce electrical activity !'"*.
Also, cultures of neurons at low density (as performed in this study) may have

751, Therefore,

reduced electrical activity in comparison to more dense cultures
although the neurons are living, they may not be generating action potentials.
Further, any electrical activity may not be characteristic of in vivo neurons. With
respect to a ‘proof of concept’ or ‘device optimisation’ such as developing a surface
plasmon based sensor to detect action potentials, initially, the electrical activity of
the neuron cultures does not need to be optimum, but present at least. Several
methods are commonly used to monitor the electrical activity of neurons in culture,
these are; microelectrode recordings (e.g. patch clamping), MEAs, and fluorescent
imaging (calcium imaging and voltage sensitive dyes). Microelectrode recordings are
the most informative, providing direct measures of the cell resting potentials and
action potentials over time. But patch clamping has inherent difficulties, such as
requiring accurate manipulation of a delicate micropipette. This makes recordings
from many cells impractical. MEAs provide a platform to monitor electrical activity
at fixed points of a culture grown on top of the array. However, the surface
chemistry of commercial MEAs is not compatible with the protocols used in this
work. Finally, the calcium influx in neurons as a response to an action potential can

[175]

be imaged with fluorescent molecules' "°'. Hence, future work using calcium
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imaging and microelectrode recordings would determine if the cultures show a
characteristic electrophysiology and may also indicate how surface treatments

influence the electrical activity of neurons.

Primary cell cultures have been shown to contain several cell types, including
neurons and astrocytes. It would be useful to know the proportion of each cell type in
the culture, specifically the numbers of neurons present in the culture over time. This
would allow further refinement of the model proposed in chapter IV. Identification
of cell types could be achieved using immunohistochemistry (IHC). ICH is a staining
technique which can label proteins via specific antibody-antigen binding. The cell
culture can be labelled with fluorescently tagged antibodies which bind cell-type
specific markers, such as microtubule-associated protein 2, which is neuron specific.
Using several different fluorescent markers in parallel would give a visual and

quantitative comparison of the cell-types present in the culture.

The cultures presented are grown on uniformly treated surfaces. As a result the
networks formed by the cultures grow over the entire surface. It would be interesting
to constrain the neurons to pre-defined spatial patterns and study if this changes the
electrical activity and viability of the neurons. One purpose of this study could be to
mimic different structures of the in vivo brain in a 2D culture. Techniques such as
micro-contact printing and photolithography could be used to pattern the surface
chemistries presented in this thesis, and therefore direct the adhesion and formation

of neuronal networks.
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Appendices

Appendix 1: XPS wide scan spectra of glass and gold surface modifications. All spectra were

recorded in the same run with a mono-chromated Al ko X-ray source. Pass energy was 80
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Appendix 2: ToF-SIMS Negative Ion Spectra: Glass surface modifications.
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Appendix 3: ToF-SIMS Negative Ion Spectra: Glass surface modifications. C;HsO," fragment
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Appendix 4: ToF-SIMS Positive Ion Spectra: Glass surface modifications.
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Appendix 5: ToF-SIMS Positive Ion Spectra: Glass surface modifications. C;HsNO*
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Appendix 6: ToF-SIMS Positive Ion Spectra: Glass surface modifications. C;HsO" fragment
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Appendix 7: ToF-SIMS Positive Ion Spectra: Glass surface modifications. Co;HsNO*
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Appendix 8: ToF-SIMS Negative lon Spectra: Gold surface modifications.
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Appendix 9: ToF-SIMS Negative lon Spectra: Gold surface modifications. C;HsO,™ fragment
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Appendix 10: ToF-SIMS Negative lon Spectra: Gold surface modifications. C;;H24SNAu,
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Appendix 11: ToF-SIMS Positive Ion Spectra: Gold surface modifications.

R | | ——
XLDS | Oxygen Plasma
.0+ K E:
= Cattz E%Hj ?4HTF'I&:;DH
S 3.0 ! L
:lc': .szHs |oH, i | GsHs
£ 20 | L BICaHD
10/ ii ‘ N A
n | |||i| | ] LIH ,L;I i TR 1 | a:
X10° S G T e dE pLL '
4.0 - E:CQHd- =H; 5?4H? ZsH 1M L
oot PRI g ]
Zao] il |
= NH" ::i: K':: i sHg Sll:I::EHSl
[T 1 1 Li 1 h 1
£ B -
i ap
o 11‘!1 ul.ul.l.l it | | | ; ; :; T
x10° Peptide
.C3H5N
i | GSH0 sH 1o
2 i
g o i P, e
o P -:. .' I l}"-;HsN Q4 1Mz
€ 201 Lo el o q:mwlg.. L
ooy fe‘iczH?" GsHiaMa
10+ i i:: :u‘ Il l .: : AP |
T i ITI ||i|| ‘ irl 11‘ i nL“ .||Ii. _Il T r 4 - v i T
x10° CaHs Csz CaHy AUT
4.0 |ng4 F2H4N i~ 3H b
> .szs '93H? Ei
‘n 30' n I
g NiH“' II:pH-i-N ngﬁl‘{, ?SHD
£200 b o b
T I ‘ o g o |
i lr | || II |= ‘lﬁ |Ji l!l ||||11|. I“r“'l P T | |I . T . ‘ . . : T
«10° s (l'(j,?zij-;N Peptide-PEG-AUT
4.0 r;gH4 hC'sHy -
&5 (Fsz :i%ili-lli%
gL 3.0 k;H4N. : Gt CeHsl
g 20- .,(;H30 i Q H qquTNz
a G ce
1.0 . ,. i il i | 3
JII H‘ M ln:lnl.uilllu L I| IlI | T
100 150
/u

142



Appendix 12: ToF-SIMS Positive Ion Spectra: Gold surface modifications. C4H;oN3"

fragment attributed to arginine.
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Appendix 13: ToF-SIMS Positive Ion Spectra: Gold surface modifications. C;1H2sSNAu*
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Appendix 14: ToF-SIMS Positive Ion Spectra: Gold surface modifications. C4HgNO*

fragment attributed to lysine.
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Appendix 15: ToF-SIMS Positive Ion Spectra: Gold surface modifications. C,HsO" fragment
attributed to PEG chain.
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Appendix 16: ToF-SIMS negative ion images, 500x500 um, of gold surface modifications:
A) Oxygen plasma etched; B) Peptide; C) AUT; D) AUT-PEG-Peptide; E) PLL.
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Appendix 17: ToF-SIMS positive ion images, 500x500 um, of gold surface modifications: A)
Oxygen plasma etched; B) Peptide; C) AUT; D) AUT-PEG-Peptide; E) PLL.
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Appendix 18: ToF-SIMS negative ion images, 500500 um, of glass surface modifications:
A) Oxygen plasma etched; B) APDES; C) APTMS; D) APDES-PEG-Peptide; E) APTMS-
PEG-Peptide; F) PLL.
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Appendix 19: ToF-SIMS positive ion images, 500x500 um, of glass surface modifications:
A) Oxygen plasma etched; B) APDES; C) APTMS; D) APDES-PEG-Peptide; E) APTMS-
PEG-Peptide; F) PLL.
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Appendix 20: QCM frequency and Sauerbrey mass plot: PA22-2 peptide (0.1mM in PBS)

adsorption onto a gold sensor. Mass change of A) 414 ng/cm*; B) 375 ng/cm?; C) 349
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Appendix 21: QCM frequency and Sauerbrey mass plot: Neurobasal + B27 adsorption on
AUT-gold. Mass change of A) 485 ng/cm?; B) Neurobasal 5 ng/cm?®, Neurobasal+B27 311

ng/cmz; C) Neugobasal -1 ng/cmz, Neurobasal 2 ng/cmz, Neurobasal+B27 377 ng/cmz.
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Appendix 22: QCM frequency and Sauerbrey mass plot: Neurobasal adsorption onto Peptide-

gold. Mass change of A) 80 ng/cm?; B) 19 ng/cm?.
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Appendix 23: QCM frequency and Sauerbrey mass plot: Neurobasal + B27 adsorption on

Peptide-gold. Mass change of A) 298 ng/cm?*; B) 334 ng/cm?; C) 297 ng/cm”.
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Appendix 24: QCM frequency and Sauerbrey mass plot: Neurobasal + B27 adsorption onto

AUT-PEG-Peptide. Mass change of A) 46 ng/cm?; B) 93 ng/cm?; C) 71 ng/cm”.
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