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ABSTRACT

The work presented in this thesis investigates a number of the issues relating to

bioscnsor technology, in particular the controlled design of bioelectronic interfaces.

Initially, the ability to produce mixed self-assembled monolayers (SAMs) of
alkanethiols on gold is investigated. Using X-ray photoelectron spectroscopy (XPS)
it is demonstrated, that through the displacement of a previously adsorbed monolaycr
by incubation in a secondary thiol (bearing an alternative headgroup) the degree of
head-group functionality of a gold surface can be conirolled. The interpretation of
these XPS spectra also allows for the proposal of a mechanism by which this

displacement may occur.

Having shown that the headgroup functionality of a gold surface can be controlled in
this manner, these methods are used to manipulate molecular recognition at electrode
surfaces in a variety of manners. Mixed monolayers are used to control electron
transfer reactions between the redox protein cytochtome ¢, as well as controlling the
immobilisation of a variety of proteins to the electrode surface. In this fashion the

fabrication of protein gradienis is demonstrated.

In addition to the use of SAMs protein gradients are also constructed by the
manipulation of the competition of biotin and biotinylated proteins, for the biotin

binding sites of immobilised avidin.

In the final cha'pter, both photolithographic and non-photolithographic methods are
used to fabricate micro-electrodes and micro-electrode arrays, suitable for application
to high through put micro-electrochemical assays, where the effective immobilisation

of proteins could be used to increase sensitivity and improve detection limits.
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BSA
CcvV
DMSO
ELISA
FITC
IMCA
FT-iR
HRP
HTS
IoG

iR
NADH
NSB
PBS
PMMA
pNPP
RIE
RO water
SAM
STM
T™B
TOA
XPS

GLOSSARY

Bovine serum albumin

Cyclic voltammetry/voltammogram
Dimethylsulphoxidc

Enzyme linked immunosorbent assay
Fluorescein isothio-cyanate
Ferrocene monocarboxylic acid
TFourier transform infra-red spectroscopy
Horseradish peroxidase

ILigh throughput screening
Immunoglobulin G

Infra-red

Nicotinamide adenine dinucleotide
Non-specific binding

Phosphate buffered saline
Poly-methylmethacrylate
p-nitrophenylphosphate

Reactive ion elched

Reverse osmosis water
Self-assembled monolayer
Scanning tanneliing microscopy
Tetramethyl-benzidine

Take off angle

X-ray photoelectron spectroscopy
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CHAPTER 1: INTRODUCTION

The interfaces that exist between biological media and man-made materials are
important in many areas of science and technology, including implants and bio-
compatibilityl! 2. One additional area, which has received particular attention over
the past several vears, involves those surfaces found in biosensors. This is not only
as a consequence of the promising commercial opportunities that they offer, but also
because of the unrivalled specificity and sensitivity shown by biomolecules and
biological systems, and how, as a consequence such sensors can be used in research

led projectsi31.

A biosensor combines two functions: molecular recognition and signal transduction,
This is achieved by the immobilisation ol a biological sensing uoit, such as an
antibody or cnzyme, in a closc, and often functional, proximity to a transducecr
surface Figure 1.114-61, The nature of the surface molecular environment in which
the bio-molecule is immobilised, therefore, has considerable implications on the
sensing properties of that surface. As a consequence, the control of the molecular
mmmobilisation and the subsequent manipulation of the sutface molecular

architecture is of particular importance in the field of biosensorst7.81.

As well as there being an interest in controlling the surface molecular structure of
sensing surfaces, there has been a concurrent desire to exploit the potential benefits
offered by the microfabrication of these devicesl?-12]. Miniaturisation offers a
reduced assay cost, and as a result of their reduced geometries, enhanced analytical
performance, for example, through a more efficient diffusion of analytes {o the
sensorl13). These advantages are of particular interest in thosc applications wherc
large numbers of assays are being performied, and ag a consequence miniaturisation
has shown promise in the area of high-throughput screening (HTS), where there have

been intensive efforts to produce arrays of miniaturised sensing devices[14-16],
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Analyte
'Reacognition’

.
<

Biologically
sensitive
coating

Figure L.f - The biosensor consists of a ransducer modified with a biological sensing component. It
is the specificity of the bio-recognition molecule for the target analyte which underlies the potential of
biosensors as analytical tools.

With the decreasing geometries of the devices, optimisation of the analytical binding
event and thus the surface molccular cnvironment becomes maore important. This
thesis, therefore, investigates methods of controlling both the immobilisation of
pfoteins and moalceular recognition at gold surfaces, with particular application to the

fabrication of arrays of miniaturised electrochemical sensors.

1.1 Protein Immobilisation

One of the most important factors in biosensor construction is the development of
techniques for the stable immobilisation of biomoiecules, especially proteins, in close
proximity to a transducer surface. In the context of hiosensing, the incorporation of
biological components within membrane structures was first described by Clark and
Lyons in 19621171, Since that pioneering work, various methods have been described

for enzyme or protein immobilisation Table 1.1
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Probably the simplest method of immobilisation, the adsorption of biomolecules
from solution onto solid surfaces is facilitated via non-gpecific physical forces (e.g.
van der Waals, ionic, or hydrophobic interactions). The adsorption of proteins has
been shown as a simple method for constraining a number of different proteins on
various surfacest18-201,  Althongh it is generally regarded as a ‘mild’ coupling
method that preserves protein activity, adsorption generally exhibits a high degree of

reversibility and does not provide a high surface loading of proteins[21],

Although the adsorbed molecules can be stabilised to some extent through the use of
cross-linking agents such as glutaraldchyde, an additional a loss of activity is
believed to occur through the denaturation of proteins on adsorption through
conformational changes, aggregation and multi-layering. Consequently biosensors
employing adsorption as the immobilisation procedwe often show reduced

sensitivity and some degree of non-specificityt4l.

Although the effective immaobilisation of the sensing protein is paramount, this
should be achieved whilst still maintaining free diffusion of substrates and products
into and out of the immebilised layer. The occlusion of bio-molecuies both behind
membrancs and in clectrochemically formed polymers such as polypyirole, are
relatively simple techniques that have shown their potential in a number of
situations(22:23],  However, they do have the potential disadvantage of creating a
diffusional barrier belween the elecirode and the bulk soluiion through which only
low molccular weight substrates can diffuse. Thus this method may be unsuitable for
enzymes that act on macromolecules such as ribonuclease, trypsin or dextranase and
arc also unsuitable for antibodies slﬁcciﬁc to large antigens. N.b. The diffusional
barriers that are created although ofien a disadvantage can be used in order to select

analytes on the basis of charge or size and so exclude interferants or foulants.
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Method Advantages Disadvantages
Adsorption on insoluble | Simple and mild conditions, | Linkages are highly
mattices which are less disruptive to the | dependent on pli, solvent
{e.g. by van der Waals | biological molecule used and reaction
forces, ionic binding or temperature. Resulting
hydrophobic forces). sensor often insensitive.

Entrapment in a polymer | Universal procedure for any | Large diffusional barriers,
or gel / behind a semi- | molecule; mnild immobilisation | loss of enzyme activity by
permeable membrane. procedure. leakage, possible
denaturation of the
biomolecule as a result of
the accumulation of fiee
radicals.

Crosslinking by  a | Simple, strong chemical binding | Control of reaction difficult,
multifonctional reagent, | of biomolecules; widely used to | large amount of protein
stabilise physically adsorbed | requited; low activity often
protcins or those covalently | associated with crosslinking,
bound tv a solid support.

Cavalent  bonding o | Probably most | Complicated and  time
solid suppurt or | stable/ireversible  method — | conswming; possible loss of
membrane, desorption very unlikely, ideal | activity due to reactions

for mass production and | invelving active site.
commercialisation,  possibility
of controlling protein
orientation.

Table 1.1 -- Summarising immobilisation procedures for bicmolecules at transducer surfacesl24].

The most intensely studied of the immobilisation techniques is the formation of
covalent bonds between the molecule and the solid supporti?4-26],  Chemical
attachment involves more aggressive conditions and can lead to a significant loss of
protein activity through inappropriate orientation and conformational changes on
binding. In addition as with all immobilisation techniques there will be some non
specific adsorption. As a consequence, there is generally a higher loss of activity
through covalent immobilisation, but this loss does depend upon the protein(2!], as

well as the immobilisation chemistry and the substrate used[26],
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Amino Acid Functional Group | Attachment Method Reaction
g - amino group
of lysine and N - | —NH, Diazotization -~-N—N--Protein
terminal  amino
group. (l)
Peptide bond formation .
P — C—NH—Protein
Protein
VRN
Arylation £ Y- NO,
ON
—CH,—NH--Protein
Alkylation —CH=NH—Protein
Schiff-base formation N H,
]
— C—NH —Protein
Amidination
Sulthydryl of
cysteine —SH Allylation —CH;S—Protein
Thio-disulphide —8—S—Protein
interchange
—Hg—S—Protein
Mercury enzyme
mteraction
Carboxyl group O
of aspartate and | -— COOH Peptide bond formation I .
glutamate / C- C NH Protein
tferminus
carboxyl group
Phunolic of Protei
lyrosine Y Diaczotization /—\\\
— — OH —N=N—{
\.‘\ —— \\:’__- 4
OH
Iinidazole of Protein
histidine | Diazatization
HN HN
N N=N N

Table 1.2 - Amino aclkds und functional groups involved in covatent immobitisation 0T‘111'0t3i115£27].

Although generally harsher than other immobilisation schemes, covalent binding can

provide the highest irreversible surface loadingl?1l, and research indicates that most




Chapter @ Infroduction

of the apparent loss of covalently bound protein activity is due to desorption of non-
covalently bound protein to the solution[26l. As a result of the intense interest in
immobilisation, several quite benign immobilisation procedures have been
demonstrated and the range of functional groups on the amino acids of proteins
which can be utilised is illustrated in Table 1.2. lysine residues, are most
commonly used for protein immeobilisation, as they are typically present on the
extertor of the proiein due to their hydrophiiic nature and are also good nucleophiles.
In most proteins lysine residues abound on the external surfaces and attachment to

the immobilisation support may occur through several groups.

Suitable functional groups must also be available for covalent attachment on the
transducer surface, Of the materials widely used to serve as transducers, the noble
metals gold, silver and platinum are probably most ofien used as surfaces in both
electrochemical and optical systems such as those used in Surface plasmon
resonancel28]. These metals are unique in their ability to bind thiol groups with near
covalent bond strength (188 kJ mol™), with many alkanethiols spontaneously forming
so called self assembled monolayers (SAMs)[29-32], I is the strength and
spontaneity of the formation of such bonds which provides the basis for

functionalisation of many gold, silver and platinum surfaces.

1.2 Self-Assembled Monolayers of Alkanethiols on Gold

Sell assembled monolayers of alkanethiolates on gold, form spontaneously when a
clean gold samplc is cxposed to a solution (or vapour) of an alkanethiol or
dialkyldisulphide Figure 1.2331 Although other systems for the preparation of self
assembled monolayers exist (silanes on silicon dioxide, fatty acids on metal oxide
surfaces, phosphonates on phosphate surfaces and isocyanides on platinum)[34], the
structural integrity and greater range of functionalily produced accounts for the

popularity that gold - sulphur systems have acquired in researchl32l.
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Figure 1.2 - Self-assembled monolayers of atkanethiols on gold are formed by simply immersing a
gold covered substrate into a solution of the thiol. The driving force for the spontaneous formation of

the 2D assembly inciudes chemical bond formation of molecules with the surface and intermolecular
intetactions.

The structure of these SAMs, for a range of alkancthicls, is now well

established|35:36], Characterised by a strong chemisorption bond to the surface

through the thiol group, lateral interactions between the alkyl groups produce

densely packed monolayers, with locally crystalline environments Figure 1.3. The

stability of these monolayers is well documented, maintaining their integrity for a

period of several months in air, or in both aqueous and ethanolic solutionsf281,

It is the structural variety of alkane thiols available, particularly that of the end
functional group (the tail), that makes the system of self-assembled monolayers of
alkanethiols on gold probably the best for providing functionalised surfacesl?8]. The
convenience and flexibility of SAMs has, therefore, been cxploited widely,

especially for homogenous SAM surfaces[37-43],
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Figure 1.3 -The structure of an alkanethiol SAM on gold. The sulphur atoms of the alkanethiols co-
ordinate to the hollow three fold sites of the gold surfaceA; the gold atoms are arranged in an
hexagonal manner. The alkyl chains of the SAM are closely packed and tilted approximately 30° to
the normal of the surface B.

More recently there has been an interest in the production of surfaces bearing mixed
functionalities. The adsorption of a SAM from a mixture of two alkanethiols onto a
gold surface allows the production of ‘mixed’ monolayers, mixed functionality being
achieved if the constituents of the mixture have different tail functional groups. A
number of research groups have thoroughly investigated mixed monolayers
composed of terminally substituted alkanethiols; X-(CH,),-SH where n is typically
11 - 15 and the tail group X being either a methyl or hydroxyl group(44-57],
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When Schlenoft ef af used S labelled thiols to show that exchange between
solution and surface bound phases occurs under ambient conditions, it became
apparent that mixed monolayers could also bc produccd through the controlled

displacement of an initial modifying thicl with a secondary thiol bearing an

alternative tail group functionality[58I.

1.3 Amperometric Sensors

The elfective immobilisation of biemolecules at transducer surfaces is of paramount
importance for the effective functioning of biosensors. Electrochemically based
sensors are the most common form of biosensorl3%l.  Broadly speaking,
electrochemical biosensors can be split into amperometric, conductimetric and
potentiometric sensing systems. These systems difter in that an externally applied
electrode potential is used to drive the electrode reaction in the case of amperometric
sensors {where the current flow is measured), whereas in potentiometric sensing
devices a local cquilibrium 1s sct up at the sensor interface and the electrode potential
measured(00], In u conductimetric sensor a polential (which may be alternating) is

applied across the electrodes and changes in vesilivity are measured.

Amperometric sensors have traditionally received attention through their high
sensitivity and their wide linear rangel®!]. Elegant research on new sensing concepis,
coupled with numerous technological innovations, have opened the door to the
widespread biomedical use of amperometric devices(62:63], In this thesis we will
consider the usc of amperometric scnsors, consisting of planar arrays of two and
three microelectrode sensors, structured within miniaturised high density microtitre

plate formats.
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Producty, Substrate

Electrode
Surface

Figure 1.4 - Schematic representing the events occurring at a typical amperometric enzyme sensor.
(ften the enzyme is immohilised, but not always.

Those amperometric biosensors, which utilise enzymes, are often described as
cnzyme cleetrodes due to the fact that the cnzyme is immobilised in closc proximity
to the transducer elementl4.051, It is the specificity of enzymes with regard to
recognition and catalysis of substrates, which enables sensors incorporating enzymcs
to achieve a great selectivity for target analytes. Amperometric sensors measure the
current that is produced when an electrode s held at a constant potential with respect
to a reference electrodelll, The current measured is as a result of the oxidation or
reduction of an enzymatically produced clectro-active species at the clectrode
surface. The cwrent measured is a funciion of the concenlration of thai species at the
electrode surface in those sitvations where mass transfer and enzyme kinetics are not

limiting.
The enzyme or cascade of enzymes are chosen to catalyse a reaction which generates
a product, or consumes a substratc which can be detecied amperometrically Figure

1.4. Accordingly the most common enzymes utilised are redox enzymes, particularly

10
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those belonging to either the oxidase, dehydrogenase or peroxidase sub-classes of

oxido-reductlasesl66],

The enzymes gencrate, or consume, casily oxidisable hyydrogen peroxide or reduced
nicotivamide adenine dinucleotide (NADH). The hydrogen peroxide or NADH can
be detected by poising a working (tfransducing) electrode at modest potentials to yield
a current signai (+0.5V-+0.8V versus Ag|AgCl reference electrade) [67]. Probably the
most widely quoted example of such a device is the glucose oxidase enzyme
electrode used for the analysis of glucose, and based on the reaction scheme shown in

illustrated in Figure 1,5[68-701,

Glucose

Oxidase
Glucose . Gluconolactone
+ 0, T+ HO,

Figure 1.5 - The glucose oxidase reaction scheme most commonly utilised in glucose sensors, both
the depletion of oxygen or the formation of hvdrogen peroxidase can be foliowed amperometrically.

The various biomedical applications of oxidase electrodes, based on measurements of
the liberated peroxide species, can be affected by tluctuations in the solution oxygen
level or by interfering endogenous electroactive compounds (e.g. ascorbic or wric
acids) that contribute to the signall30:711. Such problems have been alleviated using
membranes Lo exclude potential interferents, as well as restricting the flux of the
substrate, thereby improving the surface availability of oxygenl39:61}, However, an
additional problem associated with dehydrogenase-based biosensors is that of gradual

passivation due to the accumulation of reaction products[721,

The problems described above can be eliminated through direct electron transfer
between the enzyme redox centre and the electrode swrface. In practice, the thick

protein shell surrounding the proteins electron transfer centre introduces a kinetic

11




Chapter {: Introduction

barrier to electron transfer. The use of small-molecule electroactive, diffusional
mediators, such as ferrocene deriveratives, ferrocyanide, conducling organic salts or
quinone compounds, to enhance the rate of electron transfer has been extensively
investigated[30.59.61.63),  ‘I'he use of mediators enables reaction mechanisms to
become insensitive to oxygen fluctuations, as the mediator replaces oxygen as the
cofactor. In addition, amperometric experiments can be performed at lower

potentials, thereby reducing the effect of interferents,

Probably the most widely investigated mediators are those derivatives of ferrocene
which show stable, reversible, pH insensitive and rapid electron mediation of a
number of flavoprotein enzymesl?73].  Without a doubt the most successful
application of ferrocene mediated amperometric detection is within commercial

blood glucose self-testing meters(74],

2e Ferraceneg, Peroxidaseg,, H.O,
Ferroceney.q, Peroxidase,, H,O
Elecirode
Surface

Tigure 1.6 - The reaction process occorring at a ferrocene mediated peroxidase enzyme electrode,
used tor hydrogen peroxide sensing. The electrode is heid at 0 mV with respect to a AglAgCl
reference electrode,

Ferrocene mediators can be used in conjunction with a variety of oxidase enzymes,
and their ability to act as an electron denor for peroxidases has also been exploited in
an extremely sensitive assay for hydrogen peroxide following the reaction scheme
illustrated in Figure 1.6{75]. Peroxidases are amongst the most widely used enzymes
for the more traditional colourimetric detection, used in many assays (particularly

immunoassay systeros).

12
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The excellent detection limits that can be achieved on small sample volumes with
modern electrochemical techniques and microelectrodesli3) have stimulated the
development of small volume electrochemical assay systems(76:77]. For example,
nanomolar sensifivity in a nanclitre volume enables the detection of attomole

amounts of analyte (ca. 1,000,000 molecules).

1.4 Microfabrication

Silicon-based microfabrication and micromachining processes have demonstrated
their suitability for producing geometrically well-defined, highly reproducible micro-
sized structures for the integrated circuit industryl?8-811, The same technology has
recently found applications within the field of biotechnologyl1®.12,76,77,82-86]  Ip
such instances, sensors realised with microelectronic production techniques have
several advantages over traditional methods of microelectrode fabrication
technologies namely “hand-crafied” or probe-type sensors, Bespoke solutions, such
as the use of carbon fibres embedded in polyethylene tubes and gold wires sealed in
glass[87.88] offer neither the reproducibility nor case of production offered by
photolithographical methods. In addition a major advantage conferred by
photolithographic sensor production is that of cost[8%]. After the initial design steps,
the ease of automation of the fabrication process ensures that samples are cheap and

easy to produce, if made in large numbers.

Additional advantages are also conferred by the high degree of reproducibility. The
analytical benefits of microelectrodes are well understood and these benefits are
largely as a consequence of the reduced geometriesl!3.90], Theses advantages are
characterised by lower capacitive current, smaller ohmic drop and faster mass
transport in a stationary diffusion state, leading to a higher current density compared

to electrodes of conventional size, with better signal:noise measurements.

13
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The use of photolithography to define microelectrodes has enabled the reproducible
fabrication of arrays of microelectrodes, previously unobtainable by other methods.
As a result, interest in arrays of microelectrodes has increased dramatically in recent
yearsl? =93], The first attempts to employ such arrays were aimed at increasing the
signal to noise ratio in Jiquid chromatography and flow injection devices by
combining up to 100 electrodesl®4:93], The second stage in the development of
microelecirode arrays began when specially consiructed tnstruments allowed
individual electrical access to each electrode within an array. With this approach
each eleclrode could therefore be considered as an independent sensor producing a
distinct response that is, in some way, a selective signal for an analyte present in the
sample. Although much work has been focused on electrode arrays, the examples
that predominate achieve selectivity by operating cach clectrode at a different
potential, within the same sample solutionl96-1011, Another approach to achieve the
required selectivity involves the micropatterning of proteins on the electrodes, and
much work has been reported, i the main part addressing each electrode using light

activated covalent bonding techniques!102-105],

In addition some electrochemical microarray systems have been developed cousisling
of a microplate reader equipped with an single electrode probe, primarily utilising
Enzyme Linked Immuno-Sorbent Assay(ELISA) systems[106], The electrode visits
each of the wells scquentially. However, the potential advantages of these assay
systems have nol yet been realised due to passivalion of the working ¢lecirode
surfacel1061, Such passivation is caused by a combination of various factors, such as
deposition of impurities and the forimation of insoluble films, oxides, and protein

adsorption, resulting in a short working lifetime of the electrode.

An alternative method would be the fabrication of individually addressable
microcleetrode arrays, where each clectrode has its own sample applied to it. One
industrial application which is fuelling the investigations into the elfective
miniaturisation of assay systems, ig that of high-throughput screening within the
pharmaccutical industry. In response to the cost of screening large numbers of

compounds, several groups have begun to develop formats for very high density
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screening using very small assay volumesl14-16]. One approach involves reducing
the well size and increasing the density of the assay plate, whilst retaining the overall
dimensions used in current 96-well based high throughput screening. Densities
greater than 6500 assays in a standard 100cm? plate have been reported[107.108]  This
approach significantly increases the number of assays per plate and the overall
throughput of the screen, but is intrinsically limited by the constraint of detecting

very small responses in a sensitive and timely manner.

Whilst the majority of assay syvstems used are based on light based sensing systems,
we have chosen to investigate the use of photolithographically defined
microelectrodes as a possible alternative, allowing for capitalisation of the analytical
advantages offered through the miniaturisation of amperometric enzyme
electrodesl!3:90]. As the performance of such enzyme assay systems depends in part
on the tmmobilisation of the enzyme layer, with miniaturisation the method of

immobilisation used becomes a more pertinent issue

1.5 Outline of Thesis Structure

The work presented here, therefore, investigates the use of mixed monolayers of
alkanethiols on gold to control the immobilisation of proteins at gold interfaces, with
particular application to miniaturised high throughput assay systems utilising
amperometric detection. Chapters 1 and 2 are introductory chapters, followed by four

experimental chapters as follows:-

Chapter 3 describes the use of X-ray photoelectron spectroscopy to probe the
composition of, as well as the mechanism of formation of mixed self assembied
monolayers of short chain alkanethiols on gold.

Chapter 4 investigates the role SAMs play in moderating the molecular recognition

of the redox enzyme cytochrome ¢ at gold electrodes, and also uses FT-iR to
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demonstrate one possible application ol alkancthiol monolayers to prevent the non-

specific absorption of proteins at electrodes.

Chapter 5 demonstrates the ability of mixed self~assembled monolayers on gold to
act in conjunction with covalent cross-linking agents to provide a means of tethering
proteins in close proxumity to electrode surfaces. Controlling the composition of the
monolayer we are able to illustrate the control by the formation of immobilised
protein gradients. In addition avidin/biotin chcmistry is also used to show an
alternative method. By combining both sclf-asscmbled monclaycer systems and
avidn/biotin systems we demonstrate how the molecular architecture of electrodes

could be controlled in a multi-layer fashion,

[Minally Chapter 6 describes methods used to fabricate electrode arrays suitable for
high throughput applications. Incorporating reference electrodes into the design of
microelectrode arrays, we characteriﬁ devices made photolithographically and non-
photolithographically using standard ferrocenc clectrochemical analysis, as well as

amperometric enzyme assay based, systems.

Conclusions and recommendations for further work are found in Chapter 7, with

references and a glossary appearing at the end of the thesis,
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CHAPTER 2: ANALYTICAL TECHNIQUES.

2.1 Electrochemical Measurements

Methods of electrochemical characterisation that are used to measure electrode
currents as a function of the voltage applied to the electrochemical cell are termed
voltammetric tecchniques, and can be used to provide detatled information concerning

the electrode processes occurringl(G4,109-112],

m T
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Figure 2.1 - A schematic illustration of the standard three elecitode set up used for both cyelic
voltammetric and chronoamperometric experiments, used throughout this thesis. The cell consists of
three electrodes, a working elecirode at which the electrode process under study occurs (in this case
the oxidation of ivon II), a counter electrode af which the reverse reaction occurs, and a reference
electrode.
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Two of the most commonly used voltammetric methods are cyclic
voltammetryl! 11,113,114]  and  chronoamperommetry[111,112], Roth  cyclic
voltammetric and chronoamperometric experiments arc performed using a standard
three electrode set-up consisting of the working elecirode (that at which
measurements are taken), a reference electrode and a counter electrodell11],

illustrated schematically in Figure 2.1.

2.1.1 Cyclic Voltammetry(!11,113,114]

In cyclic voltamumetry the potential of the working electrode, with respect to a
reference electrode such as an Ag|AgCl electrode, is cycled through the potential
range where an clectrode reaction occurs. The change in potential is a linear function
with a triangular waveform, Figure 2.2. The scan rate is reflected by the gradient of

the ‘saw-tooth’.
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Figure 2.2 - The triangular waveform generated for cyclic voltammetry, in this case with switching
potentials at -200 mV and +500 mV vs. Ag|lAgCl (B, and E, respectively). Scan vate 50 mVs™,
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A cyclic voltammogram is obtained by recording the current at the working electrode
as a function of the potential, as illustrated for a fully reversible system in Figure
2.3. There are two components to the recorded current, a capacitive component
resulting from the redistribution of charged and polar species at the electrode surface
(termed non-Faradaic) and a component resuiting from electron transfer reactions
(termed Faradaic). As shown in the diagram, on the forward scan species in the
vicinity of the electrode can be oxidised and on the reverse scan reduced, on both

occasions resulting in Faradaic current.

3
FMCA =~ FMCA' + &
/
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Figure 2.3 - A typical cyclic voltammogram obtained for a fully reversible, solution, redex chemical
system. In this case, the voltammogram is of ferrocens monocarboxylic acid (FMCA) at a gold
electrode with a psuedo- AgjAgCl reference electrode. On the forward sweep, FMCA is oxidised, and
on the reverse it is reduced. The anodic peak current (i) is measured by extending a tangent from the
capacitive component of the current and measuring the peak height. The reverse is troe {or the
cathodic peak cutrent (i, ).

The form of the cyclic voltammogram is a consequence of the short time scale of the
experiment, making the role of non steady state diffusion important. In a fully
reversible system, as the polential is scanned through the range where oxidation of

the analyte under study (in this case fcrrocene) occurs, its surface concentration
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decreases as it becomes oxidised. As a result a concentration gradient is formed
between the electrode surface and the bulk solution. Initially the flux of unoxidised
ferrocene to the surface also increases, the potential becomes more positive, until the
sutface concentration within the ‘diffusion layer’, becomes effectively zeto. When
the suwrface concentration approaches zero, the flux then decreases. 'This is because
the oxidation of ferrocene occurs faster than it can be transferred from the bulk
solution to the electrode. It is this decrease in flux (resulting from an increase in the
thickness of the diffusion layer) that gives the corresponding peak in the
voltammogram. During such experiments, the diffusion layer is thinner than in the
steady state form, where the thickness is fixed by natural convection, giving linear
concentration profiles, and as a consequence the concentration gradient is steeper, the
flux greater and so the current also greater. This change in concentration gradient
with increasing scan rate also accounts for the increased peak currents observed with

increasing scan rates.

For a couple, O = ¢ — R with a redox potential EO the peak faradaic current iy
therefore depends upon the concentration gradient of O at the electrode surface as

given by:
ip = nlADo(d[O]/dx) Lguation 2.1

where Dy is the diffusion cocfficient of O, »# the number of electrons transferred, /7

Faradays constant, and 4 the area of the electrode.

The concentration at the surface changes with potential according to the Nernst

equation:

[OVIR]} = exp|nF/RT(E - E*Y] Equation 2.2
Where [ is the electrode potential, & is the gas constant and 7 the temperature in
Kelvin. A redox couple which behaves according to Equation 2.2 is termed

Nerstian or reversible.
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Although cyclic voltammetry is a powerful technique, which can be used to study
complex electrochemical reactions such as enzyme coupled or irreversible reactions,
for the purpose ol the work presented here we will only be concerned with fully

reversible reactions.

In a one electron reversible reaction the reduction and oxidation scans have the same
shapc. The peak current Ip for a reversible system is given by the Randles-Sevcik

equation:
ip= 0.4463 nF‘A(Doa)m[O] LEquation 2.3

where |Q] is the bulk concentration of O and & = n#wRY. The peak occurs at
potential 28.5/# mV cathodic of £° at 298 K, and is independent of the potential scan
rate. Hence for a reversible one-electron transfer reaction, voltammograms with a
peak -to-pcak scparation of 57 mV will be obtained. In addition, the peak current,
Equation 2.3, will be proportional to the square root of the poiential sweep rate
(fp/v%’ is constant), and the ratio of the anodic to cathodic peak currents is equat to
unily (7pa/ipe = 1). To mcasure the Faradaic peak currents from the voltammograms
accurately it is necessary to subtract the non-Faradaic component by drawing a
tangent (o the initial slope as shown in Figare 2.3. At microelectrodes, as a
conseqguence of the more efficient, hemispherical diffusion, mass (ransfer is nol

Hmiting, resulting in sigmoidal cyclic voltammograms, and i/V becomes constant.

2.1.2 Chronoamperometry

In contrast to cyclic voltammetry where the change in current is measured as a
function of potential, chronoamperometric experiments are performed by applying a
potential step to the working cleetrode, and monitoring the current response of the
systemn as a function of time. The initial potential i3 chosen such that the
electroactive species of interest is not oxidised or reduced, until the potential is

stepped to that potential at which oxidation/reduction occurs. These potentials are
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often identified using cyclic voltammetry. A current profile is recorded with respect

to the electrode reaction Figure 2.4[50],
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Figure 2.4 — A typical current time plot obtained in a clronoamperometric experiment for the
electrode reaction shown. The working electrode was poised at 0 mV vs. Ag|AgCl in ovder to reduce
the ferrocene , which in turn is recyeled by the enzyme horseradish peroxidase.

Immediately following the potential step a rapid increase in current is observed as the
species in close proximity to the electrode is oxidised/reduced. Over time this
current falls to a steady state. The magnitude of the current is dependent upon the
rate of diffusion to the electrode surface. As the species in close proximity becomes
depleted, so the thickness of the diffusion layer grows, accounting for the fall off of
the current. The current response i as a Tunction of time ¢ (and cleetrode arca 4) is

described by the Cottrell equation, Equation 2.4.
i=nkdD% ¢p 17 (1in%) Equation 2.4

Where # is lhe number of eleclrons exchanged, F the Faraday’s constant, D the

diffusion coefficient of the electroactive species R, and cg its bulk conceniration as
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before. Chronocamperommetry can thus be utilised to measure the concentration of

an electroactive species in solution as well as the adsorbed species on the elecirode.

As for eyelic voltammetry the measured current has {wo components; a non Faradaic
capacitive componend arising (rom the redistribution of charged species at the
cleetrode surface, and a Faradaic current resulting from the exchange of electrons
between the electrons between the electrode and species in solution. The capacitive

component is rapid and contained within the initial spike of the current / time profile.

2.2 X-ray Photoelectron Spectroscopy

X-ray photoclectron spectroscopyl!15-122] XPS (or electron spectroscopy for
chemical analysis ESCA), is a commonly used method for surface analysis, due to its
capability of determining the surface composition without, in many cases, altering
the composition during analysis. .Aclditionally, it can give information of the
chemical environment of the surface components especially bond structure. The

current application of XPS to surface characterisation results from the work of Kai

Siegbahn and collaborators who developed the technique as it is known today[123],

In XPS monochromatic X-rays, which are incident on the surface under analysis,
cause the emission of photoelectrons from the interfacial structure Figure 2.5. The
X-ray photon of energy Av directly ejects electrons from the core energy leveis by the
direct transfer of the enetgy to the core-level electron. The measured kinetic energy
with which the photoelectron is emitted from the surface region cun be described by

Equation 2.5,
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Figure 2.5 - A a schematic of an XPS spectrometer.

The key components of a state of the art

spectrometer (X-ray anode, monochromator crystal, collection lens, hemispherical analyser and large
area detector) are shown. B the X-ray photon transfers its energy to a core level electron leading to its

photoemission.
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where Ex is the kinctic energy of the cmitied electron (measured during the XPS

Chapter 2: Analytical Techniques

Equation 2.5

experiment), Av is the encrgy of the X-ray sovrce (a known value), 3 is the binding

energy of the core cleciron (a function of the type of atom and its chemical
cnvironment from which the electron is ejected) and ¢ is the spectrometer work
function (a conslant {or a given analyser). It is the ability to accurately measure the
kinetic energies of the gjected photoelectrons which allows the determination of their

binding energies and, thereby providing valuable information on the surface chemical

environment.

It is convenient in XPS to plot the number of photoelectrons emifted with different
binding energies, £g, rather than the kinctic ecnergies of the photoelectrons as shown

in a Lypical XPS spectrum Figuore 2,6 (which are instrument dependent).
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Figure 2.6 - A Lypical XPS spectra, in this instance recorded for the carbon Cls region of a
mercaplopropanol substituent adsorbed as a SAM on gold.
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It is the chemical bonds, both ionic and covalent, between atoms in a sample affect
the electronic charge distribution and cause a shift in the electron energy levels in
each atom, by comparison with a free neutral atoml!15]. The size of this shift is
dependant upon the funetional group bound to that atom (i.e. its chemical
environment), allowing identification of specific bond types. For example, in Figure
2.6 this spectrum, obtained from a mercaptopropanol SAM chemisorbed on gold,
shows the energy shifts observed for the C(ls) core electrons. Three peaks can be
observed, showing different shifts, corresponding to different bonding by the three
carbon atoms, C-S, C-C and C-OH respectively. An example of the range of binding
energies observed for an atom is shown in Table 2.1 where the typical C(1s) binding
energies for a range of organic samples are shown. These energy shifts, as a result of
chemical bonding, can be observed for every element of the periodic table, with the
exception of hydrogen (as the binding energy for saturated carbon is taken as

reference).

Functional Group Binding Linergy
(eV)
hydrocarbon C-~H, C-C 285.0
amine C-N 286.0
alcehol, cther C-0-H,C-0-C 286.5
Cl bound to carbon C-Cl 286.5
F bound to carbon C-T 287.8
carbonyl C=0 288.0
amide N-C 0 288.2
acid, ester 0-C=0 289.0
urea N-CO-N 289.0
carbamate 0-CO-N 289.6
carbenate 0-CO-0 290.3
2F bonnd to carbon -CH,CF,- 290.6
carbon io PTFE ~CF,CE,- 292.0
3F bound to carbon -CF, 293-294

‘T'able 2.1 - 'T'ypical C(1s) binding energies for organic samples. The observed binding energies will
depend upon the specific environment where the functionat groups are located. Most ranges are +(.2
eV but some can be larger {e.g. fluarocarbon samples}“ls].
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Although the incident X-rays can penetrate relatively far into the sample, only
clectrons produced near the surface have any significant probability of escape
without subsequent energy loss. Consequently, X-ray photoeleciron spectra can only
provide information on the atomic species that are present within approximately 10
nm of the sample surface. The technique is therefore highly surface sensitive and is
ideal for surface characterisation. The fact that incident electrons do penetrate
further, however, does have implications on the recorded spectra. Some core
electrons deeper in the sample are ejected and move through the sample and are
gjected with energy loss, it is these electrons which make up background counts
recorded on XPS spectra. When characterising samples using XPS it is usual to
collect a spectrum over a wide range of energies (a survey spectrum) prior to

performing detailed analyses on particular areas of interest for the particular sample

Figure 2.7.
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Figure 2.7 - A typical survey spectra shows the individual component peaks over a wide range of
binding energies. Particular regions such .as the carbon C(1s) and the nitrogen N(1s) regions can then
be subjected Lo a more detailed analyses, as shown.

27




Chapter 2: Analytical Techniques

The XPS facility used for surface characterisation and analysis shown in this study
was the SCIENTA ESCA300 X-ray photoelectron spectrometer (8 kW Al K(o) and
Cr K(B) dual source) Figure 2.8, located in the Research Unit for Surfaces
Transforms and Interfaces (RUSTI) , Daresbury Laboratories (Daresbury, UK). The
combined features of high spectral intensity, high energy resolution (0.25 eV) and
high spatial resolution (25 microns) of the machine enable detailed studies of

structure, bonding, reactivity and dynamics of surfaces and interfaces.

Figure 2.8 - Shows the Scienta ESCA300 X-ray photoelectron spectrometer facility at the Daresbury
laboratory (Daresbury, U.K) used for the analysis of the SAMs used throughout this thesis.

2.3 Fourier Transform Infra-Red Spectroscopy (FT-iR)

Whereas XPS is a surface analysis technique providing data primarily on elemental
composition, Fourier Transform Infra-Red Spectroscopy (FT-iR)[124-128] s a

second surface analytical technique that can yield important information regarding
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the composition of the bulk of the sample, primarily giving detail of the molecular

bond composition.

Chemical bonds undergo a variely ol fundamental perpetual movements including
siretching, twisting and rofating. The energy of most these molecular vibrations
corresponds to that of the infrared (iR) region of the electromagnetic spectrum. Infra-
red spectroscopy is sensitive to the vibrations that lead to changes of dipole moment
within a molecule. Consequently when light from an infra-red source is passed
through a molceular sample, such as an organic compound, some frequencies will be

absorbed(129],

The simplest example demonstrating the principles of iR adsorption is that of a
diatomic molecule. In a diatomic molecule with masses m; and m, scparatcd by
distance », a directional dipole moment will be set up as a result of the difference in
electric charge between the two masscs Figure 2.90129], As the molecule is in a state
of perpetual vibration, the separation of the two masses », will be constantly and
periodically changing, causing an alternating elecﬂ‘ic.ﬁeld of frequency, = 1/t.
Therefore, if the incident iR radiation is of the same frequency, adsorption of that
radiation will occur. The power of iR spectroscopy as an analytical tool is derived
from the fact that each bond within a continuously vibrating molecule has its own

characieristic ficquencics of both stretching and bending vibrations.

Stretching frequencies result from vibrational changes in bond length, whilst those
from bending are as a result of vibrational changes in bond angle. Stretching
adsorptions appear at higher frequencies in the iR spectrum than bending for the
same bond, due to the increased energy required for stretching in comparison to
bending. In addition, the vibrational {requency of a bond increases if the bond
strength increases or the atomic mass of either of the atoms decreases. I'or example
the following honds would change from high vibrational frequency to lower, in the

following order; C=0 > C=C > C-O > C-C[124],
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Figure 2.9 - A schematic representation of a diatomic molecule showing the vibrations that will
adsorb iR radiation. The masses of the two molecules are represented bm, and m,, r the distances

between the two molecules and Athe change in this separation.

For molecular assemblies containing a large number of atoms and bonds (such as
proteins) there are many associated vibrational frequencies. For a non-linear
molecule with N atoms, the number of vibrational degrees of freedom is 3N-6 which,
provided they satisfy the conditions required for adsorption described above, will
produce characteristic vibrational frequencies somewhere within the iR spectra.
Additionally, for linear molecules, the degrees of rotational freedom are reduced to
3N - 5, since only two degrees of rotational freedom are required(124,129,130] The
possible vibrational modes of both non-linear and linear molecules are illustrated in

Figure 2.10 using water and carbon dioxide as simple model examples.

A complex molecule has a large number of vibrational modes which involve the
whole molecule. As a good approximation, however, some of these features are
associated with the vibrations of individual bonds or functional groups (localised

vibrations) while others must be considered as vibrations of the whole molecule.
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The vibrations of the whole molecule give rise to a series of adsorption bands at low
energy, below 1500 cm™. It is those peaks in the region of the spectrum greater than
1500 cm™ that are, however, of particular interest as they show adsorption bands

assignable to a number of functional groups.

(a) water molecule (b) carbon dioxide molecule

(| O ~—OH—HC H—0 }—>
LA
symmetric stretch symmetric stretch

3652 cm™ no dipole movement
no absorption

N Opr<C) —{OH
o o (e —

»

asymmetric stretch asymmetric stretch
3756 cm’ 2349 cm”
A A A

o o{c)rHo
o O ]

| Bend Bend
1595 cm’ 667 cm’

Figure 2.10 - [llustration of the fundamental modes of vibration of both a non-linear polyatomic
water molecule (a), and a linear polyatomic carbon dioxide molecule (b). The magnitude of the
adsorption value varies with the mode of vibration as illustrated. Arrows indicate the direction of the
stretches or bends.

The regions of particular interest when considering protein immobilisation and
adsorption at biosensor interfaces are those corresponding to the peptide bonds,

which produce a strong characteristic signal. Peptide bonds have three related modes
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of vibration, giving rise to three individual peaks in an associated iR spectrum; amide
I, amide IT and amide III. The amide I peak, 1600 - 1700 ¢cm™, is the strongest of the
three and is attributed to the C~=O siretch. The amide II band, found between 1500
1600 ¢!, is a strongly coupled interaction belween C-N stretch and N-H bend
vibrations. Finally the amide TII is a weak peak associated with secondary N-H bend
vibrations, found between 1200 - 1300 cm™ Figure 2.11. The adsorption values for

all of these peaks vary as the concentration of protein on the sample surface is

Vﬂl‘ied[1245 127,130-1 32]_

ide1 b
7 | Amide I ;

H Amide II

Absorbance x 10°
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3 - Amlde 11 :

2- / \M‘A""““‘“"’“""""J W\/

0 | T ] 1 1 T
4500 4000 3500 3000 2500 2000 1500 4000 500

Wavenumber / cm™

Figure 2.11 -~ A typical FT-iR speclra, collected for Bovine Serum Albumin adsorbed to a gold
surface. The amide peaks of inferest are illustrated. Speetra collected at an incident angle of 8§0°
(grazing angle) al a 4 cm’ resolution.
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I mirror F

mirror D

beam C

source

constructive light
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Figure 2.12 - A schematic of a Michelson interferometer illustrating the reflective pathway of the
incident light prior to its detection and analysis.

The principle of FT-iR analysis is based upon infrared light from a p-polarised light
source passing through a scanning Michelson interferometer(124] such that a Fourier
Transformation of the energy gives a plot of intensity versus frequency. When a
sample is placed in the beam, it absorbs particular frequencies (as previously
described), so that their intensities are reduced in the interferogram and the

subsequent Fourier Transform is the infrared adsorption spectrum of the sample.
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The most fimdamental component of the iR spectrometer is the Michelson

interferometer whose function can be understood with reference to Figure 2.12.

Light from the source strikes the beam splitter B (usually a KBr or Csl plate coated
with germanium [or iR applicalions), which is designed to split beam A exactly in
half, One half is transmitted, as beam C, to be retlected by the plane mirror D; the
other hall of beam A is reflected, as beam E, and reflected again by plane mirror F,
Both of these reflected beams E and C are recombined at the beam splitter B to create
beam G and passed onto the detector. Depending upon the position of plane mirror E.
(it is moved in the direction shown in the diagram) either constructive or destructive
interference patterns i.e. light and dark images, will reach the detector and a Fourter
‘Transform can be applied to the patiern to produce the intensity dependent iR

spectrum for a particular sample.

For analysis of thin coatings on meta! surfaces, or for samples with a very smooth
surface, the iR spectrometer is used in grazing incidence reflectance (GIR) mode
more commonly known as Reflectance Angle iR Spectroscopy (RAIRS). When
operated in this mode the incident angle of the iR beam with (respect (o the surface)
can be varied from 10° {near normal) to 85° (grazing angle) depending upon the
thickness of the adsorbed or bound layers on the sample. It is generally found that
the thinner the sample, the larger the incident angle that has to be applied in order ta

obtain as much information from the sample, as possible,

Advantages offered by the RAIRS technique, over speclroscopies in other formats
(e.g. ‘in-line’) include improved resolution and increased sensitivity. Practically,
these advantages realise reduced time scales of experiments and increased signal to

noige ratios.

Therefore, whilst XPS can be used to give excellent surface information, FT-iR is

especially uscful for probing the whole thickness of the adsorbed biomolecular layer.
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2.4 Fluorescence Measurementsii33]

Fluorescent probes enable researchers to detect particular components of
biomolecular assemblies, with sensitivity and selectivity. In this thesis we use the
imimobilisation of a fluorcseent probe at modified surfaces as a means of probing the
molecular composition of that sutface. When a fluorescent probe is used and the
sample exposed to light energy of the correct frequency the sample will emit light by

2 Pracess known as fluorescence.

[luorescence is the result of a three-stage process thal oceurs in cerlain molecules
called fluorophores (In this study we usc a probe known as Fluorescien
IsoThioCyanate FITC). A simple electronic-state diagram can be used to illustrate

the production of fluorescence by such probes Figure 2,13,

N | A S,

Figure 2. 13— A simple electronic state diagram showing the three stage process which describes
fluorescence. In Stage 1 the flonrophore absorbs light energy hvg,, creating an exited energy state
S,”. During the litetime of this excited state some energy is dissipated thougl: interactions within the
molecular environment (Stage 2), such that the molecule possess a ‘relaxed’ state S,. Finally the
energy is released as an emission photon hvyy, and the molecule returns to its ground state S, (Stage

3).
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Initially a photon of energy hvgy, is supplied by an external energy source, and
absorbed by the fluorephore, creating an excited electronic singlet state (S,”), Stage
1. This excited state exists for a finite time (typically 1-10 x 10® seconds). It is
during this time that the fluorophore undergoes conformational changes and is also
subject to a multitude of possible interactions with its molecular environment, Stage
2. These processes have two important consequences. Firstly the energy of S, is
partially dissipated, yielding a relaxed singlet excited state (S,) from which
fluorescence emission originates. Secondly, not all of the molecules initially excited
by absorption (Stage 1) retum to the ground state (S,) via fluorescence etnission,
other pfocesses such as collisional quenching and fluorescence energy transfer may
also depopulate S;. (A measure of the extent to which these processes oceur is given
by the fluorescence quantum yield, which is the ratio of the number of fluorescence

photons emitted (Stage 3) to the number of photons absorbed (Stage 1)).

In the final stage a photon of energy hy,,, is emitted, as the fluorophore returns to its
ground state S, (Stagc 3). It is duc to cncrgy dissipation during the cxeited-state
lifetime that the energy of the emission photon is less than that of the excitation
photon The difference in energy or wavelength, represented by (hvyy — hvgy) is
known as the Stokes Shift. The Stokes Shift is {undamental o fluorescence
techniques as it allows emission photons to be detected whilst filtering out the

excitation photons.

There are [our essential elements for any [loorescence detection system, an excitation
source, a fluorophore, wavelength filters (to isolate emission photons from excitation
photons) and a detector that registers the emission photons. These four clements arc

illustrated in Figure 2.14, which represents the detection system used in this thesis.
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Camera

] Filter 2
Light Source

Filter 1 P

Figure 2.14 — The fluorescence detection system used in this thesis consists of the following elements.
A helium light source which is filtered, by Filter 1, to allow only light having a wavelength suitable
for excitation of the FITC labelled sample (FITCA.,, = 494 nm). The photons that are collected from
the sample are then filtered for excitation photons (FITC:.,, = 520 nm) — Filter 2. Finally the
photons are detected via a camera mounted on a microscope.
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CHAPTER 3: X-RAY PHOTOELECTRON SPECTROSCOPY OF

SELF ASSEMBLED MONOLAYERS

3.1 Introduction

Over the past decade, chemical modification of sensor surfaces has been recognised
as a means of introducing both specificity and functionality[24,25,134-136]  For
example, as long ago as 1983, Nuzzo and Allara showed that alkanethiols
spontaneously chemisorb onto gold surfaces to form well organised structures known
as self-assembled monolayers(29], thereby providing a means of introducing a degree

of molecular functionality[137:138] Figure 3.1.

- sese’

/

1 / / /1—0 /c—p /
3 ,./ / ‘ / /// 2

Figure 3.1 - Diagram representing a SAM formed on a gold surface, three main interactions determine
the monolayer structure. The very strong chemisorption of the sulphur tailgroup to the gold surfack,
the lateral hydrophobic interactions between the acyl chains, which give the monolayer highly defined
planar structure 2, and the headgroups, which determine the nature of the SAM’s interaction with the
solution phase and also influence the stability of the monolayer through headgroup/headgroup
interactions 3, are shown.
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In the context of understanding bio-interfacial interactions, the tail group of such a
self assembled monolayer can be considered to tether the molecular structure to the
gold surface, whilst the head group has the potential to act as a site for molecular
recognition, e.g. for the sclective immobilisation of a ligand binding protein (such as
an antibody or sireptavidin) as may be appropriate for a biosensorl37-
43.48,134,139,140] The abundance, and spatial distribution, of such headgroup
recognition sites, has important implications on both the micro- and macroscopic
propertics of a bioelectronic interface. Indeed the introduction of mixed monolayers,
composed of two or more head groups, can offer a method to control the Uptiﬁlum
conditions for the functioning of either bound molecules, or those interacting with

the surface.

In one example, which illustrates this latter point, immobilised antibodies show a
decrease in response, when chatlenged by antigen, if the antibody surface density is
too high, as a consequence of the effects of steric hindrancel42:43:48], The addition of
spacer alkanethiols into the alkanethiol monolayer to which antibody has been
immobilised can be used to decrease the surface density of the immobilised
antibodies. Similar results have been obscrved for the binding of avidin using mixed
monolayers of biotinylated thiols and alcohol terminated thiols[47]. Controi of the
monolayver composition, thercfore, provides a means by which the optimum surface

density for the function of the immobilised protein can be attained

The use of Jong chain alkanethiols to produce mixed monolayers gold surfaces has
received allention from a wide nwnber of groups working in physics, biochemistry
and the analytical sciencest!35]. For example Takami et a/ have used Scanning
Tunnclling Microscopy STM analysis to distinguish between different head groups in
a mixed monolayer consisting of alkanethiols of chain lengths > 12 carbons atoms,
demonstrating that the resulting (modified) surface reflected the molar ratio of
headgroups in the (loading) solution[49]. Other researchl44:45,51] producing mixed
monolayers of CH,- and OH-terminated long chain alkanethiols (of the same chain
length) through co-adsorption has shown that the seclf-assembly results in true

molecutar mixing (with no single component domains).
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Whilst long chain SAMs have the advantage of forming highly ordered
structuresl3 14448 they do have the polential disadvantage that they serve to
distance the solution phase from the underlying (sensor) surface, which may result in
the reduction of the rate of electron transfer between a (solution phase) redox centre
and the electrodell41l. In addition, long chain monolayers, by their nature often form
a close packed, ordered barricr, which limits diffusion of a solution phase
clectroactive species, an arrangement which has practical limitations if such an

interface were to be used for electrochemical sensing.

In common with other authors(50l, we have prepared mixed monolayers of short
chain alkanethiols by time dependant displacement of an initial modifiet. In our
work in chapter 3 we have found that the use of short chain thiols not only helps to
maximise the rate of interfacial electron transfer between proteins, but also provides
surfaces which are more amenable to quantification by X-ray Photoelectron

Speetroseopy (XPS)H5,142],
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Figure 3.2 - Schematic representation of experimental procedures used in this study. A plain gold
electrode (a), is cleaned by reactive ion etching (see later) prior to immersion in 1mM aqueous
solution of mercaptoethylamine, to form a Au-mercaptoethylamine SAM (b). After washing
thoroughly with RO water, this primary SAM is then immersed in a secondary modifying solution of
ImM mercaptopropanol (c). After varying periods of time the SAM is removed, and displacement of
the thiol results in the formation of a secondary SAM composed of both mercaptoethylamine and
mercaptopropanol (d). The secondary SAM is washed thoroughly in RO water and characterised by
XPS analysis (e).
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This latter aspect of the study is a conscqucncc of higher ratios of head group specific
signals (e.g. NH,, COH) with respect to the alkyl backbone signals than would be the
case for long chain thiols. Thus we have been able to probe the dynamics of mixed
monolayer formation using spectroscopic studies Figure 3.2, and show that, by
successive immersions of a gold substrate into single component thiol solutions, it is
possible to conlrol the ratio of two alkane thiols, containing head groups of differing

functionality, within a mixed monolayer.

3.2 Experimental Section

3.2.1 Materials

2~-Mercaptoethylamine and J-mercaptopropanol were obtained from Sigma (Poole
UK) and used without any further purification. 2 -Mercaptoethylamine is susceptible
to degradation in air and was thercfore storcd desiccated at 4°C. All 1 mM thiol
solutions were prepared immediately prior to use, using reverse osmosis (RO) ultra-
pure water (Millipore, UK). All metals were obtained from Goodfellows

(Cambridge, UK).

3.2.2 Formation of Mixed Monolayers

3.2.2.1 Substrate Preparation

(lass slides (25 mm x 75 mm x 1.5 mm) were scribed using a diamond pen - into ca.
10 mm x 20 mm squares, prior to cleaning by sonication for 5 minutes in each of the
following cleaning agents: Opticlear'™ (G&S Inc.); acetone; methanol; and reverse
osmosis (RO} water. After being dried in a stream of nitrogen gas the scribed and
cicaned glass slides were finally baked at 50°C for 10 minutes in order to remove any

residual water.
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Gold electrodes, or substrates, were prepared for SAM formation by electron beam
evaporation of a Ti/Pd/Au (10/10/100 nm) multilayer structure onto these scribed
glass slides using a Plassys QD1 automated eleciron beam evaporation system. The
use of this multilayer recipe of metals is well established and understood to give
excellent adhesion of the metal to the glass substrate. Immediately prior to
deposition of the thiol monolayer, the gold surface was cleaned using an optimised
reactive ion etch, etching in a Plasmabab E1340. Firstly for five minutes in an
oxygen plasma to remove organic contamination, and then for a further five minutes

in an argon plasma to remove adsorbed water(50 mT, 20 scem, and 10 W)[143],

3.2.2.2 Monolayer Formation

After cleaning, the gold surface was immediately immersed in a 1 mM solution of an
initial thiol modifier (i.e. an aqueous solution of 1 mM mercaptoethylamine) for 2
hours and then thoroughly rinsed using RO water. Mixed monolayers were
subsequently prepared by drying the surface in a stream of nitrogen gas and then
immersing in a second thiol sﬁlution (i.e. an aqueous solution of 1 mM

mercaptopropanol) for between 10 seconds and 180 minutes, before rinsing,

HS-CH,-CH,-NH,
Mercaptoethylamine

Tail _ Head
HS-CH,-CH,-CH-OH

Mercaptopropanol

Figure 3.3 - Alkanethiols used in the following experiments. Alkanethiols were typically prepared in
agueous 1 mM solutions prior to application to gold substrates.
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3.2.3 Characterisation of the Mixed Monolayers by XPS

All XPS spectra were collected using a Scienta ESCA300 spectrometer, with a
rotating anode source providing Al Ko (1486.7 €V} radialion. Aflter
monochromation the radiation is focused on the sample, positioned such that the
emitted electron take off angle (TOA) is 10° (4= 3°) relative to the substrate surface
(discussed in Section 3.3.1.3). Self assembled monolayer {ilins were prepared as
described above, and S(2p), C(1s), N(1s) and O(1s} spectra were acquired using the
Scienta Software. The slit width (0.8mm) and the TOA were kept constant for each
of the samples measured, 1o probe each sample to the same depth. Prior to data
fitting (SigmaPlot/Peak Fit, Jandel Scientific, Poole, UK.), the binding energies of
the spectra were adjusted to compensate for sample charging (as delailed in Section

3.3.1.1).

3.3 Results and Discussion

3.3.1 Some Analytical Considerations.

3.3.1.1 Adjustments for Charging Effects.
When using an insulating substrate, for example the glass base beneath the
evaporated Au surface, the emission of photoelectrons resulis in the build up of a

positive chargel! 131, Tt is necessary ﬂlerefore, to provide an additional compensating

source of electrons. This is achieved by flooding the sample with monoenergetic
source of compensating electrons (0eV bias voltage) using the flood gun. The
absolute binding energy of an insulated sample is therefore difficult to measure and

under these conditions it is best to use an internal referencelll3], Tn order to be abie

o compare peak positions between samples, the Au(4f /,) spectrum (84.00 eV) was
used as a reference, and all other collected spectra (S(2p), C(1s), N(1s) and O(15)}
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were normalised with regpect to this, Background counts {due to inelastic scattering)

were also removed by the Shirley method, prior to fittingt122],

3.3.1.2 Gaussian Method of Peak Fitting,

5000
AL-S-CH,~CH,~CH,-OH
1 2 3
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h]
5 3
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[
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1000 \\
\
W
. NN
0 = R I
283 286 287 288

Binding Energy / eV

Figure 3.4 -~ C(Ls) spectrum curve fit of a mercaptopropanot SAM, assembled on a gold substrate,
fitted to the minimum number of Gaussian peaks. Numbered peaks refer to carbon centres as detailed
in insert. {(TOA 10° Slit width 0.8mm and an AlKu souree).

Figure 3.4 illustrates the typical data acquired during XPS measurements. It can be
seen that the curvé obtained for a given orbital(in this case for C(1s) spectra) is
composed of counts detected for photoelectrons from several different atoms, each
with bonds in their own particular molecular environment and, therefore, showing a
range of binding energies. It is important to calculate the area and binding energy of
each sub-peak within the spectra under study. A broadening of the sub-peaks,
determined by the lifetime of the core hole (the time taken for the electrons to
reorganise and [iil the hole lelt by the feaving electron), instrumental resolution and

satellite features all occur, such that these photoemmission peaks arc generally (
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considered to be Gaussian in shapel!15,122], Deconvolution can, thus, be achieved
by the fitting of the spectra to the least possible number of Gaussian shaped peaks,
each peak being associated with an individual bond moiety within the sample as

illustrated in Figure 3.4,

The area under each peak is related to the amount of that particular element there is
present on the sample, such that after measuvring the peak areas and correcting them
for appropriate instrumental factors(described later), the percentage of each element

in a sample, and the bonds it has formed, can be calculated.

3.3.1.3 Influence of TOA in Elemental Quantification ot SAMs.

In this thesis, XPS mcasurcments were generally performed using a TOA of 10°
This low TOA firstly, reduces the background signal due to emission of Au
electrons, and secondly, maximised the surface area of the SAM that was sampled.
As a consequence, it was possible to collect spectra with a good (high) signal to noise
ratio before significant x-ray damage to the SAM occurred. Typical collection times
were approximately 40 minutes, and examination of XPS specira obtained over
varying lengths of time (at 1 hour intervals, up to 4 hours after irradiation) showed
little change in linc shape, indicating a lack of X-ray damage. However, the
collection of spectra at low TOA highlights the atomic centres closest to the
sample/vacuum interfacel115], The manner in which SAMs form on gold produces a
surface in which the sulphur tail group is always close to the gold surface whereas
the tail group is always nearer the solution interface. As a consequence when XPS
experiments are performed at a low TOA significantly less photoclectrons eseape
from the atoms which anchor the molecule to the gold surface than those nearer the
solution interface. The variation in measured photoelectron intensity with SAM

thickness and TOA 1s described by a simple model bascd on Beer-Lambert law:

1, = exp (-di(h sin 8)) Equation 3.1
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Where 7/ denotes the photoelectron intensity escaping at the surface of the SAM, and
the initial intensity of photoelectrons produced a distance (d) from the film’s
interfacc as 7, A is the mcan free path of the cmitted photocicetron in the material
being examined (ca. 25 A for the transitions of this study) and 8 is the TOA, or
escape angle, of the photoclectrons (with respeet to the sample surface) Figure
3.5(144],

For the SAMs under consideration in this work, the sulphur tail group is
approximately 4.5 A further from the photoelectron interface than is the tail group. If
we assume, lhal the ‘tails’ [forming the SAM above the sulphur groups form a
complete, homogenous layer 4.5A thick, then, photoelectrons measured with a TOA

of 10° will pass through 4.5/sin(10%) A of matcrial before cscaping, sce below.

Thin Layer / SAM

»

Gold subslrate _

Kigure 3.5 - Illustrating the variables in the simple model, based on the Beer-Lambert law, which
describes the change in the intensity of measured photoelectrons with SAM thickness. [ denotes the
escaping photeelectron intensity at the swface ot the SAM, 7 the intensity of photoelecirons at the

sauree, d thickness of the SAM film and #is the TOA, or escape angle, of the photoelectrons (with
respect to the sample swrfacc).

From Equation 3.1, it can be scen that the signals from the sulphur tail will be 65%
fess than those signals if they were at the sample/vacuum interface. It is important
then, based on these assumpltions, to note that the use of elemental quantification
based on bulk sensitivity factors alone, will not give the stoichometric composition
of the SAM, [or the depth of the orbital within the molecule should also be accounted

for. (Noufe: Sensitivity Factors are used to correct for both differences in detector
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sensitivity for each element, as well as the efficiency of production of photoelectrons
by each element)[!144]. Accordingly, the Gaussian peak responses were constrained
to be of increasing areas for centres closer to the outer interface of the SAM, the peak
area that corresponds to the carbon centre adjacent to the sulphur species on the gold
was also constrained to be less than that derived from quantification of the sulphur
species on the Au surface (by integration of the S(2p) spectrum). While the
closeness of the C(1s) binding energies, as well as the instrumental resolution, can
lead to uncertainties in the fitting of Gaussian peaks, it was noted that sets of curves
with a similar goodness of fit varied most in the relative peak heights, rather than the

peak positions or half-widths.
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Figure 3.6 — C(1s) spectra of thin film gold electrodes evaporated onto glass substrates. (a) Sample
measured within 4 hours of evaporation, note the low level of non C-C, or C-H species. (b) Sample as
in (a) after immersion in phosphate buffer for 1 hour, showing the increase in counts at ca. 286 eV
corresponding to C-O species. (c) Shows a sample measured two days after evaporation (stored
within a closed container), note the increase in spectra at ca. 288 eV corresponding to C=0O species,
possibly human contamination such as skin rather than hydrocarbon contamination which has no
C=0. Finally spectrum (d) shows sample (a) after 2 min Ar plasma etching, with only residual carbon
due to contamination within the Au film. (10° take off angle).

3.3.1.4 Effect of Contamination.

As a further consequence of the low TAO used in this study in order to highlight the
atomic centres near the sample/vacuum interface, the requirement for stringent
precautions to minimise the inevitable surface contamination was paramount.

Surface contamination is usually as a result of the adsorption of adventitious
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hydrocarbons, for example aerosols of vacuum pump oil typically present in an
analytical laboratory. Even by (he momentary exposure of a clean sample lo the
atmosphere it is possible to introduce such large C(1s) contamination peaks so as to

mask the signal of interest. Figure 3.6.

In the experiments shown, any contamination present did not typically contain
significant amounts of nitrogen and as a result the evaluation of SAM composition
based on N{1s) spectra was less prone to error due to contamination. However, any
variations due (o such conlamination could be adjusted for by normalisation o[ N(1s)
counts using the S(2p) signal (see ].atér). Of the SAMSs studied, it proved impossible,
to prepare homogeneous mercaptoethylamine SAMs containing low levels of carbon
contamination. This was in conlrast to SAMs prepared using mercaptopropanol,
mercaptopropionic acid or mercaptopropane. This is discussed later and thought to

be due to the large amount of charged nitrogen groups found in the monolayer.
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Figure 3.7 - C(Is) spectrum curve fit of a mercaptopropanol SAM, assembled on a gold substrate,
fittcd to the minimum number of Gaussian peaks. Numbered peaks refer to carbon centres as detailed
in ingert. (TOA 10°, Slit widih 0.8mun and an AlKx souree).
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It is also important to note that oxygen is also present in contamination, and as the
peaks due to contamination tend to appear at the same binding energy as those from

oxygen in samples i, therefore, proved unreliable for use in analysis of the SAMs.

3.3.2 The XPS Measurement of Homogeneous SAMs,

3.3.2.1 Electrenic Effects in the C(1s) Speetra.

Fitted spectra for the homogencous SAMs of mercaptopropanol and

mercaptoethylamine are shown in Figures 3.7 and 3.8.
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Figure 3.8 « C(1s) spectrum curve fit of a mercaptoethylamine SAM, assembled on a gold substrate,
fitted to the minimum number of Gaussian peaks. Numbered peaks refer to carbon centres as detailed
in the insert. The large unnumbercd poak represents a layer of physisorbed contamination. {TOA 107,

Slit width 0.8mm and an AlKa source).

Mercaptopropanol, is a liquid and was not, therefore, suitable for XPS measurements
of the bulk phase. Measurements were, however, possible for thin films of

mercaptoethylamine, Figure 3.9. The distinct shifts in binding energy of both the

50




Chapter 3: X-Ray Photoclectron Spectroscopy of Sell’ Assembled Monolayers

carbon cenires joined to the tail group(S-Au or S-1), and those bound to the head
group (NH, or OH) are clearly seen. The eleciro-negativities of both the head group
{oxygen or nitrogen) and that of the sulphur group, have a large influence on the
binding energy of those electrons associated with the carbon centre adjacent to the
sulphur group (indicated by 1 in Figure 3.7) causing a rise in the relevant C(1s)
binding energy. However, when this sulphur group is bound to a gold surface there
is also a significant electron donation effect from this electropesitive surface, which
has an effect which lowers the binding energy. Thus, whercas a gencral aliphatic
carbon centre would have a binding energy of 285 eV, we can observe a negative
shift for the carbon at position 1 (scc Figure 3.7), as a direct result of the domination

of the electron donating effect of the gold centre, over the electronegative effect of

the head group.
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Figure 3.9 - C(1s) spectrum curve fit of a thin film of mercaptocthylamine, cast on a gold substrate,
filted to the minimum number of Gaussian peaks. Again, the numbered peaks refer to carbon centres
as detailed in insert small unmumbered peak at 284.6 eV corresponds to chemisorbed
mereaptoethylamine (Au-S). (TOA 10°, Slit width 0.8mm and an AlKwo source).
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By the comparison of the mescaptoethylamine C(1s) in Figures 3.8 and 3.9, a 1.1 eV
reduction in peak position for the carbon at position 1 due to the electropositive Au is
clearly seen. (note: the large peak in Figure 3.8 seen at ca. 285.1 eV corresponds to
contamination by adventitious carbon containing molecules discussed later). The
small peak with low binding energy (ca. 284.6 €V) seen in Figure 3.9 corresponds to
gold bound mercaptoethylamine observed through ‘thin’ regions of the bulk film
when a 90° TOA 1s used. As mentioned the proximity of the electronegative head
group also has an effect on the position of the peak for the position 1 carbon.
Oxygen is far more electron withdrawing in nature than nitrogen, and, because of the
difference in chain length of the SAM’s combined with the proximity of the head
group to the carbon (position 1), the binding energy observed for
mercaptoethylamine is 284.3 eV as opposed to 284.6 for mercaptopropanol Table
3.1.

Carbon no o C(1s) binding energy
Tail Group * ' Head Group dist. from fail group [ dist. from head grongp
I 1213 Carbon no. 1 Carbonne.2 | Catbonno.3
2843 eV 284.6 eV 286.1 ¢V
Au=S-CH-CH-CH-OH 1.52A 1 449 A | 3354 ‘ 206A | 4884 | 1434
284.6 eV 2865 eV
AU—S8-CHyp~CHj=m-----NH
i : 1824 [ 3004 [ 335A [ 1474
2857 eV 2865V
F-S—CH)—CHz-———-NH,
’ ’ 1524 [ 3.00A [ 3354 ] 1474

Table 3.1 - C(1s) Binding energies for different carbon centres in homogeneous mercaptopropanol
and mercaptoethylamine SAMSs, as well as mercaptoethylamine thin films on geold. AB: 1. Peak
positions were determined by deconvolution of spectra in Figure 3.7 using Gaussian basis curves. 2.
Estimates of distances between carbon centres and head/tail groups correspond to simple summation
of the appropriate ‘standard’ bond lengths; i.e., no account is taken of the bond angles.

The ‘clectronic effects” on the carbon at position 1 are a consequence of the
electropositivity of the gold swface. In the case of mercaptopropanol, the
electronegativity of the head group also plays a significant role on those binding
energies observed for the carbon at position 3. This results in a binding encrgy of
286.1 eV for that carbon (position 3) as opposed to ca. 285 eV for a general aliphatic
carbon centre. This interplay, between the proximity of the headgroup and the
electropositive character of the gold, is again seen when considering the carbon at

position 2 in mercaptosthylamine. Here the result is a fractional lowering of the
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headgroup adjacent carbon’s binding energy (ca. 0.1 ¢V) than that obsecrved in the

bulk species see Table 3.1.

It is important 1o note that the half-widths observed for the C(1s) spectra can be seen
to decrease-with proximity to the sulphur centre - the carbon adjacent to sulphur
group has a half width of ca. 0.7 eV, whilst that carbon closest to the head group is
>1.0 ¢V, a fact which may be attributed to a reduced vibrational freedom. This
change is also observed when comparing the half-widths of sulphur ccntres bonded

to the gold swrface with those which are physisorbed.

3.3.2.2 Homogeneous SAM N(1s) Spectra.

The influence of the electron donating gold swface on the distribution of
photoelectron peaks is further manifested in a more significant lowering of the N(1s)
binding energy in the SAM (399.1 eV) Figure 3.10 from that found in the bulk
(400.0 eV). The increase in electron density aboui the nitrogen group, through the
anchoring of the molecule to gold surface implied by this measurement would also
suggest an increased basicity of the SAM when compared with the same species in
solution. This is also evidenced by the high binding energy shoulder frequently
found in an N(l1s} spectra collected from a mercaptoethytamine SAM, see Figure

3.10.
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Figure 3.10 - N(1s) spectra for a mercatoethylamine/Au (8) SAM after iminersion in a I mM
mercaptopropanol solution for 90 mins together with a mercaptoethylamine thin fikm (b) cast on a

gold substrate. (TOA 10, Slit width 0.8mm and an AlKa source}.

An N(1s) spectra would usually be expected to be Gaussian in shape, the broadening
observed would suggest the presence of a number of nitrogen centres bearing
positive charge, possibly as a consequence of this increased basicity. The increase in
the number of charged cenires is also often associated with a higher than average
amount of swface contamination. This contamination is most evident in the C(1s)
spectra, as shown in Figure 3.8 where it can be observed as a peak at approximately

285.1 eV.
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Figure 3.11 - N(ls) spectra for mercatosthylamine/An SAMs after immersion in a 1 mM
mercaptopropanol solution for varying periods of time (1, 10, 20, and 90 min, a-d), together with a
mercaptopropancl/Au SAM which has been left in RO water for 30 min (e) (TOA 10°, Slit width
0.8mm and an AIKa source).

3.3.3 Evaluation of the Compuosition of Mixed SAMs.

3.3.3.1 Composition Based on the N(1s) Spectra.

The N(1s) spectra of mercaptoethylamine monolayers, following immersion in
mcrcaptopropanol for increasing periods of time, as well as the N(1s) spectra of a
mercaptopropanol monolayer left soaking in RO water for an extended period of
time, arc both shown in Figure 3.11. Thc absence of contamination with nitrogen
containing species, is clearly illustrated by the lack of any N(1s) signal in the
mercaptopropanol spectra ¥Figure 3.11e. The specira suggests that inymersion in
mercaptopropanol solution leads (o a'loss of nittogen groups from the surface of the
SAM. This loss is not observed when a mercaptoethylamine SAM is incubated in

RO water for a similar period of time.
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Figure 3.12 -~ Ratio of N(Ls) to S(2p) photoelectron counts for mercaptoethylamine/Au SAMs afier
different lengths of time inmersed in a 1 mM mercaptopropanol solution. Krror bars estimated fiom
variations in fitting lhe underlying baseline (o the N(1s) and S(2p) spectra. (I'OA 10°, Slit width
0.8mm and an AlKc. source),

Tigure 3.12 shows the time course for the mitrogen group displaccment by
mercaptopropanol. The difference in the nitrogen {unctionalities present over time 1s
shown as a change in the ratio of N(1s) photoelectrons with respect to those
originating from S(2p)} centres which comespond to those in the SAM tail.
Normalisation in this manner corrects for small variations in SAM surface coverage,
surface contamination and instewmental parameters (e.g. TOA and X-ray flux). The
ratio of N(1s) to S(2p) photoelectrons, in a homogeneous mercaptoethylamine SAM
illustrates the attenuation of photoelectron intensity with film thickness. This ratio,
measured to be ~1.36, which when bulk sensitivity factors (1.73 and 2.08,
respectively) are used to calculate elemental composition gives a N:S atomic ratio of

1.6:1 (rather than 1:1 as would be expected from the chemical composition).
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With the breaking of the aliphatic backbone chain highly unlikely, this *high’ N:S
ratio therefore confirms, in the absence of N containing contamination, that the
interfaces under study are ordered with the S group further from the outer interface
than is the N group. The N:S ratio does however more closely approach 1:1 when
examining highly contaminated samples which, through poor rinsing, participate in
sirong electrostatic interactions with selution molecules, leading to additional
physisorbed layers. This reduced N:S ratio, judged by multiple values of S(2p)
binding energies which reflect a more random orientation of molecules in the

interface, correlates with a significant amount of physisorbed thiol on top of the

underlying SAM.
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Figure 3.13 - Evolution of C(ls) spectra for mercaptoethylamine/Au SAMs on immersion in 1 mM
mercaptopropanol solution tor varying periods of time (b, 2 min; ¢, 20 min; d, 30 miun), together with
the C(1s) spectra for homogeneuos mercaptoethylamine/Au (a) and mercaptopropanol/Au () SAMs
{TOA 10°, Slit width 0.8mm and an AlKw source). The spectra are offset horizontally for purposes of
clarity.
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3.3.3.2 Composition Based on the C(1s) Spectra,

Although clearly demonsirating a loss of nitrogen functionality in the SAM, the
analysis of N(18):S(2p) ratio of photoelectrons does not indicate if this loss is as a
result of the adsorption of mercaptopropanol, with the concurrent loss of
mercaptoethylamine. However, by comparing the C(Is) spectra of variously
preparcd SAMs Figure 3.13, a change in the line shape of the speclra indicales a
progression of pure mercaptoethylaminc to onc contaiming a significant

mercaptopropanol proportion.

Whilst the deconvolution of these C(ls) specira by the use of combinations of
Gaussian peaks derived from the homogeneous SAMs, half-widths, positions and
relative heights constrained to those found in the homogeneous SAMs, is possible,
the large number of parameters, requires very complex fitting techniques. An
alternative, used with success in previous studies/143), involves combinations of
library spectra for the two component SAMs inn a spectral decomposition process. By
using combinations of these library spectra in an unconstrained manner, it was
possible to produce a set of degenerate solutions if an additional component, a
spectrum due 1o surface contamination, was included. When the fit was performed in
an unconstrained manner, the component corresponding to surface contamination
was abnormally large in comparison 1o data from our previous studics. By using the
size of the N(1s) signal for each monolayer we applied a constraint to the proportions

of the SAM library spectra.

The deconvolution process for the C(1s) spectra Figaxe 3.14, therefore, followed the

[ollowing steps.

1. A difference specirum was crcated by subtracting a library metcaptoethyiamine
SAM spectrum from the mixed monolayer spectrum. This spectrum had been
proportioned according to the magnitude of the N(ls) signal in the mixed

monolayer.

58




Chagter 3: X-Ray Photoelectron Spectroscopy of Self Assembled dMonolayers

2. This difference spectrum was then fitted using a mecrcaptopropanol SAM C(ls)
tibrary spectrum such that the residual (contamination) spectra contained minimal
intensily between 286-287 and 283 - 284.5¢V.

3. The residual spectrum corresponded, therefore, to a Gaussian peak centred on
285eV.

Mercaptoethylamine library spectra were used from two sources, either the ‘as
measured’ spectrum Figure 3.8, or a spectrum synthesised [rom the curve Liting of
those spectra in Figure 3.8 such that the spectra contained no compoment resulting
from contamination. In either case the quantification of SAM compositions were
generaily within 5%. The results presented in Figures 3.14 and 3.15 show those
obtained by use of the synthetically derived mercaptoethylamine spectrum. This
deconvolution method relies on the low level of nitrogen present in any surface

contamination introduced by experimental procedurc (as shown in Figure 3.11¢).

The comparison of Figures 3.12 and 3.15 show that both methods of XPS analysis
give similar estimates of SAM composition. However, the requirement to use a
mercaptopropancl spectrum in calculating the data of Figure 3.15 supports the

assertion that a mixcd mercaptopropanol/mercaptoethylamine SAM is being formed.

59



Chapter 3: X-Ray Photoelectron Spectroscopy of Sell Asseinbled Monolayers

12000

10000

8000 -

6000 ~

Counts

4000 -

2000

Binding Energy / eV

Figure 3.14 - Spectral decomposition of mercaptoethylamine/Au SAM which has been immersed in a
1mM mercaptopropanol solution for 5 min. Curve (a) corresponds to the measured spectrum. The
component spectra  corresponding  to  proportioned  library spectra are as  follows:
mercaptopropanol/Au (b) and mercaptocthylamine/Au (¢) (derived from the peak fitting of figure 1h).
The composite spectrwm is labelled (d) with the residual spectrum labelled (e). (TOA 109, Slit width
0.8mm and an AlK« source).

The physisorption rather than chemisorption of either of the SAM components would
contradict this assumption. However, it shonid be noted that the S(2p) signals for all
of these monelayers suggest that >95% of the sulphur species are bound to Au. This
is indicated by binding energies ~162 eV (Au-S) as opposed to ~163 eV as would be
expected for physisorbed species. This lack of physisorbed species is in contrast to

observations by others, for carboxylate terminatcd or other very polar SAMs[146],

60




Chapter 3: X-Ray Photoeleciron Spectroscopy of Sell’ Assemibled Mouolayers

120

80 -

60

S T —
40 -

20 1 | I
0 20 40 60 80 100
Time / minutes

% mercaptoethylamine conient in total SAM

Tigure 3.15. The percentage of mercaptoethylamine remaining in mercaptoethylamine/Au SAMs
after their immersion in lmM mercaptopropanol for varying periods of time as evaluated by spectral

decomposition of C(1s) spectra. (TOA 10° Slit width 0.8mm and an AlKa source).

3.3.4 Reaction Mechanism for the Formation of Mixed SAMs.

[n was noted that the S(2p) binding energy in mercaptopropano} monolayers was 0.1
eV lower (162.0 eV) than that observed for mercaptoethylamine SAMs. These
values compare with the 161.3 eV binding energy our group has measured for Na,S
derived SAMs and 163 ¢V for physisorbed species. This higher S(2p) binding
energy, observed in mercaptoethylamine, suggests that the outer S(3s) and S(3p)
electron densities are further from the sulphur centre as a consequence of the
combined electron-withdrawing and -donating effecis of atoms honded to the

sulphur.

This observation is important when considering a mechanistic explanation for the

displacement of a mercaptoethylamine SAM by mercaptopropanol, particularly when
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combined with observations of the C(1s) binding energy. The binding energies of
the tail group C(ls) ¢lectrons in a mercaptoethylamine SAM are seen to possess
higher binding energies than those observed for mercaptopropanol, indicating that the
electrons in the Au-S bond ate centred closer the Au than to the S. This suggests,
possibly, that the Au-S bond is longer and consequently weaker than the Au-S bond
in the mercaptopropanol monolayer. An indication that the change of composition of
the SAM is not by an initial dissocialive step comes from our observations that the
N(1s) signal does not diminish appreciatively on immersion of the
mercaptoethylamine monolayer in (thiol free) water of various pHs, for similar

extended periods of time.

Thus, a possible mechanism would involve a {ransition state in which a disulphide
bond exisls between the solution species and the thiol in the SAM. The dissociation
of this transition state would then lead to a SAM composed of thiol species with the
stronger Au-S bond; i.e. in this case a mercaptopropancl SAM. Recent work by
others suggests that a SAMs composed of mercaptopropanol enjoy significant
slabilisation as a result of their capability to form hydrogen bonds when assembled as
a monolayer between their head groupst!47], an ability that mercaptoethylamine does
not sharc to the same extent. Further investigation of this mechanism would require
examination of far infrared reflectance (~200cm™), or Raman, spcctra in the region

corresponding to Au-S vibrations.

In summary, the XPS measurements on mercaptoethylamine SAMs immersed in
mercaptopropanol solutions indicate that by using readily manageable solution
concentrations (millimolar) and immersion times (minutes) it is possible to control
the proportions of these two species in the resultant mixed SAM. Since prolonged
immersion leads to larger levels of contamination (predominately C containing),
hampering the deconvolution of C(1s) spectra and obscuring N(1s) signals, il 1s not
possible to state if the level of mercaproethylamine still present in the SAM after 90
minutes represents an equilibrium or a kinetic state. Confidence in the determination
of the fractional mercaptoethylamin'.e or mercaptopropancl content in the SAMSs

comes from the similarity of the results obtained for both C(1s) deconvolution and
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the N(1s) quantification. Figures 3.12 and 3.15. A final point to note is the absence
of an increase in the high binding energy region of the C(1s) spectra for the treated
mercaptoethylamine SAMSs, indicating that the nitrogen functionality has not been

lost by oxidation to a carboxylate species.
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3.4 Conclusion

We have shown that the degree of head group functionality in a SAM on gold can be
altered in a time dependant fashion by displacement of an initial alkanethiol by a
second thiol containing an alternative head group. Such control over the head group
composition of a SAM on gold, should in turn, enable a degree of regulation of
biomolecular recognition at biosensor interfaces. The use of short chain molecules
has the potential of allowing molecular control without a concurrent loss of
sensitivity due to the introduction of a long chained, highly ordered, insulating SAM.,
Indeed the use of mercaptopropanol as a surface modifier, led io a noticeable
decrease in physisorbed contamination, and could be used as an anti-fouling layer on

metal electrode surfaces.
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CHAPTER 4: USE OF SELF ~ASSEMBLED MONOLAYERS TO

CONTROL PROTEIN RECOGNITION AT METAL SURFACES

4.1 Introduction

The use of self-assembled alkanethiol monolayers on gold has received much
attention as a means of manipulating the molecular architecture of a sensing
surface32:137.138] Syuch control is of vital importance in the fabrication of
biosensors and other bioelectronic devices, where providing the optimal environment
for the sensing enzyme to function is paramount[5.67,135,136]  Using X-ray
Photoelectron Spectroscopy (XPS) 1151 studies, we have shown previously in chapter
3, that by the immersion of a primary alkancthiol layer on gold in a secondary
modifying thiol, it is possible to manipulate the molecular composition of a thiol
SAM on gold. In this chapter we demonstrate how simple control of alkanethiol

composition can be used to manipulate molceular recognition at that gold surtface.

The electrochemistry of metalloproteins is a subject of great interestl!36], and work
in this areal3%,148-153] jg of importé,nce in shaping our understanding of electron
transfer between biological molecules and electrode surfaces. Initially, therefore, we
used the electrochemistry of horse heart cytochrome ¢ to probe the monolayer
composition, providing [uther evidence of the mcchanism of alkanethiol
displacement by the use of a wider variety of thiols than that discussed in the
previous chapter. In doing so, we also demonstrate the ability to manipulate the

interaction of redox metalloproteins with sensing surfaces.

In a second area of study, within this chapter, we demonsirate the ability of thiol
monolayers 1o diminish the non-specific binding of proteins to surfaces an issue of
importance for all devices contacting biological samples, offering an alternative to

some traditional methods{134-157],
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4.2 Experimental Section

4.2.1 Materials

HS~- CH2 - CHz - C:H2 -0OH Mercaptopropanol
HS — - - NH.* Mercaptoethbylamine
HS- CH,- CH, - NH,
H CH CH Mercapiopropane
plop

| HS -< N Mercaptopyridine

Figure 4.1 - Structurc of the thiols used in the experiments described.

Uniless otherwise stated, the thiols (Figure 4.1) and all other chemicals and solvents
used were purchased from Sigma (Poole UK) and used without any further
purification. All solutions were made using reverse osmosis (RO} ultrapure water
(Millipore, UK). TLyophilised horse heart cytochrome ¢ (Sigma type IV) was
reconstituted in 20 mM phosphate buffer pH 7 (containing 100 mM sodium
perchlorate as the supporting electrolyte) and stored until required at -20°C in
individual 100 pL, 14 mM aliquots. When required an aliquot of cytochrome ¢ was
diluted to the appropriate concentration (0.7 mM) by the addition of phosphate buffer
and electrolyte (as described above). Bovine serum albumin BSA (Sigma,UX) at 5
ug/ml was made up from its lyophilised form, again immediately prior to use in PBS
(pH 7.4).
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Qold electrodes (diameter = 2 mm) were either fabricated as a Ti/Pd/Au (10/10/100
nm) multi-layer structure using standard photolithographic procedure, described
below, or supplied as polycrystalline gold electrodes by BioAnalytical Systems
(Luton, UK). The matcrials used to fabricate electrodes, titanium (Ti), palladium
(Pd) and gold (Au) were purchased, from Goodfellows (Cambridge, UK). In
addition, a AgAgCl reference electrode (MI'-2063) was alse obtained from
BiocAnalytical Systems (Luton, UK).

4.2.2 Microfabrication of Electrodes

4.2.2.1 Substrate Cleaning

(Glags substrates were cleaned, prior to photolithography and electron beam
evaparation, by sonication for 5 minutes in cach of the following cleaning agents:
Opticlear™ (G&S Ine.); acetone; methanol; and finally reverse osmosis (RO) water.
The samples were dried in a stream of nitrogen, and then baked for 10 minutes at

50°C, in order to ensure removal of auy remaining residual water,

67




Chapter 4: Use of Self-Assemnbied Monolayers to Control Protein Recognition at Metal Surfaces

f
i

Cilass Slide Rusisl Musk Evapurated
Mutal

Figure 4.2 - Gold electrodes were prepared by photolithography followed by electron-beam
evaporation of a Ti/Pd/Au (10/10/100 mn) multi-layer structure, A clean glass substrate A was coated
by a 1.8 pun layer of S1818 resist (Shipley, UK) by spinning for 30 seconds at 4000 rpm, B. The
required clectrode pattern was transferred to the resist, by UV exposure through a ferric oxide musk
(14 seconds, Hybrid Technology mask aligner, 32) cm?, 364nm), C. After development [or
approximately 80 seconds in Microposit developer (1:1 mix with RO water) D, the multilayer metal
structure was deposited by e-beam evaporation using a Plasyss QD1 automated e-beam evaporation
system K, ‘lift-off” was performed by dissalving the resist in acetone the metal remaining defined the
electrodes F.

68




Chapter 4: Use of Self-Assembled Monoluyers to Control Protein Recognition at Metal Surfaces

4.2.2.2 Photolithography

In order to produce photographicaily defined, 2mm diameter electrodes, cleaned
glass samples were spin-coated (at 4000 rpm) with S1818 resist (Shipley Inc.), which
had been pre-filtered using a 0.25um particle [lier. In order to define metallic
clectrodes with clean, sharp edges, after fifteen minutes baking time at 90°C, the
samples where soaked for 10 minutes in chlorobenzene, prior fo a further fiftcen
minutes bake, also at 90°C. Patterning of the photoresist was achieved by UV
exposure through a purpose made ferric oxide photomask, for 14s on a Hybrid
Technology mask aligner, (photon flux = 32F em?, A = 364nm). The pattetn was
developed by the immersion of the sample, for approximately 80 seconds, in
Microposit developer (Shipley Inc.) mixed 1:1 with RO water. Samples were finally
dried in a strcam of nitrogen and then baked for 10 minutes at 50°C to remove any

residual water.

4.2.2.3 Metal Evaporation and Lift-off

Metals were deposited on clean slides and those which had been
photolithographically modified by electron beam evaporation (Plassys QDI
automated e-becam cvaporation system), as a Ti/Pd/An (10:10:100mm) multi-layer
structurc. This well established recipe provides excellent adhesion of the electrode to
the underiyving substiate and gives good electrochemical stability at high oxidative
polentials. A 30 nm layer of nickel - chromium (60:40) (NiChrome) was also
evaporated on to the electrode structure, which could be removed by ctching with a
standard nichrome etch (3.5 mi glacial acetic acid and 20 g ammonium cetic niirate
dissolved in 100 m! of RO water). This final cvaporated layer served as a sacrificial
protective coating and enabled electrodes to be produced which were “clean™ (i.e.
free from particulate contamination). Following electron beam evaporation of
mctals, the electrode patterning was finally achieved by the “lift-ofC of the remaining
photoresist by incubation in acetone the electrode pattern had been clearly developed.
Finally it was nccessary to take the sample from the ‘lift-off” solution whilst under a
Now of RO water, in order to ensure that none of the metal particles re-adhere to the

sample. See Figure 4.2 for a diagramatic representation of this process.
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4.2.3 Cleaning of electrodes.

4.2.3.1 Polyerystalline Gold Disk Working Electrodes.

Polyetystaliine gold working electrodes (BioAnalytical Systems Inc.) were cleaned
by polishing with a 0.3 um alumina slurry, sonication in reverse osmosis (RO) water
for 15 minuies, and then freatment for two minutes in a solution of freshly prepared

1:4 piranha solution (30% IH,0, : 98% [H,S0,) prior to a (inal rinse with R() water.

4.2.3.2 Electron Beam Evaporated Gold Substrates

Immediately prior to deposition of the thiol monolayer, the gold surface was cleaned

cither:

1. by a reactive ion ctch for 5 minutes (50 mT, 20 sccm, and 10 W) first in an
oxygen plasma and then in an argon plasma using a Plasmalab ET340; or
2. by cyclic voltammetry in a 0.1 mM H,S0, solution (containing }, 0 - 1.8 V, scan

rate 50 mVs". Figure 4.3.

4.2.4 Experimental Sct-Up For Elcctrochemical Measurements

All electrochemical responses of electrodes were recorded using a low current
potentiostat (BAS CV-37, Stockport, UK) with data collected using an ‘in-house’
data acquisition system comprising a PC30AT multi-function analogue and digital
input/output Amplicon board (Brighton, UK), installed in an IBM compatible
personal computer. Experiments were performed in an ali-glass cell which had a
working volume of 1.0 ml. The cell incorporated a conventional three electrode
configurationf! 0]  accommodating, either a 2mm diameter polycrystalline or
electron-beam evaporated gold working electrode, a fixed counter electrode of
platinum wirc and a AglAgCl reference (3.0 M NaCl, 190 mV vs. NHE). Cyclic
voltammetry was performed between -200 mV and +200 mV at scan rates (v) of

between 5-100 mV s in a solution of 700 pM herse heart cytochrome ¢ (Sigma type
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VI) (supporting electrolyte 20mM sodium phosphate, pH 7.4, plus 100mM sodivm

perchlorate) at a temperature of 22 £2 °C.

4.2.5 Formation of Mixed Monolayers.

After cleaning, the gold surface was immediately immersed in a 1 mM solution of an
initial thiol modifier (i.e. 1 mM mercaptoethylamine) for 2 hours and then thoroughly
rinsed using RO water. Mixed monolayers were subsequently prepared by drying the
surface in a strcam of nitrogen and then immersing them in a second thiol solution

(i.e. 1 mM mercaptopropanol) for between 10s and 180 min, before rinsing.

4.2.6 FT-iR Analysis of Non-Specific Protein Binding to SAMs on Gold.

Prior to FT-iR analysis, clectron beam evaporated gold subsirates were prepared and
modified by various methods Table 4.1. Each method was composed of the

following sequential steps;

1. Reactive~ion etching of evaporated gold substrates for S minutes (50 mT, 20 scem,
and 10 W) first in an oxygen plasma and then in an argon plasma using a

Plasmatab ET340 (cleaning step).

3]

. SAM formation, as described previously, followed by RO water wasl.
3. Protein adsorption step: substrate immersed in a solution of 5 pg ml' BSA in PBS
(with or without 0.5% Tween 60 detergent).

4. Excess protein removed by thorough rinsing with PBS.

FT-iR spectra were collected using a Bomen MB-120 specirometer with a mercury
cadmium telluride (MCT) detector, running Bomen GRAMS/32 softwarc (Gallactic
Industries Corporation). The analysis by FT-iIR was performed in a grazing-angle
reflectance mode (IRAS) using p-polarised light at an incident angle of 80°, with

spectra recorded at 4 cm™ resolution and an iris aperture of 8 mm. Nitrogen purging
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was maintained throughout the cxperiments to flush the atmosphere of waler

molecules which produce strong absorption bands at 3300 em™ and 1600 cm’™.

SAM formed | I’retein Adsorbtion
none None
none 5 ug ml!' BSA
none 0.5% Tween 60
none 5 ng ml" BSA and 0.5% Tween 60
MPOH None
MNH, None
MPOH 5 pg ml”’ BSA
MNH, 5 pg ml? BSA
MPOH 5 pg ml'l BSA and 0.5% Tween 60
MNI, 5 pg ml”! BSA and 0.5% Tween 60

Table 4.1 - 'The varions treatments to RllS cleaned evaporated gold samples. Note the following
abbreviations: MPOH - mercaptopropanol, MNH, - mercaptoethylamine, BSA - bovine serum
albumin,

A reference spectrum from a RIE cleaned gold sample was collected for each sample
to minimise the possible errors from contaminant (particularly water) adsorption.
The data was recorded as {ransmission speclra sud converted into absorbence data

prior to analysis using the relationship described by Equation 4.1.

Y%abs = -log (trans/100) LEquation 4.1
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4.3 Results and Discussion.

4.3.1 Electrode Cleaning by Acid Cycling.

50

40 - \
30

20 -
10 j
0 — —

-20 T T
¢} 1 2
Potential / V

Curment / uA

Figure 4.3 - Cleaning of evaporated gold disc electrodes (2nin diameter, 100 nm thick) by the
potential cycling in 0.1 mM 1,50, solution (containing 5 mM NaCl) at a scan rate of 50 mVs™,

Surface cleaning, prior to modification is a crucial factor particularly when using
SAMs where even a small degree of contamination can have significant effects on
the clectrochemical characteristics of that interfacefl58]. The experiments described
above, whilst performed on macro scale electrodes, are of particular interest with
regard to their application within microsensors. These sensors are copumonly
fabricated by photolithography, and are not - suitable for cleaning by alumina
polishing as described for macro electrode, due to the thin (10 - 100 nm) planar
nature of the evaporated gold surfaces. Consequently, two alternative cleaning
methods were used involving cither potential cycling in acidi!59:3601 pigure 4.3 or
plasma cleaning[l®l), when using electron-beam evaporated gold substrates.

Although both methods gave satistactory cleaning results (as evidenced by
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“acceptable” cytochrome ¢ electrochemistry), potential cycling is established as a
method where the microscopic roughness of the gold surface is increasedl100]. As a
result, the surface area of the electrode is also increasedil62], leading to increased
peak anodic currents observed when performing cyclic voltammetry. It is, therefore,
important, when comparing data recorded at electrodes cleaned in this manner, to
ensure that each electrode has been cleaned in the same manner, an equal number of
times. Despite this disadvantage, acid cycling is easier (and cheaper), to perform

than plasma etching, and is desirable where such facilities are not readily available.

4.3.2 Electrochemistry of Cytochrome ¢ at Mixed Monolayers.

The electrochemistry of redox proteins such as cytochrome ¢ has been extensively
researched for a number of years[39,50,37,148-153,163] In this context, the distance
dependence on the rate of electron transfer between the redox centre and the
electrode have been described!164:165] and the experimental evidence suggests, that
the probability of charge transfer decreases exponentially as the distance increases,

such that:

K=K, exp (-F{r-»]) Fquation 4.2

Where X is the electronic transmission coefficicnt, X, its value when the separation is
#o, ¥ 18 the distance between the centres, and / is a constant (experimentally estimated
to be 12 nm™"). ‘Lhis would imply that for every 0.2 nm increase in distance between
the electrode and the protein redox centre, the magnitude of the eclectronic
lransmission coefficient decreases by an order of magnitude. This is of particular

importance when considering the asymmetric redox protein cytochrome c.
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Haem Redox
Centre

Figure 4.4 - The asymmetric protein cytochrome:, showing the heame redox centre. For fast electron
transfer to occur, it is important that the redox centre is aligned close to the electrode surface, as
possible.

Cytochrome ¢ Figure 4.4 is approximately 3.4 nm in diameter and the haem redox
centre is located near to the peripheryl136]. There are, therefore, a number of
orientations that the redox protein can present to the electrode for an electron transfer
event, each with a different distance over which electron transfer can occur and
therefore with different probabilities of a transfer event occurring as shown

schematically in Figure 4.5.

Also illustrated (in Figure 4.5b and 4.5c¢) is the complimentary effect that thiol
length might be expected to have on electron transfer. In this case the thiol serves to
distance the redox protein from the electrode surface and the rate of electron transfer
will, therefore, depend upon the length of the thiol used. The primary motivation in
our choice of short chain modifying thiols is a consequence of this effect on the rate

of electron transfer, for example the difference in chain length between a C,, 2 C,
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molecule is approximately 1.0nm whereas the difference in the relative rates of

electron transfer (k(rel)) is approximately 10°*.

* =0.5nm = 1.2nm r=2.nm &%
K(rel) =1 K(rel) = 8x10™ k(rel) = 1x10" A

Figure 4.5 - The rate of electron transfer occurring between a protein and an electrode surface is
dependant upon the distance that the electron transfer centre of the protein is from the electrode
surface. The asymmetric protein Cytochromer , can be seen to have several possible orientations for
electron transfer, with markedly different rates of electron transfer.

Generally the rate of electron transfer between an electrode and metaloproteins is
extremely slow. This can be explained using the mechanism of electron transfer
between cytochrome ¢ and an electrode proposed by Albery et al. whereby an
adsorption event takes place at the electrode surface before the electron transfer
event itself can occurl149]. It is suggested that in order to overcome the substantial
activation energy for the electron transfer step, a considerable binding energy for the

proceeding adsorption step is essential. In the case where an electrode is either
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vmmodified or modified with a poor bioelectrochemical promoter, then the binding
energy 18 low and elcetron transfer less probable than when (he electrode is modified

with a promoter which encourages electrostatic binding.

Electron transfer therefore depends upon the ability of the modifying ad-layer not

anly to orientate the protein correctly, but also to promote a high binding energy.

Electromtransfer

Dissociation

Figure 4.6 - Good promoters of cytochrome ¢ clectrochemisiry have the ability to form hydrogen
bonds with the lysine residues surrounding the heme crevice on the protein, thereby producing the
best orientation for electron transfer.

The ability of alkanethiols bearing certain head groups to promote electron transfer at
gold electrodes is well documented. For example, over a decade ago, Allen et al.
produced a comprehensive survey of over 50 thiol~containing molecules studied for
their ability to promote the electrochemistry of cytochrome ¢ at gold clectrodesi31,
Their studies shows that for a compound to be an effective electron transfer promoter

it is essential that it hag the ability to form hydrogen bonds with the terminal amine

77




Chapter 4: Use of Scli-Asseinbied Monolayers to Control Protein Recognition at Metal Surfaces

groups on the lysine residues which swrround the heme crevice on cytochrome ¢
Figure 4.6. It is the presence of these lysine residues that chable the cytochrome ¢ to
perform its biological {unction, acting as sites whereby aspartates present on

cytochrome ¢ peroxidasc can bind electro-statically, enabling electron transfer.
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Figure 4.7 - Representative cyclic voltammograms of a 0.7 mM solution of horse hearl cytochrome c,
recorded at a gold electrode {(diameter 2 mm?), scan rate 50 mVs™. (a) shows the scan of a clean
unmodified electrode, whilst (b) shows the voltammetry observed at an electrode modified by
incubation in 1 mM aqueaus solution of mercaptopropanol for 30 minutes. The anodic peak current

(i) and cathodic peak current (i} as well as the peak to peak separation (AE) are labelied.
Electrolyte conditions were 20 mM sodium phosphate buffer pH 7.0, containing 100 mM sodjum
perchlorate as the supporting electrolyte.

In this respect, it might be expected that mercaptopropanol has an ability to promote
the redox chemistry, while the protonated NH," group of mercaptoethylamine that
exists at pH 7.0, the pyridine group of mercaptopyridine and the aliphatic

mercaptopropane do not Figure 4.1.

Figure 4.7a shows how, as expected, the distinctive electron-transfer peaks of horse
heart cytochrome ¢ are not observed when cyclic voltammetry is performed at an

unmodified gold electrode. Figure 4.7b however, shows the voltammetry which is
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observed al a gold electrode which has been modified with mercaptopropanol,

showing well-detined, diffusion controlled, reversible cytochrome ¢ electrochemistry
(the peak to peak separation (AE) = 61 mV and the ratio of the anedic and cathodic

currents (I,/7,,) = 1, both indicating a high degtee of reversibility)111,114],
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Figure 4.8 - Variation of peak cwent (ip,) with square root of scan rate ') for cyclic
voltammograms of a 0.7 mM solution of horse heart cytochrome c, recorded at a gold electrade
(diameter 2 mm?} modified by incubation in 1 mM aqueous solution of mercaptopropanol for 30
minutes. Electrolyte conditions were 20 mM sodiwm phosphate buffer pH 7.0, containing 100 mM
sodjum perchlorate as the supporting electrolyte.

In common with other studiest30], the size of both cathodic (i), not shown, and
anodic (i,,) peaks were proportional to v* in the range 10-100 mVs”, indicating that
the electrochemical reaction is fast and diffusion controlled Figure 4.8. In contrast,
electrodes  modified  with  mercaptocthylamine,  mcrcaptopyridine  or

mercaptopropanc] gave very poor voltamimetric responses, Figures 4.9.
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800 _lm.__—..__ PN —— e e —— ___|
A - 2-Mercaptoethylamine modified electrode.
800 4 - B-2-Mercaptopyridine modified electrode.
——— C - Propanethiol medified electrode.
400 —
=TT

< 20 P
= P —-——*"5‘“’7
% 0 - ’/’A__‘___::-/f?‘ﬁ__'_—d_ ::'//
5 e T e
O L'/;;’ - ,.—/

-200 M

e = -

-400 —

500 —

800 vV— e T

=300 ~200 -100 ¢ 100 200 300

Potential f mv

Figure 4.9 -Representative cyclic voltammograms of a 0.7 mM solution of horse heart cytochrome,
recorded at a gold clecirode (diameter 2 mm?), scan rate 50 mVs™, (a) shows the scan of an electrode
modified by incubation for 30 minutes in an aqucous solution of 1 mM 2-mercaptoethylamine, (b) that
of an electrode modificd by incubation for 30 minutes in an aqueous solution of 1T mM 2-
mercaptopyridine and (c) the scan observed at an cloctrode modified by incubation for 30 minutes in
an aqueous sofution of 1 mM propanethiol. Electrolyte conditions were 20 mM sodium phosphate
buffer pH 7.0, containing 100 mM sodium perchlorate as the supporting electrolyte.

As a consequence we sought to use the electrochemistry of cytochrome ¢ to probe
the molecular composition of SAMs prepared by displacement of an initial thiol
modifier with a secondary thiol. The change in peak anodic current (i,,) following
immersion of the primary monolayer in a solution secondary thiol for varying
Jengths of time was sought not only to corroborate information obtained by XPS
measurements (Chapter 2) but also to demonstrate the use of mixed monolayers to

control molecular recognition at a gold interface.
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Figure 4.10 - Cyclic voltammograms of a 0.7 mM cyciochromee solution, obtained when a gold
electrode (diameter 2 mm?), modified with mercaptoethyltamine, was placed in a solution of
mercaptopropanol for repeated periods of time (0 - 120 min). Increasing peak heights occur for

increasing lengths of immersion time, secFigure 4,11 for precise values. Solution and instrumental
parameters were as for Figure 4.9,

Figure 4.10 shows the consequence of immersion of a mercaptoethylamine modified
electrode in a 1 mM mercaptopropanol solution, over a period of time (10s - 180
minutes). Two main effects are observed: first the peak currents (J,, ot 1,;) increase
in size as a function of the time of exposure tv mercaptopropanol, Figure 4.11;
second the peak to peak separation decreases with time. Both results are indicative
of an increase in the rate of biological electron transfer {(despite the increased length
of mercaptopropanol over metcaptoethylamine), an observation which can be
attributed to the displacement of mercaptoethylamine by mercaptopropanol, as
substantiated by previous XPS studies. Similar change in peak current is not

observed for various control conditions illustrated in Figure 4.13.
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Fignre 4.11 - Variation of i, with immersion time of the anodic peak current for elecirodes prepared
and treated as in Figure 4.10.
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Figure 4.12 - Showing the decrease in the separation between iy, and i, for electrodes prepared and
treated as in Figure 4.10
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Similar results are observed when mercaptopyridine is used as a primary modifier,
suggesting that this species is also displaced by the promoter mercaptopropanol
Figure 4.14 and 4.15. It is also possible to displace mercaptopropanol by

incubation in mercaptopropane Figure 4.16 and 4.17.

700 e

600 - Aa—A A

L
b, o— O — .

100 ] x - : i
0 20 40 860 80 100

Time / min

Figure 4.13. Variation with immersion time of the anodic peak current for control electrodes.
Electrodes were prepared and tested as described ifFigure 4.9 with the exceptions that; one electrode
was not modified with mercaptoethylamine before incubation in (A) and the other was incubated in

RO water rather than mercaptopropanol after initial modification with mercaptoethylamine (e).

It is interesting to note that the reverse displacement reactions shown (i.e.
mercaptopropanol incubated in either mercaptoethylamine or mercaptopyridine)
yield no change in the peak currents observed, even after over prolonged periods of
time ( > 12 hours), suggesting no change in monolayer composition. This is in
agreement with our previous observations from XPS data, and the work of others

indicating that displacement occurs as a result of a more stable monolayer being

formed by the incoming thioll147]. Consequently it is possible to create a hierarchy
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corresponding to the ability of a solution thiol to displace a surface species Table

4.2, and thus create mixed SAMs containing controlled quantities of multiple thiols.

Modifying Surface Thiol

Thiol

Mercapto- -propane -propanol -pyridine -ethylamine
-propane - Displacement | Displacement | Displacement
-propanol SAM stable - Displacement | Displacement
-pyridine SAM stable SAM stable - N/A
-propanol SAM stable SAM stable N/A -

Table 4.2 — Showing the ability of each thiol used in this study to displace another. Where
dispalcement does not occur this is indicated by ‘SAM Stable’, otherwise if displacement does occur
this is indicated by the term ‘displacement’.

Current / nA
o

-100 0 100 200 300
Potential / mV

Figure 4.14. Cyclic voltammograms of a 0.7 mM cyctochromec solution, obtained when a gold
electrode modified with mercaptopyridine (surface area 2 mm®), was placed in a solution of
mercaptopropanol for different periods of time (0 - 120 min). Increasing peak heights occur for
increasing lengths of immersion time, seeFigure 4.15 for precise values. Solution and instrumental
parameters were as for Figure 4.9.
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Figure 4.15, Variation with immersion time of the anodic peak current for electrodes prepared and
treated as in Figure 4.14.
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Figure 4.16 - Cyclic voltammograms ol a 0.7 mM cyctochromec solution, obtained when a gold
electrode (diameter 2 mm?) modified with mercaptopropanol was placed in a solution of
mercaptopropane for repeated periods of time (0 - 60 hours). Decreasing peak heights occur for
increasing lengths of immersion time, secFigure 4,17 for precisc valucs. Solution and instrumental
parameters were as for Figure 4.9,
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Figure 4.17 - Variation with immersion time of the anodic peak current for electrodes prepared and
treated as in Figure 4.16.

The results shown above demonstrate that it 1s possible to usc the displacement of
thiols to control the degree of molecwiar recognition between redox proteins and an
electrode surface. The resolution, as a consequence of the large size of the protein in
comparison to the thiols, will of course be limited, however, if we consider the
cytochrome ¢ as a probe, it can give us information as to the composition of the
electrode surfacc as regards to head groups present. In this manner the suggestion,
indicated by XPS measurements (Chapter 2) that displacement is occurring is
supported, and it also indicates possible control over protein immobilisation at

modified electrode surfaces by the use of head group specific binding strategies.

4.3.3 Investigation of Non-Specific Protein Binding at SAMSs Using ¥T-iR.

In accordance with our XPS measurements, that suggest an unusually low amount of
physisorbed contamination observed at mercaptopropanol SAMs (Chapter 2), we

also investigated the ability of these SAMs, to prevent nen specific protein
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adsorption. Using FT-iR spectroscopy we were able to compare protein adsorption at
reacttve ion etch cleaned evaporated gold samples, which had been modified by

various means Table 4.1.

The characteristic chemical groups of interest when analysing the amount of protein
physisorbed to the various surfaces arc shown for an reactive ion eteh cleaned gold
sample immersed in 5 ug mi™"' BSA Figure 4.18. Of particular inierest are the amide
I band (1600-1700 cm” associated with the stretching vibration of peptide C=0
group) and the amide II band (1400-1500 cm™ due to N-II bending with a
contribution from C-N stretching). These amidic peak positions were found to

correspond well with those described in the literaturel145],

Amide |

Amide 1l
CH

Absorbance x 10°
N
|

CH
2 . | AM%WMV‘""W‘"WJ M}A\JM

0 T | ; | T | |
4500 4000 3500 3000 2500 2000 1500 100G 500

Wavenumber / em™

Figure 4.18 - The FT-iR absorption spectra of BSA physisorbed onto reactive ion etch cleaned
cvaporated gold, from a selution of 5 pg ml”' protein in PBS. 'the peaks observed, can be attributed
o the Amide 1 and [I regions associated with adsorption as a result of peptide bond vibrations within
the enzyme, and the OH and CH stretching regions.
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By following the change in the absorbence at wave numbers characteristic of the two
amidic peaks Figure 4.19, we were able to infer the relative amount of protein

physisorbed to each surface Figure 4.20.

It can be seen that a SAM composed of mercaptopropanol results in approximately a
72 % decrease of physisorbed protein compared that observed at a plain gold surface.
SAMs composcd only of mercaptoethyalamine, however, only show ca. 38%
decrease in protein absorption. This is in accordance with our XPS data presented
earlier where lower contamination as a consequence of hydrocarbon physisorbtion
werc obscrved for SAMs composed of mercaptopropanol than for those of
mercaptoethylamine. The higher incidence of fouling noted in the
mercaptoethylamine is probably as a result of the formation of hydrogen bonds
between the “contamination” and the charged NH," headgroup of

mercaptoethylamine.

Absorbance x 10°

1900 1800 1700 1600 1500 1400 1300

Wavenumbey / cm™

Figure 4.19. The variation in the Aimde T and Amide II absorbence specira recorded at evaporated
gold surfaces modified as described in Section 4.2.6, prior (o immersion in a PBS containing BSA.
Spectra 1 shows an unmodified gold surface, with physisorbed protein; spectra 2 a gold surface
modified with mercaptoethylamine prior to protein physisorbtion; Spectra 3 a gold surface moditied
with mercaptopropanol prior to protein physisorbtion; and finnaly spectra 4 an uamodified gold
surface immersed in PBS containing 5 (tg mi”' BSA and 0.5 % Tween 60.
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Yigure 4.20 - The relative amount of protein absorbed to modified gold surfaces ave immersed in a

PBS solution containing 5 pg mi”’ BSA, shown as a percentage of that adsorbed to a plain uvnmodified
gold surfaces. Relative protein adsorbtion is inferred by the integration of the Amide I and Amide Il
absorption peaks seen in FT-iR spectra recorded as described in Figure 4.18. Modifications prior to
physisorblion step: Au - plain gold; Tw - plain gold with 0.5% Tween 60 included in protein solution;
MPOH - mercaptopropanol SAM; MNH 7 - mercapethylamine SAM; MPOH + Tw- mercaptopropanol
SAM with Tween 60 included in protein solution; ANH2 + Tw- mercaptoethylamine SAM with
Tween 60 included in protein solution.

For comparison the cffect of Tween 60 (polycthylenc sorbitan monostearate)
conunonly used as a biological detergent to prevent non-specific protein adsorption,

was also investigated. The anionic detergent I'ween 60 is thought to prevent protein

adsorption by the formation miceties around proteins(66,166] Figure 4.21.
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Figure 4.21 - Detergents such as Tween 60,are believed to help prevent the adsorption of proteins to
surfaces such as electrodes A, by forming micelles around the protein, as a consequence of their
ampiphatic nature, thereby stabilising the protein in solution and preventing hydrophobic interactions
of the protein with the electrode B.

Correspondingly when we use Tween 60 as a component of our absorption buffer we
noted almost a 100% reduction in protein binding, when using RIE cleaned gold
surfaces. However, a similar decrease is not observed when a thiol modified gold
surface is used, where only a small, further, reduction of protein adsorption is seen
Figure 4.20.

In the FT-iR spectra collected for those cases where Tween 60 is included in the
adsorption buffer, an increase in the peak corresponding to CH stretching is
observed, as indicated in Figure 4.22. This increase which is most probably a
consequence of Tween 60 binding to the gold surface.
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Figure 4.22 -The FTIR absorption spectra of an RIE cleaned evaporated gold sample immersed for 2
hours in a solution of PBS containing 0.5% Tween 60. The large peak observed at approximately

3000 cm™ is due to absorption through CH stretching in the Tween 60 molecules. This distinctive peak
is observed in all protocols where Tween 60 is included.
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Figure 4.23 -The absorption peaks corresponding to CH stretching observed in FT-iR spectra
collected at RIE cleaned, evaporated gold samples modified in the following fashions prior to
immersion in a PBS containing Spg mI* BSA as well as 0.5% Tween 60 (described in Section 4.2.6):
I. Plain RIE cleaned evaporated gold washed no BSA included in adsorption buffer; 2. Plain RIE
cleancd evaporated gold washed with BSA includcd in adsorption buffer; 3. mercaptopropanol SAM,

; 4. mercaptoethylamine SAM.
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Ii is probable therefore, that the reduction of NSD to almost zero (as described above
for an RIE cleaned goid substrate), is as a consequence of the Tween 60 playing two
roles. Firstly the stabilisation of protein in solution by micelle formation, and
secondly the adsorption of Tween 60 to the gold, thereby blocking those potential

binding sites previously available for protein adsorption.

This hypothesis can also be used to explain why, only a slight reduction in NSB is
obgerved in those samples where a thiol monolayer already exists. In these cases
only a small Tween 60 signal is observed in the I'T-iR spectra Figure 4.23,
indicating that the reduction in NSB is probably due only to micelle formation and
not as a result of blocking of potential binding sites by Tween 60 Figure 4.24.
Although effective at reducing the NSB, the adsorption of Tween 60 at the electrode
surface may not be appropriate when performing bioelectrochemical measurements,
where proteins are imamobilised to the electrode surface. Cases such as these may
offer an ecffective alternative to detergents in order to reduce non-specific

interactions.
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Figure 4.24 - At plain gold electrodes (A) protein adsorbs to the surface as a consequence of weak
non-covalent interactions (van der Waals, ionic and hydrophobic forces). In the presence of a pre-
formed alkanethiol SAM such as mercaptopropanol (B) there is a degree of reduction in physisorbtion.
Detergents such as Tween 60 prevent protein binding at unmodified gold electrodes (Chy binding to
the surface and stabilising the protein in solution. When a pre-formed SAM is present (D), the
detergent can not bind to the surface but still stabilises the protein in solution, protein can still bind to
the SAM but to a lesser extent.
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4.4 Conclusion

We have shown that mixed SAMs, formed by displacement reactions on gold
surfaces, can be used as a method of controlling the interactions of proteins with
micro-engineered devices. The possible applications cover the promotion of
reduction/oxidation reactions, directed protein immobilisation, the reduction of non-
specific protein adsorption as well as possible cellular engineering applications
(controlling cell growth through molecular gradients). Thesc results demonstrate the
wide range of uses that SAMs of alkanethiols on gold can impart. With such a
variety of both alkanethiols and bi-functional cross-linking agents available to be
exploited in this manner, the formation of mixed monolayers by “displacement”
could be used as a tool to enable a high degree of control over the molecular

architecture of gold surfaces used both in biosensor and bioengineering fields,
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CHAPTER 5: PROTEIN IMMOBILISATION AT MIXED

MONOLAYERS

5.1 Introduction

The nature of the surface molecular environment in which a molecule is immobilised
has  considerable implications on the sensing properties of that
surfacel8:37:41,136,167.168] A5 a consequence, the control of protein immobilisation
and the subsequent manipulation of the surface molecular architecture is of

importance for many areas of scicnce and technology.

In one example, which illustrates this point, immobilised antibodies show a decrease
in response, when challenged by antigen, if the antibody surface density is too high,
as a consequence of the effects of steric hindrancel48]. Prevention of this reduction
in antigen binding could be achieved by the addition of spacer alkancthiols into an
antibody immobilised on alkanethiol monolayer resulting in a decrease the surface
density of the immobilised antibodies Figure 5.1. Similar results have been
observed for the binding of avidin using mixed monolayers of bjotinylated thiols and
alcohol terminated thiolsl47].  Control of the monolayer composition, therefore,
provides a means by which the optimum surface density for the function of the

immobilised protein can be attained.

In this chapter, therefore, we present technigues which allow the control of protein
immobilisation at a surface, in a cusiom which allows tor the manipuiation of the
quantity and “quality” of material bound to that surface (i.e. in the latler case, by
reducing steric effects and controlling orientation as described later). Using both
mixed monolayers and the manipulation of avidin/biotin chemistry, we are able io
produce a variety of protein gradients over a gold surface. Although suitable for the
preventing loss of activity through steric hindrance if used in conjunction with photo-
lithographic procedures, these techniques weould allow the formation of surfaces

suitable for on sensor calibration.
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Figure 5.1 - Steric hindrance can cause ineffective antigen binding when the density of antibody
immobilised at a SAM is too high as shown in figure 1, this problem can be overcome by the addition
of spacer thiols into the SAM, figure 2.

Further to possible biosensor applications, the formation of protein gradients are of
particular interest for their employment in the investigation of the behaviour of cells
at bio-material surfaces[84.169,170]  This is as a consequence of the influences that
the properties of the surface have on the cell adhesion, spreading and growth. In
addition, it is believed that many aspects of cellular movement are controlled by

gradients of molecules known as chemokines.
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Finally, as statcd above, whilst cach of the methods uscd allows us (o conirol the
density of the immobilised protein, they also have the potential to be used to define
the orientation of immobilisation, giving a possible method of preventing the loss of
protein activity on immobilisation, as a result of inappropriate protein

orientationl[t67.168]

5.2 Experimental

5.2.1 Materials

All chemicals and solvents were purchased from Sigma (Poole, UK) and used
without any further purification. Glutaraldehyde was stored at -20°C until required.
All solutions were made up using reverse osmosis (RO) ultrapure water (Millipore,
UK). All proteins were reconstituted Fom lyophilised {orm with 100mM phosphate
buffered saline pt 7.0 {(PBS) and stored frozen at -20°C until required. Fluorescein
IsoThioCyanale (FITC)- labelled proteins were stored puarded from exposurc to light
in order to prevent photobleaching of the fluorophore. Stock solutions of biotin were
prepared by dissolving 10 pg in 5 ml of Dimethyl-Sulphoxide (DMSO) before
diluting to the required conceniration by the addition of PBS.

Titanium (T1), palladium (Pd) and gold (Au), used for the fabrication of 2 mm
diameter photolithographicaily defined gold working electrodes, were all purchased
from Goodfeilows (Cambridge, UK). In addition, a Ag|AgCl reference electrode
(MF-2063) was obtained from BioAnalytical Systems (Luton, UK).

5.2.2 Gold Substrate Preparation

5.2.2.1 Electron Beam Evaporation

All of the [ollowing experiments were performed using gold surfaces preparcd by the

electron beam evaporation of a Ti/Pd/Au multilayer structure on to glass substrates.
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When clearfy defined surfaces for electrochemical measurements were required, the
glass substrate used had been patterned photolithographically to produce 2 mm
diameter gold electrodes prior to metal deposition by electron beam evaporation.

These processcs have been described in more detail in chapters 4 and 6.

5.2.2.2 Cleaning of Gold Substrates by Reactive Ion Etching

Immediately prior to modification of the gold substrates, the samples were cleaned
by a reactive ion etch for five minutes first in an oxygen plasma and then in an argon

plasma using a PlasmalFab ET340 (50mT, 20 sccm, and 10 W).

HS—CH,—CH,—NH, (1)

HS—CH,—CH,—CH,—OH (2)

Figure 5.2 - Alkancthiols used to create SAMs, mercaptoethylamine (1) and mercaptopropanol (2).

5.2.3 Alkanethiol Sclf-Assembled Monolayer Formation

5.2.3.1 Formation of Homogenous and Mixed Monolayers

After cleaning, homogencous monolayers of a single alkanethiol Figure 5.2 were
produced by immersing the gold substrate into a 1 mM aqueous solution of the thiol
for two hours and then by thoroughly rinsing using RO water. Where mixed
monolayers were required, the surface was then blown dry in a stremn of sitrogen gas
and then immersed in a secondary thiol solution for periods between 10 seconds and

180 minutes before rinsing as described previousiy in Chapter 4.
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5.2.3.2 Alkanethiol gradients over whole glass slides

Gold substrates, prepared by the electron beam evaporation of metals onto glass
slides (75mm x 25mm x 1.5 mm), were initially modified by immersing in 1lmM
aqueons solution of mercaptoethylamine as described above. After rinsing in RO
water and blow drying in a stream of nitrogen gas, the slides were placed up-right in
a slide holder (volume 85 ml). Over the course of ninety minutes, 1 mM
mercaptopropanol was added to the holder (5§ ml every 4 minutes) until the slide was
covered to within 1 cm of the top Figure 5.3. The slide was immediatcly washed in
RO water and dried in a stream of nitrogen gas prior to further modification by the

ummobilisation of proteins at its surface.

Slide

Slide TTolder  >f:

Figure 3.3 - A continuous gradient of protein was prepared an gold slides, by nodifying the
substrate, in a time dependent fashion whilst held in an appropriate holder, with the primary thiol 1
mM mercaptoethylamine A. After washing with RO water, the secondary modifying thiol, { mM
mercaptopropanol was added slowly over a period of time B-D. TFollowing a further wash with RO
water, a glutaraldehyde immobilisation of FITC labelled IgG was performed.
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53.2.4 Protein Immobilisation at Alkanethiol SAMs

Proteins were immobilised to SAMs containing amine terminated alkanethiols, by an
optimised glutaraldehyde amine directed cross-linking[171] method as first described
by Williams and Blanch[23]. This procedwre is illustrated schematically in Figure
5.4. The samples were immersed in 10% glutaraldehyde solution ( made up using
RO water) for one hour at room temperature. After washing with RO water, the
samples were then immersed in a solution of 100 mM PBS pH 7 containing the
protein to be immobilised at a concentration of 20 pg ml? and 0.5% v/v Tween 60 for
40 minutcs at room temperature (note: before this stage, it 1s important to ensure that
all excess glutaraldehyde has been removed by washing thoroughly with RO water in
order (o prevent cross-linking of the protein in solution to other solution proteins.)
The samples were finally rinsed thoroughly in order to remove any unbound protein
by vortexing, at least four times, in a 100 mM PBS solution containing 0.5% Tween

20, and at icast two times in PBS 011ly.

5.2.5 Fluorescence measurements

In those cases where FI'1'C-labelled proteins were bound to SAMs, the samples were

examined using a Nikon Microphot fluorescent microscope (FITC: A, =494 nm, A,
= 520 nm). Relative fluorescence was estimated as the ‘in focus” exposure time at a
[ixed aperture when photographing the surface (thus using the camera to integrate the
avcrage fluorcscent signal over an area of 100 x 100 pm). Lxposure times for
unmodilied mercaptoethylamine SAMs were used to correct for background light

levels.
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Figure 5.4 - The immobilisation of proteins at surfaces is achieved by an optimised method first
described by Williams and Blanch[23], Initially an amine terminated SAM is formed on a gold
sample. To this ghutaraldehyde is added and excess plutaraldehyde removed by washing. When the
sample is subsequently immersed in 20ug ml" BSA solution for 2 hours, the protein is bound at the

surface. Excess protein is removed by washing in PBS.
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5.2.6 Preparation of Biotin/Biotinylated Protein Gradients

Gradients of biotinylated horseradish peroxidase HRP and biotinylated IgG were
prepared by incubating the biotinylated proteins, in the presence of various
concentrations of free biotin to both avidin adsorbed in polystyrene microtitre plates

and also to avidin immobilised at alkanethiol SAMs on gold, Figure 5.5.

Asd o Aad Aad Ash . Aah.aaa

Increasing

concentration

Key: m Avidin
b 4 Biotin

® +re

Figure 5.5 - Gradients of biotinylated proteins (e.g. HRP) have been fabricated by incubating a
streptavidinated surface in a solution of the biotinylated HRP in the presence of increasing
concentrations of free biotin.
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5.2.6.1 HRP Protein Gradients for Colorimetric Characterisation.

Streptavidinated 96 chamber mictrotitre plates (R+D Systems, UK) were blocked for
non-specific protein binding by the addition of 300 pl, pH 7.4 PBS (containing 1%
BSA, 5% sucrose and 0.05% sodium azide) to each chamber and incubated at room
temperature for two hours. After washing each chamber at least four times with
PBS, to remove excess BSA, 100 ul biotinylated-HRP reaction mixture was added to
each chamber. This reaction mixture consisted of a 1 pg ml™” solution of biotinylated
HRP in 100 mM PBS pH 7.4 with between 0 and 1000 ng/ml free biotin. After a
further 2 hour incubation at room temperature, the chambers were again washed at
least four times with PBS solution. The chambers were characterised
colourimetrically using tetramethylbenzidine (TMB) substrate system for peroxidase
assay (Sigma, UK) Figure 5.6. 200 pul of TMB substrate system was added to each
chamber and incubated for 30 minutes at room temperature. After 15 minutes, 100 pul
of acidic ‘stopping’ solution (0.5 M H,SO,) was added and the change in absorbence
was determined by measurement at 450 nm using an EL 800 (Bio-Tek Intruments)

microplate reader.

|
TMB + H,0, |
\

Colourless

+H,S0
~a Products ———» Blue
Yellow (Absorbance 450 nm)

Figure 5.6 - Relative amounts of HRP bound to surfaces were quantified using TMB assay substrate
system. HRP turns colourless TMB to yellow products in the presence of hydrogen peroxide. For end
point experiments 0.5 M sulphuric acid can be used to stop the enzymatic process. The change in
absorbence can then be measured at 450 nm.
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The concenlration of 1,0, in a 30% solution (as supplicd) is inherently unstable even
when stored at 4°Cl172).  Consequently the actual concentration was confirmed by
measuring the absorption at 240 nm (molar extinction coefficient = 43.6 M em™")
using a U-2000 spectrophotometer (Hitachi Instruments, Tnc,). ie. 8 mM H,0,
{0.025%) has an optical density of 0.35 (optical pathway of 1 cm).

5.2.6.2 IgG Protein Gradients for Coulorimetric Characterisation.

Gradients of biotinylated IgG were prepared in a manner similar to that described for
biotinylated HRP gradients in microtitre plates. Slreplavidinated plates were
purchased and blocked as described in section 5.2.5.2. To these plates 100 ul
mixtures of a 1 in 1000 dilution of a biotinylated goat [gG (R+D Systems, UK) 50 g
ml” stock solution. Both the IgG and free biotin (0 - 1000 ng ml™) were added to
each well before incubation for 2 hours at room temperature. After washing at least
four times with PBS (pH 7.4), 100 pl of a secondary ‘detection’ antibody, alkaline
phosphatase labelled rabbit anti-goat IgG (Sigma, UK) at a dilution of 1 in 8000
solution was added to each well and incubated for two hours at room temperature.
After further washing with PBS, the microtilre plate was analysed colourimetrically
using p-nitrophenyl phosphate (pNPP) liquid substrate system (Sigma, UK). 200 pl
of pNPI liquid substrate system was added to each well and incubated for 30 minutes
at room temperature. After 30 minutes, 50 {ul of stopping solution (3M NaOH) was
added and change in absorbence determined at 405 nm uvsing an ELy 800 (Bio-Tek

Instruments) microplate reader,

5.2.6.3 HRP Gradients Prepared for Electrochemical Detection

Clean, photolithographically defined gold electrodes (diameter = 2mm), were
immersed in an aqucous solution of aqueous solution of I mM mercaptoethylamine
Figure 5.2 for two hours at room temperature. Excess I mM mercaptoethylamine
was then removed by rinsing, vigorously, in PBS pH 7.4. Glutaraldehyde

immobilisation of strepiravidin was then cairied out as described above in section
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5.2.4 After the final immobilisation step any remaining sites available for non-
specific protein binding were blocked by incubation for two hours at room
temperature in pH 7.4 PBS solution containing 1 % bovine serum albumin. Finally
biotinylated horseradish peroxidase was immobilised at this surface by immersion of
the electrode in a PBS solution containing 2 pg ml™" biotinylated HRP. Gradients
were produced by incorporating free biotin (0 - 1000 ng ml™") in the biotinylated
HRP reaction mixture Figure 5.7. After rinsing thoroughly with PBS, electrodes

were characterised by chrono-amperometry, section 5.2.7.

Avidin |

2H H,0, HRP,,  2FMCA i
2 =
® ~ \ ‘ 2e
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Figure 5.7 - HRP bound by an avidin/biotin link, can be characterised electrochemically using
chronoamperometry. When the electrode was poised at 0 mV versus an Ag|AgCl reference electrode,
in the presence of both hydrogen peroxide and FMCA an electron transfer reaction occurs and the
consequent current can be measured.

5.2.7 Chronoamperometric Readings

Electrochemical responses recorded at electrodes modified with biotinyalted HRP as
described in Section 5.2.5.1 were recorded at a low current potentiostat
(BioAnalytical Systems CV-37, Stockport, UK) with data collected using an ‘in-
house’ data aquisition set-up comprising a multi-function analogue and digital
input/output board (Amplicon PC30AT, Brighton, UK), installed in an IBM
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compatible personal computer. Hxperiments were perlormed in a 1 ml all glass cell
with a working volume of Iml. The cell incorporated a conventional three electrode
configuration accommeodating the 2 mm diameter photolithographically defined gold
working electrode, a platinum wire counter electrode and a AgjAgCl reference (3.0
M NaCl, 190 mV vs. NHE).

Measurements were laken by poising the working electrode at 0 mV with respect to
the Ag|AgCl reference electrode and recording the change of current with time upon
the addition of 10 mM hydrogen peroxide (10 mM peroxide is known to kinetically
saturate the enzyme giving an optimal signal)[172], The three methods used to create

biotinylated protein gradients are illustrated schematically in Figure 5.8.
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Figure 5.8 - Illustration of three methods used to create protein gradients by the manipulation of the
competition for avidin biotin binding sites. Gradients of biotinylated HRP created in an avidinated 96
well microtitre plate, with colourimetric detection using TMB substrate assay system as shown in
Figure 5.8.1. Gradients of biotinylated IgG were created in an avidinated 96 well microtitre plate,
detection via an alkaline phosphatase labelled secondary IgG with pNPP substrate assay system,
Figure 5.8.2. Figure 5.8.3 shows how gradients of biotinylated HRP were created at avidinated gold
electrodes, detection by chronamperometry in presence of peroxide and FMCA.
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5.3 Results

5.3.1 Immobilisation of FITC Labelled IgG at Mixed Monolayers.

The displacement of mercaptoethylamine by mercaptopropanol was used in order to
manipulate the number of potential sites (NH, headgroups) for amine directed protein
binding on gold surfaces, thereby allowing control over the amount of FITC labelled

antibody (IgG), immobilised through a glutaraldehyde mediated couplingf{1711.

A vomber of gold samples were initially modified in 1 mM mercaptoethyalmine
before being exposed to 1 mM mercaptopropanol for varying periods of time
(between 1 and 90 minutes). All of these samples then underwent the same coupling
(Section 5.2.4) procedure leading to the immobilisation of goat TgG (bearing the

fluorophore FITC) to the available amine groups present in the monolayer.

Comparative measurements of the amount of antibody immobilised was determined
by recording the intensity of emitted fluorescence (from the exposure time for a
Nikon camera) at a fixed apermre with appropriate filters (FITC: A, = 494 nm, A, =
520 nm). Using the metering system of a camera in (his manner we were able to
average a reading across a field of view decreasing the effect of any “hot spots’ or in-
homogeneities in the sample. Results were corrected using background fluorescence
values for native gold modified with mercaptoethylamine alone followed by scaling
the fluorescence from IgG immobilised on a homogeneous mercaptosthylamine
SAM. Figure 5.9 shows the general trend that the fluorescence observed, after the

immobilisation of antibody, decrcases with the time that the mercaptoethylamine-

modified gold sumple is immersed in mercaptopropanol.
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Figure 5.9 — Shows a plot of the change in the fluorescence observed at mercaptoethylamine
modified gold samples after immersion in 1 mM mercapiopropanol for a specified time period,

followed by the glutaraldehyde mediated immobilisation of FITC-labelled goat anti-rabbit IgG. (A,

494 nm - A, 520 nm). Reading normalised to a pure mercaptoethylamine monolayer, modified with
FITC-labelled goat anti-rabbit IgG.

This decrease in fluorescence is consistent with a reduction in the number of
available surface amine groups as demonstrated by both XPS measurements {Chapter
2} and cytochrome ¢ electrochemical characterisation (Chapter 3). In this manner we
can, therefore, demonstrate control over the amount of protein bound to the SAM and
as such this method shows that the immobilisation environment can be manipulated

to control the nature of the sensing device.

5.3.2 Immobilisation of Fluorescent_ Antibodies - Continuons Gradient

Having obtained control over the quantity of protein immobilised at any one surface,
the possibility of producing gradients of proteins over a single gold surface was also

investigated.
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A gradient of immunoglobulin was produced on a gold surface by slowly increasing
the amount of the displacing (secondary) thiol in a purpose buill glass slide holder
conftaining an evaporated gold covered glass slide Figure 5.3. [gG was immobilised
at this monolayer by amine directed glutaraldehyde immobilisation of FITC-Labelled
goat Tg(G. Fluorescence measurements were taken at discrete intervals along the
length of the slide, as described above (Section 5.3.1). The results Figure 5.10 show
how a gradient of fluorcseence cxists along the length of the slide, indicating that a

gradient of immobilised IgG exists along the length of the slide.

2.2

2.0 !

1.8 -

1.6 - ™

Exposure time / msec

14

1.2 - .

1.0 I T | | I | I |
0 5 0 15 20 25 30 35 40
Distance / mm

Figure 5.10 - Change in the flnorescence observed along a mercaptoethvlamine niodified gold slide
after the immersion in 1 mM mercaptopropanol as shown in Figure 5.3, foilowed by the
glutaraldehyde immobilisation of FITC-labelled goat ant-rabbit IgG. (A, 494 nm - A, 520 nm). The
distanice along the slide is proportional to the time spent in the dispiacing thiol, hence the decrease in
immobilised protein as the slide is traversed.

This method shows that thiol and hence protein gradients can bhe produced aver the
distances required (a few millimeters) for both microsensor calibration strips and
cellular engineering experiments. Further investigations are, however, required using
more sensitive spectroscopic techniqties such as XPS or FT-1R in order to allow more

detailed characterisation of these monolayers.
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5.3.3 Fabrication of Protcin Gradients Using Competition for Avidin Binding
Sites.

‘I'he use of competition between biotin and biotinylated proteins for a limited number
of streptavidin binding sites was also investigated as a means of creating protein
gradients Figure 5.5. Optimal gradients were attained when a solution of
biotinylated HRP was mixed with biotin to give various solutions, all containing 1 jig
ml” of biotinylated-FIRP and between 0 and 1 ng ml" of frec biotin. These mixtures,
when added to streptavidinated 96 well microtitre plates, gave protein gradienis as
indicated by the change in optical density after addition of a TMB substrate assay

system (Sigma, UK) Figure 5.11.
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Figure 5.11 — A plot showing the change in optical density across a streptavidinated 96 weil
microtitve plate as & function of the concentration of fiee biotin. As the amount of free biotin
inereases, so less biotinylated horseradish peroxidase HRP can bind. The reaction mixture added to
each well contained a 1pg ml”? of biotinylatcd HRP with increasing concentrations of tree biotin from
0 - 1000 pg mil" (@®). A similar change in optical density was not obhserved when the reaction mixture
only contained 0 - 1000 pg ml"! [ree biotin (M),

111



Chapter 5: Protein Iinmoblisation at Mixed Monolayers

The absorbence is seen to decrease with an increasing amount of free biotin included
in the reaction solution. In cases where either HRP (unbiotinylated) or only free
biotin are used instead of biotinylated HRP, the absorbence is no greater than

background (0.15) and a similar change in absorbance is not obscrved.

The change in absorbence is, therefore, as a direct consequence of the increased
competition between biotinylated protein and free biotin in solution, resulting in
fewer HRP molecules becoming tethered to the microtitre plale via the

biotin/streptavidin interaction.

A 2 pg mi’ biotinylated HRP solution was considered optimal as at this
concentration the maximal absorbence observed was within the dynamic range of the
spectrophotometer. Concentrations between 1 and 5 pg ml" are also commonly

acknowledged to give good binding to sufacest172],

The biotin-streptavidin system, as with the biotin-avidin system, has characteristics
that make it ideal for nse in a diverse range of applications, with particular relevance
to immobilisation and sensing systemsl173:174], For example, Streptavidin has the
ability to bind the vitamin biotin Figure 5.12 with an unusually high affinity Figure
5.13. This very specific non-covalent intexaction has an aflinity constunt of ca. 10%
M™ = 80 KI mol™, close to a covalent bond, which is in general 10°-10° times greater
than those of antibodies for their particular ligands[175] (N.B. This figure is for the
solution phase and may be less for unfolded protein close to the surface). This strong
bond ensures that the complex is stable despite large environmental changes (e.g. pH,

temperature). The specificity also ensures a low degree of cross-reactivity.

Streptavidin is tetramic and as a result possesses four biotin binding sites. This
allows for a high degree of amplification to be built into sensing systems that are
based on biotin/avidin inleractions. This tetramic nature also allows the streptavidin
moiety of a streptavidin/biotin sensing system, to undergo immobilisation

procedures, without a concutrent loss of biotin binding capabilityl175],
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Biotin i1s a small molccule (244.31 Da) Figure 5.12 and can be bound to
macromolecules such as proteins having little or no cffcet on their biclogical

activityl173].

|
CH) J/ N = O

HO—C—(CH,)~! NH

Figure 5,12 - Biotin.

Although avidin also possesses the same properties described above, streptavidin is
oiten used in preference, especially for sensor applications, as a result of its ability to
produce a surface which is not susceptible to NSB from other proteins. The
susceptibility of avidin to non-specilic adsorption is a consequence of both its high pl
value (ca. 10) and its glycosylation (avidin contains both mannose and N-

actylglucoseamine)t1731,

In a streptavidin/biotin based system, a wide range of molecules can be biotinylated
including, proteins, nucleic acids and polysaccharides. For each class of compounds,
a variety of procedures has been developed[l76]. In the case of proteins, the vast
majority of proteins can be biotinylated via N-hrdoxy-succinimide ester linkages to
the samino groups of lysines within the profein. Gradients made using the
streptavidin/biotin relationship, are very stable and also have the capability to be
uscd in a wide varicty of circumstances linking with a number of different binding

and immobilisation strategies, as illustrated in the following sections.
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Figure 5.13 - Structural diagram showing an avidin sub-unit binding biotin.

5.3.3.1 Streptavidin Gradients for Immunosensing.

Streptavidinated plates were used in a protocol similar to that described above in
order to control the immobilisation of antibody in a manner suitable for the
production of gradients. Figure 5.14 shows the change in optical density observed
when varying concentrations of biotinylated antibody are incubated with increasing

concentrations of free biotin.
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Figure 5.14 — Shows a plot of the change in the optical density across a streptavidinated 96 well
microtitre plate as the concentration of free biotin increases resulting in the binding of less
biotinylated antibody. Biotinylated goat IgG dilutions 1/1000 (@), 1/2000 (M), 1/4000 (A), and
1/8000 (¥) of a 50 pg ml” stock solution. A similar change in optical density was not observed when
the reaction mixture contained 0 - 1000 pg ml"! free biotin () and unbiotinylated I2G, To sach well
100l of a 1/1000 dilution of 50 pgm!™"! phosphatase labelled rabbit anti-goat 1gG was added,

[t is interesting to note that, for those gradients shown in Figure 5.14, the absorbence
measured initially rises on addition of fice biotin, before drapping off to background
levels. This is probably due to steric hinderance preventing binding of the secondary
antibody to the primary body as illustrated schematically in Figure 5.15. As the fice
biotin competes for some of the binding sites, the primary antibody is no longer
sterically inhibited and is able o bind to (he secondary antibody, leading to an initial

increase in binding, results which concur with similar observations of others(4243.481,
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Antibody

Electrode

Active Partially Active Inactive

Figure 5.15 - The effect of orientation on antibody activity. For an protein to be active once bound to
a surface, the antigen/substrate binding sites must be accessible to the solution phase.

The method of detection involved the addition of a secondary sensing antibody
which was coupled to the reporter enzyme alkaline phosphatase. as illustrated in
Figure 5.8(3). The optimal concentration of this secondary antibody was found to
be a 1 in 8000 dilution of the supplied solution. Figure 5.16 shows how higher
concentrations yielded absorbencies greater than 2, which was considered beyond the
(linear) dynamic range of the spectrophotometer.
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Figure 5.16 - Optimisation of dctection antibody dilution for biotinylated-1gG imimebilised at
streptavinated microtitre plates. 1 in 1000 dilution of a 50 ug ml"! biotinylated IgG incubated for two
hours at room temperature, A 1 in 8000 dilution of detection antibody is seen to give optimal
absorbence after colour development in pNPP liquid substrate system for 30 minutes prior to addition
of stop solulion and absorbence measured at 405 nm,

The use of the competition between biotin and biotinylated protcins for streptavidin
can therefore be used as a means of controlling immobilisation at a surface in such a
manner as to be appropriate for protein gradients. The use of this system does pose
one fwther possible advantage of offering some control over the orientation of the
proteins concerned. The loss of biological activity which is often associated with
antibody immobilisation is believed to be afiributed to the random orientation of
antibodies at the surfacel!67]. Tt may, therefore, be possible to immobilise antibodies
at a surface, controlling the proteins orientation, without the concurrent loss of

activity usually observed, duc to steric hindsance.
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Chapter 5: Pratein Iminobilisation at Mixed Monolayers

5.3.3.2 HRP Gradients Prepared for Eleetrochemical Detection

By controlling the composition ol the alkanethiol monolayer to which a protein is
tethered, and also the manipulation of the competition for streptavidin binding siies,
we have shown that it is possible to create protein gradients on gold (Section 5.3.1
and 5.3.2). Combining these two methods we are able to demonstrate a possible

secondary level of control over the immobilisation of proteins to gold surfaces.

Initially, by cross-linking a streptavidin monolayer to a SAM of amine terminated
thiols on gold, we created a surface at which biotin and biotinylated proteins would
be bound (by the streptavidin). The manipulation of the ratio of free biolin to biotin-
HRP in the reaction mixture (in Wlﬁcll the streptavidinated gold working electrodes
were immersed), allowed control over the amount of HRP immobilised.
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Figure 5.17 - Shows a piot of i-t measurements taken at gold electrodes modified with biotinylated
HRP, bound through avidin covalently attached to thiol SAM. The electrade was poised at 0 mV
versus a AglAgCl reference electrode. The control measurement shaws the current measured on the
addition of H,0, when only unbiotinylated HRP is included in modifying solution containing free
biotin. In those cases where biotinylated HHRP is inchuled a corresponding increase in current is
observed, when a steady state was achieved the difference between the control measurement and this
increase was recorded.

The change in current observed at these electrodes was recorded upon the addition of

10 mM I1,0, in the presence of 0.5 mM ferrocene (held at 0 V vs Ag|AgCl reference)
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Figure 5.17. These conditions were optimised by varying the concentrations of both

hydrogen peroxide and ferrocene independently of each other.

As the free biotin in solution increases, the measured current on the addition of H,O,
was shown to decrease Figure3.18. Although an increase in acidity is known to
disrupt the avidin biotin bond, the buffer used is considered to quench the local
changes in pH produced by the oxidation of hydrogen peroxidel195], In addition, this
change is in accordance with those observed in colourimetric studies, and is most
probably as a consequence of the decreasc in bound protein as competition for

binding increases with addition of free biotin.
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Figure 5.18 — Shows a plot of the change in steady state current measured at gold electrodes
previously modified with avidin immobilised to an alkanethiol SAM, after incubation in solutions
containing constant biotinylated HRP couccntralions (1 pg ml") and increasing free biotin
concentration. Current was measured by recording i-1 curves on the addition of 10 mM hydrogen

peroxide. The working clectrode was held at 0 mV vs., Ag|AgCl reference electrode, in the presence
o' 0.5 mM FMCA in PBS,
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5.4 Conclusions

We have presented four methods of controlling the immobilisation of proteins at
electrode surfaces. These methods are all appropriate for creating gradients with
respect o time and space over micron scale distances. These gradients as well as
being suitable for on sensor calibration applications are also appropriate for

investigations into cellular behaviour at bio-material surfaccs.

By combining the control at the primary level, i.e. that of an alkanethiol SAM, with
control through avidin immobilised at this layer, we have demousirated how to

manipulate the molecular architecture in a muiti-layer system.

There has recently been an increased scientific interest in the miniatuwisation of
devices, as a consequence of the given analytical advanlages. With miniaturisation,
however, any loss of protein activity can have more extreme effects than those in
macro scale devices, Methods such as these, where the nature of immobilisation and
the local environment can be manipulated to give optimal conditions will theretore

become more important.
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CHAPTER 6: MICROFABRICATED ELECTRODE ARRAYS

FOR IMMUNOASSAY APPLICATIONS

6.1 Infroduction

Recently the number of chemical compounds held in the ‘libraries’ of both
companies and rescarch laboratories has increased dramatically lately, most
probably as a direct result of advances in the methods for purification of

compounds from mnatural products and the novel chemical synthesis of

compounds. For example, using combinatorial chemistry[14,177-180] 4 single
chemist can synthesise a library in excess of 50,000 compounds in a single day

Figure 6.1.

High-throughput screening (HTS) is the automated testing of these large numbers
of library compounds for their activity as inhibitors (antagonists) or activalors
(agonists) of a particular biological target, such as a cell-surfuce receptor or a
metabolic enzymel!3.16,181]  With such large libraries to test, advances in
screening technologies are paramount. In conjunction with developments in
robotic screening, gamns in throughput have been achieved by way of the
miniaturisation of assay systemsll4l.  As wecll as enhancing throughput,
miniaturisation may also has the simultaneous benefit of reducing cost. As a
consequence, there have been intensive efforts to produce arrays of miniaturised
sensing devices which are suitable for high-throughput screening applications,
particularly for optical assays. Concurrently, the use of microfabricated devices to
perform electrochemical measurements has also altracted much atiention in the
last decade. In one area of particular interest, micro-sensors have been employed
to perform both cell based and enzyme based electrochemical assays[59,61,62,182],
Most devices fabricated at present have consisted of systems designed with a
single sensing area, and, as a result are not directly applicable to HTS. Howcver,
the production of arrays of micro-sensor systems would have potential

applications to HTS.
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Figure 6.1 - Combinatorial chemistry on solid supports using the split resin method, first described
by Furka et al., whereby the peptide synthesis beads are divided for chemical coupling steps, then
combined, mixed to homogeneity and subdivided for subsequent reactions.
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The use of electrode arrays to perform electrochemical assays has several likely
advantages over optical systems. Fluorophotes are, by their nature,
environmentally sensitivel183.184] and’their activity changes easily, for example
with pH. Moreover, as electrochemical assays are not dependant on either
transmitted or absorbed light they are suitable for use on turbid or opaque
solutions such as cell culture or whole blood, offering a system which is less
prone to error resulting from ‘cross talk’ between samples. Electrochemical
assays do however have the disadvantage that they have to be ‘read’ serially and

not in parallel as is possible for optical assaysi®31.

Although a great deal of work has been focused on the fabrication of micro-
electrode arrays[96-1011 few examplcs use arrays of individually addressuble
electrodes. Some electrochemical array systems have been developed consisting
of a microplate reader equipped with a single electrode probe which is placed, in
turn, into each well. These systems primarily utilise Enzyme Linked Immuno-
Sorbent Assay (ELISA) systems carried out in standard sized microwells/106],
The potential advantages of these assay systems have not, however, been realised
due to passivation of the working electrode surfacc after successive visits to
microtitre chambers. Such passivation is caused by a combination of various
factors, such as deposition ol impuritics and the {formation of insoluble films,
oxides, and protein adsorption, resulting in a short working lifetime of the

clectrodel106],

In this chapter we deseribe a model micro-array system for the fabrication of
disposable arrays of 8} wells, each well possessing its own plapar electrode
configuration, thereby negating the problem of passivation. The device consists
of 4 glass slide photo-iithographically patterned with a planar array of metallic
electrodes, with dimensions equivilent to that for an 864 well format (864 wells in
a 10 x 10 cm area), if extended over a suitable area. A plastic template, consisting
of machined plate with 2mm diameter holes, is chemically bonded to the patterned
glass slide. The resulting arrays of wells all possess individually addressable

working electrodes and common counter and reference electrodes Figure 6.2.

123




Chapler 6: Microfabricated Electrode arrays for hnmunoassay Applications

The feasibility of creating micro-chamber arrays made wholly of plastic with
photolithographtically defined gold electrodes has also been investigated, as well
as a third fabrication protocol, making such wells by a non-photolithographical
nmethod.  All devices have been cheracterised through the analysis of the
electrochemical behaviour of the model redox compound, ferrocene mono-
carboxylic acid (FMCA), at the working electrode. FMCA has traditionally been
used as a standard for such studies not only because it is electrochemically well
behaved in aqueous solutions (such as biological buffers), bul because it has
received much attention for its role as an electron-transfer mediator for many

redox enzymes(73],

As stated, the size of wells fabricated by ‘machining” are comparable to those in
use at present by international pharmaceutical companies in an 864 well
formatl!4l, The use of photolithographic patteming also offers the potential for
significant reduction in device proportions (i.e. “1536” format). In order to
demonstrate the applicability of such devices to biological assays systems,
microwells were used to perform simple enzymatic efectrochemical assays using
horseradish peroxidase, HRP, as a model detection method, thereby enabling
direct comparisons with a commercially available HRP based cnzyme linked

immuno-sorbent assay.
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1. Side View

Plastic Template-— .. __,
Glass Buse—-- —

2.Plan View Plastie Template Class Base

Figure 6.2 -~ Diagram to represent the electrode layout of a 12 well (864 format) electrode avray
fabricated using plastic/glass hybrid structures. In the case represented the device is fabricated
from a glass/plastic composite - the plastic template defining the wells, Each well has a diameter
of 2mm and a Imm thickness containing a three electrode configuration, consisting of 8 common
reference R and counter electrode C, with an individuatly addressable working electrode W.

6.2 Experimental Section

6.2.1 Materials

Unless otherwise stated all chemicals and solvenis were pwchased from Sigma
(Poole UK) and used without any further purification. Phosphate buffered saline
PBS sohitions (10 mM potassium phosphate buffer, 2.7 mM potassinm chloride
and 137 mM sodium chloride) were also purchased in “lablet form’ from Sigma

(Poole, UK) and made up to the appropriate volume by the addition of reverse
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osmosis (RO) ultrapure water (Millipore, UK). Marca sized gold electrodes were
fabricated using standard photolithographic procedures, as described in section
6.2.2. .The materials used, titantum (Ti), palladium (Pd) and gold (Auw) were
purchased, from Goodfellows (Cambridge, UK), as were all other metals and
plastics used. In addition, a Ag|AgCl reference electrode (MF-2063) was obtained
from BioAnalytical Systems (Luton, UK). Horseradish peroxide HRP type IV
(Sigma, UK) was reconstituted to 500 pg ml™? in PBS (pH 7.4) and stored in 100
Ll aliquots at -20°C. Ferrocene monocarboxylic acid FMCA 0.5mM was prepared
immediately prior to use by dissolving 5.75mg FMCA in 2 mi methanol and
making up to 50 ml by the addition of 20mM phosphate buffer pH7 (containing

100mM sodium perchlorale as the supporting electrolyte).

6.2.2 Microfabrication

Photolithography, described in detail in Section 4.2 and illustrated in Figure
6.3,was used to fabricate both 2mm macro electrodes, which were used in

reference electrode tests as well as the miniaturised bio-analytical assays.

6.2.2.1 Substrate Cleaning

Cleaning of the samples prior to photolithography was carried out in a manner

dependant upon the specific fabrication process:

1. Glass samples were cleaned by sonication for 5 minutes in each of the
following cleaning agents: Opticlear™ (G&S Inc.); acetone; methanol; and
finally reverse osmosis (RO) water,

2. Due to the susceptibility of polystyrene to dissolution in acetone an alternative
method of cleaning was used, where samples were sonicated for 20 minuics in

a 1:1 mixture of Decon 90 (Decon Labs Ltd.) and RO water.

After either of the two routines described, the samples were dried in a stream of
nitrogen, and then baked for [0 minutes at 50°C, in order to ensure removal of any

remaining residual water.
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Figure 6.3 - Geld clectrodes were prepared by photolithography followed by electron-beam
evaporation of a Ti/Pd/Au (10/10/100 nm) multi-layer structure. A clean glass (or plastic)
substrate A was coated by a 1.8 pm layer of S1818 resist (Shipley, UK} by spinning for 30
seconds at 4000 rpm, B. The required electrode pattern was transferred to fhe resist, by UV
exposure through a ferric oxide mask (14 seconds, Hybrid Technology mask aligner, 321 cm™,
36dnm), C. After developing for approximately 80 seconds in Microposit developer (1:1 mix
with RO water) D, the multilayer metal structure was deposited by e-beam evaporation using a
Plasyss QD1 automated e-beam svaporation system E, performing ‘lift-off” by dissolving the
resist in acetone the metal remaining defined the electrodes F,
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6.2.2.2 Photolithography
In brief samples were spin-coated (at 4000 rpm) with S1818 resist (Shipley Inc.),

which had been pre-filtered vsing a 0.25um particle filter. In order to define
metallic electrodes with clean, sharp edges, after fifteen minutes baking titme at
90°C, glass samples where soaked for 10 minutes in chlorobenzene, prior to a
further fifteen minutes bake, also at 90°C. Since polystyrene is also soluble in
chlorobenzene these samples were baked at 90°C for 30 minutes (but omitting the
chlorobenzenc soak). Patterning of the photoresist was achieved by UV exposure
through a purpose made ferric oxide photomask, for 14s on a Hybrid Technology
mask aligner, (photon flux = 32J em?, A = 364nm). The pattern was developed by
the itmmersion of the sample, for approximatly 80 seconds, in Microposit
developer (Shipley Inc.) mixed 1:1 with RO water. Samples were finally dried in
a stream of nitrogen and then baked for 10 minutes at 50°C to remove any residual

water.

6.2.2.3 Metal Evaporation and Lift-off

Metals were deposited by electron beam evaporation (Plassys QD1 automated ¢-
beam evaporation system), as a Ti/Pd/Au (10:10:100nm) multi-layer structure.
This well established recipe provides excellent adhesion of the electrode to the
underlying substrate and gives good elecirochemical stability at high oxidative
potentials. A 30 nm layer of nickel - chromium (60:40) (NiChrome) was also
evaporated on to the electrode structure, which could be removed by etching with
a standard nichrome etch (3.5 ml glacial acetic acid and 20 g ammonium ceric
nitrate dissolved in 100 ml of RO water). This final evaporated layer served as a
sacrificial protective coating and enabled electrodes to be produced which were
“clean” (i.e. free from particulate contamination). Following electron beam
evaporation of metals, the electrode pallerning was finally achieved by the *lifi-
off’ of the recmaining pholoresist. For those samples patterned on glass, an
acetone ‘Lifl-off” incubation was used, otherwise plastic samples were placed in

propan-2-ol. In cither case the ‘lift-off” procedure was continued until the
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clectrode pattern had been cleatly developed. Finally it was necessary to take the
sample from the ‘lift-off’ solution whilst under a flow of RO water, in order to

ensure that none of the metal particles re-adhere to the sample.

6.2.2.4 Silicon Nitride Deposition

In order to define the clectrode arca when a glass substrate was used, a 500nm
layer of insulating silicon nitride was deposited over the whole sample by plasma
enhanced chemical vapour deposition using an Oxford Plasma Technology pP-80
(deposition rate ca. 10 nm min'). This laycr of nitridc was photo-patterned as
described in section 6.2.2.3 (fn brief: spinning of a photoresist layer, prior to UV
exposure through ferric oxide mask and findlly development in Microposit
developer). The unwanted nitride removed by reactive ion etching in C,F with a
standard etch rate of 50 nm min™ at 100W (Oxford Plasma Technology BP-80,
30scem flow rate, 10 mT). Finally before an RO water wash and dry as described
previously (section 6.2.2.1) any residual resist was removed by soaking in

acetone.

Note: 'The nitride deposition temperature occurs in excess of 300°C, and as such it
was not possible to define the clectrode arcas in this manncr for those devices
made using a plastic base. In such cases elecirode areas were caleulated and
normalised with ferrocene monocarboxylic acid using standard electrochemical

techniques described later.
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Figure 6.4 - The steps in the fabrication process for glass/plastic electrode arrays. Initially a layer
of photo resist is spun onto a glass substrate prior to patterning and metallisatiod + 2 (see Figure
6). The surface is then covered by a 500 nm layer of silicon nitride by plasma enhanced chemical
vapour deposition 3, which is photolithographically patterned4 to define the working electrodes
areas before dry etching5. Finally a further layer of photoresist is spun in order to act as an
adhesive layer for the plastic template6. Sacrificial nichrome layer is removed by wet etching
prior to use 7.
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6.2.3 Microchamber Formation

Micro-chambers and micro-chamber arrays were formed by machine drilling
2mm diameter holes in lmm thick polystyrene and poly-methylmethacrylate
PMMA. In those cases where micro-chamber arrays were formed the holes had a

3mm piich (centre-centre).

/ \
wFab '/ LiFab ¥, nbab Nonfhololith,

«

90°C

Figure 6.5 - Diagraminalic representation of the different fabrication methods used. Electrodes
were incorporated onto a glass or plastic base wusing microfabrication (uFab) or non-
photolithographic methods. A plastic template defining the wells was then attached by either
chemical or thermal adbesion. The resulting devices were as follows:

1. A glass base, with microfabricated electrodes and a chemically attached plastic template;,

2. A plastic base, with microfabricated electrodes and a chemically attached plastic template;

3. A plastic base, with microfabricated electrodes and a thermally attached plastic template;

4, A plastic base, with non-photolithographically defined electrodes and a thermally attached
plastic template.

6.2.3.1 Glass/Plastic devices,

Shipley S1818 resist was spun onto the patterned electrode saniple to act as an
adhesive layer. After baking for 30 minutes at 90°C, the machined PMMA micro-
chambers were carefully aligned over the silicon nitride insulating pattern,
clamped and 20l of chloroform was applied to the plastic/glass interface.
Capillary forces drive the chloroform across the electrode array, bonding the two

layers together. After approximately 2 hours any remaining resist was removed
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by thorough rinsing in propan-2-ol, prior to the rcmoval of the sacrificial
Nichrome layer before use (see section 6.2.2.3). The method is represented

schematically in Figure 6.5.

6.2.3.2 Plastic/Plastic Chambers

In cases where the electrodes had been patterned onto a polystyrene substrate, the
wells were defined by bonding a machine drilled polystyrene template, using
either a chemical or thermal method of adhesion. Chemical adhesion was
achieved by clamping the two layers together and the application of a drop of
cyclohexane at the plastic/plastic interface in a similar fashion to that for the
glass/plastic device. Alternatively the clamped pieces could be heated to 95°C for
30 minutes in order to thermally bond the two samples Figure 6.6.

In either case the protective sacrificial Nichrome layer was removed as described
above, prior to the further use of the devices. The inclusion of membranes into
this fabrication process was also investigated by incorporating a small piece of

poly-acetate membraue into the sandwich prior to thermal adhesion.

100°C 30 minutes l Drifled Polystyrenc
j 7
Glass Slide —> ]
Drilled Polystyrene > | L ]
(SIOKR) .
Palystyrene base — | o ]
Glass Slikle —> ¢ )
— Polysfyrene base
A Cross Scection T B Plan

Figure 6.6 - Production of non-microfabricated device. The polystyrene sandwich is clamped and
heated at 100°C for 30 minutes. The electrodes are formed by metal wires held within the plastic

sandwich ~ W a working elecirode (consisting of 250um diameter gold wire),R a reference

electrode {consisting of 250pum diameter silver wire) andC a (comsisting of 250pm diameter
platinum wirc),
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6.2.4 Fabrication of Non-Lithographic Microwell.

A silver, gold and platinum wire each 250pum diameter where carefully positioned
on a small ptece of polystyrene. On to this a 2mm diamcter machined hole in
polystyrene was aligned and clamped. The whole device was heated for 30
minutes at 95°C, or until the two pieces were fully bonded Figure 6.6. The silver
wire was converted into a pseudo-reference clectrode by holding it at 0.1V for 30
seconds in a similar method to that described in Seetion 6.2.7. 4 summary of all

of the fabrication procedires described above is shown in Figure 6.5,

6.2.5 Storage of Microfabricated Devices

Where necessary, the finished devices were stored between electroanalytical tests,
dry and covered, but were rinsed in RO water and blow dried in a streamm of
nitrogen before re-use. Connections to the reference, counter and working
elecirodes were made by the attauluﬁcn‘t of muiticore wire to the bonding pads
with silver paint (Agar Scientific Ltd, UK), and securely attached using silicon

adhesive/sealant (Dow Corning Corp, USA).

6.2.6 Experimental Set-Up For Electrochemical Measurements

In all of the following experiments the electrochemical responses of electrodes
were recorded using a low current potentiostat (BAS CV-37, Stockport, UK).
Data was collected in an ‘in-house’ data acquisition interface comprising an
PC30AT multi-function analogue and digital input/output board Amplicon
(Brighton, UK), instalied in an IBM compatible personal computer.
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6.2.7 Reference Electrodes

6.2.7.1 Psuedo-Reference Electrode Preparation{76}

Psuedo-reference electrodes were prepared using both the photolithographically
defined 2mm gold macro-electrodes gold elecirodes, or as microfabricated
electrodes as shown schematically in Figure 6.3. In both cases, the electrode to
be modilied was silver plated with approximately 100nm of silver (measured
clectrochemically and confirmed by Dek-Tak), by electro-deposition from an
aqueous plating solution of 0.2M AgNO3 / 2M KI/ 0.5mM Na,S,0,, (containing
the complex ion [Agl2} K. Sodium thiosulphate served to reduce the size of

nucleation of the deposited silver crystalites.

50 <

-100

~150 ~

Potential / mVY/

-200

-280 ~—— ——

-300 T | e T T | T
10 0 10 20 30 40 50 80 70
Time/s

Fignre 6.7 - Chronopotentiometry showing the plating of the common reference elecirode with
silver ions prior to oxidation in phosphate buffer in order to create a AglAgPO, pseudo-reference
electrade in the microwell atray. The electrode to be plated was set-up as the working electrode in
a standard three electrode configuration with a standard Ag|AgCl electrade as reference electrode
and a platinum wire as counter electrode. -500pA were passed for 60 seconds in a plating solution
comdaining 0.2M AgNO,, 2M KI and 0.5mM Na,S,0;.
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A current of -500pA was passed for 1 minute using a standard three ciectrode
configuration with the electrode to be plated acting as the working electrode, a
platinum wirc as a counter electrode and a Ag|AgCl reference electrode Figure

0.8.

As the thickness of the silver layer is unimportant (above a threshold of ca. 50 nm
{0 ensure good coverage) lhe deposition time was not critical. However, in the
case of microfabricated electrode arrays, care had to be taken not to pass too much
charge in order to prevent the silver layer growing to such an extent that shorting

could occur between cither, or both of the counter and working electrodes.
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Figure 6.8 - Chronoamperommetry showing the formation of AglAgPO, pseudo-reference
electrode following plating with silver. Again the electrode to be converted was configured as the
working electrode against a Ag|AgCl, standard reference electrode and a platinum wire acting as
thereference electrode. The working electrode was poised at 0.1V for 30 seconds in a pH 7, 20
mM potassinm phosphate buffer.

i35



Chapter 6; Microfabricated Electrode arrays for Inmunoassay Applications

Where macro-electrodes were used, the pscudo-reference electrode was completed
by passing 500mA for 30 seconds in a solutien of 0.1HCI or 0.1M potassium
phosphate Figure 6.8. In the case of microfabricated arrays however, in order to
prevent the contamination of the device by a process involving anodic stripping
and precipitation of silver ions (discussed later) the pseudo-reference electrode
was instead poised at 0.1V vs. AglAgCl standard reference electrode

(BioAnalytical Systems Luton, UK) for 30 secouds.

6.2.7.2 Micro-Polarisation Tests

Each macro pseudo-reference electrades was characterised by two methods:

1. By testing its ability to show good reversible ferrocene mono-carboxylic acid
electrochemistry when used as the reference for a goid working etectrode (2mm
diameter photolithographically defined gold macro electrode), with a platinum
counter electrode (for full experimental details please see section 6.2.8.1

below).

2. By testing the clectrodes ability to maintain its reference potential using
micropolarisation fests. In such circumstances, the electrode under test was
cycled 20mV either side of ils open circuit potential whilst connceted as the
working electrode in a standard three electrode configuration (standard
Ag|AgCl reference clectrode, platinum gauze counter electrode, in 20mM
phosphate bufter pH7 conlaining 100mM sodium perchlorate as the supporting

clectrolytc) and the current-voltage profiles were collected.

6.2.8 Flectrochemical Characterisation of Llectrodes and Electrode Arrays.

6.2.8.1 Ferrocene Electrochemistry

The electrochemical performance of fabricated devices and reference electrodes

was investigated using an aqueous solution of 0.5mM monocarboxylic acid
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ferrocene mono-carboxylic acid. Immediately prior to each experiment, an
appropriate amount of ferrocene mono-carboxylic acid was dissolved in 3%
methanol before being diluted to 0.5mM using 20mM 1)1iosphate butfer pH7
{containing 100mM sodium perchiorate as the supporting electrolyte). A drop of
0.5 mM FMCA was placed in the well under study and the device was tested with
one of two reference e¢lectrode configurations comprising: either an external
AglAgCl standard reference electrode (BioAnalyiical Seiences) inserted into a
large droplet (volume = 100 pl) placed on the device or an internal pseudo-
reference electrode. The working electrode was scanned between -300 mV and

+300 mV, and scan rates (v) were varied between 10 and 100 mVs™

6.2.8.2 Chronoamperometry of Horseradish Peroxidase (HRP)

Horseradish Peroxidase, HRP, atl concentrations of 0 - 250 pg ml” and hydrogen
peroxide, at concentrations of 0 - 400 uM, were made up separately as stock
solutions at the twice the required concentration (see results) using 20mM
phosphate buffer pH 7.0 (containing 0.5 mM TMCA and 100mM sodium
perchlorate as the supporting clectrolyte). The concentration of H,O, in a 30%
solution (as supplied) is inherently unstable even when stored at 4°C,
Consequently the actual concentration was confirmed by measuring the absorption
at 240 nm (melar cxtinction coefficient = 43.6 M enmt") using a Hitachi $2000
spectrometer. i.e 8 mM H,0, (0.025%) has an optical density of 0.35(optical
pathway of 1 ecm). The iwo solutions were mixed immediately prior to their
addition to the electrochemical microwell, and curreni-time measurements cartied
out with the working clectrodes poised at OmV, versus an in-situ pseudo-reference

electrode.
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6.3 Results und Discussion

6.3.1 Reference Flectrodes

20

Current / nA
o
_

-20 T I T T
40 50 60 70 80 90
Potential / mV

Figure 6.9 - Micropolarisation test of a Ag|AgPQ, pseudo-reference electrode formed on 2mm
diameter gold disk. ln a standard three electrode configuration, the pseudo electrode is used as the
working electrode and is cycled within a few millivolts of its open circuit potential (65mV). The
experiment was conducted in 20 mM sodium phosphate buffer pH 7.0 with reference to a standard
Ag|AgCl reference electrode (BioAnalytical Systems, Luton, UK.), at a scan rate of SmVs”,

In previous studiesl76l one of the three microfabricated gold electrodes has been
used as a pseudo- Ag|AgCl reference electrodes by plating with silver, followed
by oxidation in IHCl. Such reference electrodes are sensitive to changes in the
concentration of chloride ions in the assay solution, with the consequence of
causing shifts in the applied potential. A typical buffer, such as PI3S, has only
137 mM chioride ions, a concentration which is changed significantly by the
addition of any other solutions. This problem is accentuated when operating in
small volumes, as the absolute amount of material present is small, evaporation

may coniribute to changes. As an alternative, the vse of an Ag|Ag,PO, pseudo-
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reference was investigated. Phosphate ions are present in signilicantly higher
proportions in the butfers used and also has a notably lower solubility (K ~ 9 x

107 ) than AgCl (K ~ 2 x 107%), over-coming solubility problems thal are
P

previously documentedl763.
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Figure 6.10 - Micropolarisation test of a standard Ag|AgCl reference electrode, cycled in 20 mM
sodinm phosphate buffer pH7 a few mV either side of its open circuit potential ~0.5mV with
reference to another standard Ag AgCl reference electrode, Scain rate SmVs™',

Prior to exploring results using micro-fabricated structures, reference electrodes
were inifially made using macro sized gold electrodes (dia. 2mm). The role of a
reference electrode is to provide a fixed potential that does not vary during the
experiment, whiist isolating the working electrode, as the electrochemical system
under study. In practice, the reference has to draw some current and, therefore, it
is cssential that a good reference electrode maintains its reference potential, even
if a few microamperes pass through it (a criterion which is dependent upon a
reversible reaction occurring at the reference electrodefl11]), The behaviour of a

reference electrode can best be characterised using micropolarisation tests[111],
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The reference electrode under examination is cycled, as the working electrode in a
standard three electrode configuration, within a few millivolts of its open circuit
potential. Any hysterisis present in the curves is indicative of irreversibility and
error in the reference potential when current is forced to pass through the
electrode. The pseudo Ag|AgPO, electrode Figure 6.9 gave comparable resulis to
those obtained for a standard Ag|AgCl reference electrode Figure 6.10, and a
pseudo Ag|AgCl reference electrode Figure 6.11. \
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Figure 6.11 - Micropolurisation icst on AglAgCl pseudo-reference electrode (E® = 65mV) vs
Ap|AgCl standard (BioAnalylical Systems), al a scan rate SmVs™ in electrolyte containing 20mivi
sodium phosphate buffer pH7.0.

The same macro sized electrodes were also characterised electrochemically using
FMCA uas a model redox compound. The results shown demonstrate that the
AglAgPO, pseudo-reference Figure 6.12a again gave results comparable to both
the standard reference electrode Figure 6.12b and the Ag|AgCl pseudo-reference
Figure 6.12¢, the only difference being a slight shift in the measured E. .
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Figure 6.12 - Cyclic voltammograms of 0.5mM FMCA in 20mM sodium phosphate buffer pH 7at
a plain gold (2mm Dia.) working electrode versus an Ag|AgPO, pseudo-reference electrode A, a
Ag|AgCl, standard reference electrode (BioAnalytical Sciences) B, a Ag|AgCl, pseudo-reference
electrode C, and a 2mm diameter plain gold electrode D. Scan rates 10 - 100 mVs™ (at 10 mVs™
intervals).

Each reference shows a reversible one electron transfer as would be expected for
the cyclic voltammetry of 0.5 mM FMCA at a gold electrode as indicated by
linearity in the plot of the peak current versus square root (scan rate)
proportionality Figure 6.13. The use of a good reference electrode is illustrated
by the results shown in Figure 6.12d, where a plain gold electrode is used as a
pseudo-reference electrode. As a result of the good performance and decreased
solubility, pseudo-Ag|/AgPO, reference electrodes where chosen for use in all

further experiments.
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Figure 6.13 Anodic peak cwrrent against (scanrate)®™® from cyclic voltammograms shown in
figure 14(a,b, and c). @ - Ag|AgPQ, pseudo-reference (figure 14a), M - Ag|lApCl, standard
reference (figure 14b), + -~ Ag|AgCl, pseudo-reterence (figure 14¢). Conditions as for figure 14.

It was observed that the control of the voltage during oxidation for the formation
of the pscudo-reference electrode was critical when using microelectrodes. If the

voltage at the working electrode was allowed to exceed 0.3V, the stripping of

sitver from the working eleclrode occurred and the resulting silver phosphate

precipitation caused irreversible damage to the device as the precipitate was

difficult to remove and silver peaks were observed in any future vollammograms

Figure 6.14,
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Figure 6.14 - Cyclic voltammogram recorded at the working electrode of a microwell, after
modification of Ag|AgPO, pseudo-reference electrode by oxidation at 0.5V in a 20mM potassium

phosphate buffer, Blectrolyte (ptl 7.0 20mM phosphate buffer) also containing 0.5mM FMCA,
scan rate S0mvVs"',

6.3.2 Glass/Plastic Micro-chamber Array

6.3.2.1 Fabrication

Using the method illustrated in Figure 6.5i it has been possible to reliably
fabricate arrays of twelve, 8 i electrochemical cells shown in Figure 6.15
(Photo/SEM wot ready). When made in batches of six, no significant inter- or
intra-batch variations were detected for electrochemical measurements made with
freshly clcancd devices (coeflicient of variation & 6%). Choice of the solvent
used in fabrication process as well as the type of plastic, defining wells, was
critical. For example, if chloroform was used to bond polystyrene, too much
plastic became solvated and the pressure, due to the clamps, forced solvent and
plastic over the microfabricated electrode areas. Another undesirable effect of an

inappropriate bonding solvent, was the formation of ‘bubbies’ at the bonding
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interface. Both polystyrene and PMMA were used to define the wells (bonded
using cyclohexane and chloroform respectively). However, when bonding to
glass, in this manner, PMMA proved preferable to polystyrene, which had a
tendency to crack when under pressure. Although relatively strong, the adhesion
was not permanent, and it was found that devices had an approximate life span of

one month.

Figure 6.15 — Showing a 12 well microfabricated electrode array, after bonding of plastic template,
and prior to electrode modification. (Device is 75 mm in length)

6.3.2.2 Electrochemical Characterisation

Characterisation was performed using 0.5 mM FMCA as a model redox
compound. Both an external reference electrode and an internal psuedo-
Ag|AgPO, reference electrode were used for characterisation of the microarray
structures. The typical responses at a single micro-chamber working electrode are
illustrated in Figures 6.16 and 6.17 when using either an external or an internal

reference electrode respectively.

The device showed appropriate Fe’’|[Fe’* redox behaviour - having an
experimentally measured E?,, of 246 mV and good linearity of peak current
versus square root of the scan rate. Deviation in peak current (coefficient of
variation + 3%) and standard electrode potential (coefficient of variation + 5%)
between chambers on the same device was minimal when using an internal

reference, as indicated in Figures 6.18 and 6.19.
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Figure 6.16 - Cyclic vollamogramms of 0.5mM FMCA recorded at the gold working electrode in
a single well of a plastic/glass iwelve well clectrode arvay using a AglAgCl external standard
reference electrode (BioAnalylical Systems). Background buffer was 20 mM sodinm phosphate
buffer pH 7.0, scan rates 10 - 100 mVs™ at 10 mVs™' intervals,
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Figure 6.17 - Cyclic voltamogramms of 0.5mM FMCA recorded at the gold working electrode in
a single well of a plastic/glass twelve well electrode array using a Ag|AgPO, internal pseudo-
reference clectrode. Background buffer was 20 mM sodium phosphate buffer pH 7.0, scan rates
10 - 100 mVs! at 10 mVs™ intervals.
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Figure 6.18 - Cyclic voltammograms of 0.5mM FMCA, collected at 12 individual working
electrode on a plastic/glass L2 well electrochemical array, versus a standard Ag|AgCl external
reference electrode. Scan rate 50 mVs™, background buffer 20 mM phosphate pH 7.0,

80

60 -

40 -

20

Current /! nA

-20 -

i T T T F
-100 0 100 200 300 400 500 600

Potential / mV

Figure 6.19 - Cyclic voltammograms of 0.5mM FMCA, collected at 12 individual working
electrode on a plastic/glass 12 well electrochemical array, versus a AglAgPO, internal pseudo-
reference electrade. Secau rate 50 mVs™', background buffer 20 mM phosphate pH7.0,
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6.3.3 Plastic/Plastic Micro-chambers

Airays of electrochemically addressable micro-wells were also fabricated by the
bonding together of sandwiches of polystyrene, either by chemical or thermal
adhesion. Singlc wells were tested and characterised using FMCA as described
above and, again, showed acceptable redox behaviour for the Fe*'|Fe* couple with

good reversibility Figure 6.20,
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Figure 6.20 - Cyclic voltammeograms of 0.5mM FMCA recorded at the gold working electrode in
a single well of a 12 well array microfabricated plastic device. The background electrolyte
consisted of 20mM phosphate bufter pH 7.0, Ag|AgPQ, pseudo-~reference electrode. Scan rates 10
- 100 mVs! (10 mVs™' increments).

Defining the electrode areas using plasma cnhanced chemical vapour silicon
nitride deposition was not possible, as the deposition process iakes place at
temperatures in excess of 300°C and, as a result, there was a large degree of
variation in working electrode surface area between wells on the same device (as

described previously). As a consequence the coefficient of variation was
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dependant upon the precision of alignment between the template for the wells and
the microelectrode array base, leading to values which were typically in the region
of 16%. However, with calibration and normalisation of assay signals, to the
electrode arca calculated from FMCA scans it would be possible to use such

arrays to perform muliiple assays.

6.3.4 Non-Photolithographically Fabricated Micro-chambers

0.3.4.1 Fabrication

'The possibility of producing micro-chambers without using photolithographic
methods was also investigated. Following the procedures illustrated in Figure 6.6
and described in  Section 6.2.4 - it wus possible to produce single
electrochemically addrcssable micro-wells with a diameter between 2 mm and 5
mm. Wells with a diameter smaller than 2 mm proved difficult to manufacture in
this mannper as the thermal bonding of fhe plastic was incomplete and capillary
action allowed solutions to pass from the well along the wircs.
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Fignre 6.21 - Cyclic voltammograms of 0.5mM FMCA recorded at the gold working clectrede of
a single well in a 12 well array plastic device fabricated non-photolithographically. A 20mM
phosphate buffer pH 7.0 for the background electrolyte, and reference provided by a AglAgPQ,
psendo-reference electrode. Scan rates 10 - 100 mVs™ (10 mVs™! increments),
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6.3.4.2 Electrochemical Charaeterisation

Deevices were again characterised by following the electrochemistry of FMCA at
the gold wire - having oxidised the silver wire in phosphate to create a pseudo
Ag|AgP0O, reference electrode as belore Figure 6.21. Due to the nature of
fabrication, the surface area, of each working electrode could not easily be tightly
controlled and as a result there was a large degree of variation between devices

(coefficient of variation > 20%).

6.3.5 Effect of Evaporation I'rom Microwelils.

Evaporation of supporting solvent is an increased problem when conducting
experiments in miniaturised microwells. This is clearly demonstrated in Figure
6.22 where (he peak anodic current (I,) increases over a period of time as a result
of the inereased concentration of FMCA due to water loss by evaporation. 1t can
be seen hat within as little as 5 minutes, a five percent increase of peak current

occuts, prior to catostrophic dryving out.
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Figure 6.22 - 'T'he peak current trom the cyclic voltammmogram of FMCA recorded at the working

electrode of a Sl microwell increases over time as a result of fluid loss by evaporation. Scan rate
50 mVs! background electrolyte 20 mM phosphate bufter pl17.0.
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It is therefore important, where possible, to conduct experiments in as short a time
scale as possible whilst attempting to minimise evaporation. When similar
experiments are conducted on a macro scale, the peak current stays within the
expected error range for a much longer period of time (typically hours, rather than

minutes).

6.3.6 Biological Measurements
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Figure 6.23 - Shows a schematic representation of typical protocol for a sandwich
ELISA. The first step binds a primary antibody {often described as the capture antibody)
to the solid-phasc. After blocking and rinsing steps, the sample is added and incnbated. If
the sample contains the target analyte, it will be bound by the primary antibody. Further
rinsing steps precede the addition ol the conjugale (or detection) antibody, which binds to
the primary antibody/target analytc complex. The cnzyme conjugated to the detection
antibody on addition of a suilable substrate will initiate a detectable change, for example,
a change in colour. Tn an electrochemical immunoassay the enzyme produces a change
which can be measured via electredes in close proximity to the antibody/antigen complex.

Horseradish peroxidase (HRP) is an enzyme that is commonly used in many

biological assays. For example, Figure 6.23 shows how enzymes are used as
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reporters of ligand binding in an enzyme linked immunosorbet assays (ELISAS).
In order to investigate the potential use of the microfabricated clectrode well
arrays for similar assays using electrochemical detection (as opposed to
colorimetric detection), simple electrochemical assays were performed using both

HRP and GLOX as electrochemical reporter enzymes.

After initial optimisation of the electrochemical HRP assay (in which the protein
and substrate concentrations were altered independently) the device could be vsed
to detect HRP within the range of 0 - 100 ug ml” with a detection limit, under
these conditions, of 1 pg ml” HRP (approximately 1ng, or a few femtomoles, of
protein) Figure 6.24, When using the optimum HRP concentration (100ugml™)

an assay for IT,0, could be performed with a detection range 0 - 100 pM Figure
6.25.
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Figure 6.24 — Current-time rccordings of a solution of 0 - 500ug/mi HRP in pH 7.0 phosphate
buffer (containing 0.5mM FMCA, 100mM sodium perchlorate and 100pM hydrogen peroxide)
recorded at gold working electrodes, poised at OmV versns internal psuedo-Ag|AgPO, reference
electrode. Each reading was measured in a different well on the same elecirochemical microwell

array. The response is scen to plateaun beyond 100 ug/ml and as a result this concentration was
chosen as the optimum HRP coucentration for {urther experiments.

In immunosensor applications it can be observed that the detection limits required

are usually in the nanomolar rangell85].  Significant cnhancement of the

151




Chapter 6; Microfabiicated Electrode arrays for Immunoassay Applications

electrochemical device should, however, be obtained by the immobilisation of the
sensing proteins close to the working electrode providing a diffusional

enhancement of the signal.
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Figure 6.26 - Chronoamperometry of a solution of 100pg/ml HRP in pH 7.0 phosphate buffer
{containing 0.5mM FMCA, 100mM sodium perchlorate and 0-200pM hydrogen peroxide)
recorded at a gold working electrodes poised at OmV versus internal psuedo-Ag|AgPO, reference
electrode. Bach reading recorded in a different well on the same electrochemical microwell array.

Commercially available immunosensing assays ollen take several hours to prepare

and complete, it would therefore be essential to monitor the evaporation from the

electrochemical devices, to prevent protein denaturation, and/or the passivation of

the electrodes.
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6.4 Conclusions

We have demonstrated that, by the use of a ‘sandwich’ method ot construction, we
can fabricate arays of electrodes, both wholly in plastic or of a plastic/glass
composite, either with individually addressable working electrodes. Although it is
only possible to define the electrode area when using the plastic/glass composite
devices, by normalising electrode response o calculated clectrode arca it will be
possible to use wholly plastic arrays to perform electrochemical enzyme assays.
This sandwich method of construction, also allows for the inclusion of a
membranc in the fabrication method such that future devices may be used with
samples, which at present would cause electrode passivation, such as whole blood
samples or cell culture supernatants. Indeed, early results (not shown) have
demonstrated that it is possible to introduce a cellulose acetate membrane above

the clectrode of plastic only devices.

Our use of AglAgPO, pscudo-rcference clectrodes has been usefil to solve
solubility problems which were previously cncountcred by Bratten et all76l,
However, further study should investigate the long-term functionality of such

electrodes.

Finally our ability to fabricate single electrode wells without the use of cxpensive
microfabrication techniques could widen the number and range of potential users
of low volume micro-electrochemical assays. However, one problem to be

overcome is the decrease of variation between devices,
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CHAPTER 7: CONCLUSIONS

The work presented here investigates a number of the issues relating to biosensor
technology, in particular the design of interfaces showing controlled biomolecular
composition. Initially the use of mixed monolayers of alkanethiols on gold to control
the immobilisation of proteins at gold interfaces was investigated, wilh the eventual

aim of applying the techniques within miniaturised amperometric assay systems,

Using high resolution X-ray photoelectron spectroscapy, we have demonstrated that
the degree of head group functionality in a SAM on gold can be altered in a time
dependant fashion through the displacement of an adsorbed alkanethiol by a second
thiol bearing an alternative head group. Through the measurements by XPS wc
showed that the method of displacement was not via an initial dissociative step (the
N1is signal does not diminish after immersion of a mercaptoethylamine monolayer in
reverse osmosis water for extended periods of time). A method of displacement
involving a disulphide transition state was propesed although further investigation
would be required to confizm if this is the case. [t was also interesting to note that
the use of mercaptopropanol as a modifier resulied in significant reduction in the
amount of physisorbed contamination often observed in thin film XPS experiments.
Control over the head group composition of a SAM on gold in this manner, in turn,
enabled the regulation of biomolecular recognition at biosensor interfaces in a

number of different ways.

Initially we investigated the use of short chain thiols to control the elecirochemistry
of the metalloprotein of cytochrome. ¢ at a gold electrode. The use of short chain
molecules with an ‘open molecular architecture’ had the advantage that they do not
present a diffusional barricr to clectron transfer. This is in contrast to the loss of
sensitivity that is observed for long chained, highly ordered atkanethiol SAMs[141],
We showed that by using a combination of alkanethiols, whetc onc species bears a
head group that promotes eyctochrome ¢ electrochemistry, and the other does not, we

are able to control the degree of molecular recognition. We noted that in order to

154



Chapter 7: Conclusions

transform the interfacial properties of the gold surfaces with respect to cyctochrome ¢
electrochemistry, it was not necessary to produce a homogeneous susface coating.
For example, under the electrochemical conditions employed, cytochrome ¢ redox
currents similar to those on suitable homogenous SAMs are obtained even when the
mixed SAM surface contains a significant proportion (40%) of ‘non-promoter

functionality’s as indicated by XPS measurements.

We also demonstrated that the displacement reactions by solution phase thiols, are
not necessarily reversible, over the moderately long time scales used. Thus exposure
of a gold electrode surface to a binary thiol solution may not lead io a mixed
monolayer SAM of the same relative composition as the solution. Interestingly, we
demonstrated the use of a number of different combinations of thiols to determine a
hierarchy corresponding to the ability of a solution thiol to displace a surface species.
Thus it may be possible to readily create surfaces containing controlled quantities of

multiple functionalities.

To further investigate the ability of mercaptopropanol to prevent the phyisorbtion of
proteins at surfaces, we used F1-iR to demonstrate the use of SAMs of alkanethiols
on gold to regulate molecular recognition in this manner. We showed how both
SAMSs of mercaptloethyalamine and mercaptopropanol led to significant reductions in
the non-specific udsorption of proteins, 38% and 72% 1'cspectiveljf compared to an
untreated gold surface. Although neither competed with a standard detergent such as
Tween 60, wherc protein adsorption was reduced close to 95%, mercaptopropanol
monolayers would offer an alternative in situations where the use Tween 60 would

not be appropriate.

Finally we demonstrated the use of mixed monolayers on gold formed by
displacement to control the covalent immobilisation of proteins at surfaces, allowing
the manipulation of the density of protcin inmobilised at the surface, in a manner
such that protein gradients can be created. These gradients, as well as being suitable
for on sensor calibration applications, are also appropriate for investigations into

cellular behaviour at bio-material surfaces. By combining the control at the level of
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an alkanethiol SAM, with control through avidin immobilised at this layer, we have
shown how control over the molecutar architecture could be achieved in a multi-layer

system.

We have, therelore, shown (hat mixed SAMs formed by displacement, can be used as
a method for controlling the interactions of proteins with engineered devices. The
possible applications covering reduction/oxidation reactions, directed protein
immobilisation, the reduction of non-specific protein adsorption as well as possible
cellular engineering applications (directing cell growth through gradients). These
results demonstrate the wide range of applications that SAMs of alkanethiols on gold
can be used for. With such a variely of both alkanethiols and bi-functional cross-
linking agents available to be exploited in this manner, the formation of mixed
monolayers by displacement could be used as a tool to enable a very high degree of
control over the molecular architecture of gold surfaces used both in biosensor and

bioengineering fields.

In acknowledgement of the recent increased scientific interest in the minfaturisation
of devices, with the increased implications of activity loss through in appropriate
immobilisation, in the final section we fabricated arrays of micro-amperometric
devices in which our methods of control could be further investigated, such that the
nature of immobilisation and the immobilisation environment could be manipulated

to give optimal sensor performance.

By using a ‘sandwich’ method of construction for bonding plastics, it was possible to
fabricate arrays of electrodes both wholly in plastic and in plastic/glass composites,
wilh individually addressable working electrodes, and common reference and counter
electrodes. Devices fabricated in this way were characterised using the redox
behaviour of FMCA and were used to demonstrate their applicability to biclogical
agssay systems using horseradish peroxidase. However, the reduced geometries have
been shown to create problems as a conscquence of cvaporation from the device,

thus, quick measurement times are essential. In addition the use of AglAgPO,
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pseudo-reference electrodes, as opposed to Ag|AgCl has heen useful to overcome

solubility problems previously encountered by Bratten et al [76]1.

This method of construction also allows the pessibility to include a membrane within
the fabrication procedure such that future devices maybe used with sumples which at
present would cause electrode passivation, e.g. whole blood samples or cell culture
supernatants. Early results have shown that it is indeed possible to introduce a

cellulose acetate membrane above the electrode of plastic only devices.

Finally, the ability to fabricatc single electrode wells without the use of expensive
microfabrication techniques confers the ability to perform small volume
electrochemistry to research groups where access to microfabrication equipment is

not avatiable.

7.1 Suggestions for further work:

As a result of the breadth of this project, there are a number of opportunities for
further work. The fabrication of glass/plastic composite microelectrode arrays will
allow the development of numerous assay systems which are applicable to HTS, Tn
one area that already shows promise, we intend to use the electrode atrays to
investigate glutamate production from rat brain neural cell samplesti86]. 1t would
also be useful to investigate the ability to perform electrochemical immunoassays
with the electrode arrays. The use of SAMs and avidin/biotin, to control the
immobilisation of the appropriate immunoglobulins within the devices could then be
studied. The extension of the arrays in to 864 well format, presents the challenge of
creating a suitable measurement system for multiple assays, as a consequence the
efficient multiplexing of the devices and quick measurement from each well would

become essential.
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The possibility of including membranes within the devices requires further
investigation.  Although the feasibility has been proven, measurements with

appropriate solutions (blood or cell cullure supernatants) is necessary.

With the possibility of further decreasing the sizes of the clectrodes, other methods of
defining the wells could be investigated by the use of embossing or dry etching,
however, the effects of evaporation will become more important to control with

increased miniaturisation of the devices.

Finally the use of displacement of SAMs to fabricate mixed monolayer surfaces
presents the possibility to investigate the interactions of cells with surfaces, from
directing cell movement (along cytokine gradients), to preventing cells and proteins

binding at implantcd materials.
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7.2 Publications and Conference Contributions Arising from this

Work

o ‘Dynamics of the Formation of Mixed Alkanethiol Monolayers: Applications in
Structuring Biolnterfucial Monolayers’ Colton, C.M., Glidle, A., & Cooper, J.M.
Langmuir, volume 14 pg. 5139-5146, 1998.

» ‘XPS investigation of mixed alkanethiol monolayers on gold’ Cotton, C.M.,
Glidle, A., & Cooper, J.M., Posler. presentation at Ariificial Biosensor Interfaces,
European Union Network Conference, Sitges, Barcelona, Spain 23 -25" October
1967,

» “Control of Molecular Recognition at gold surfaces’ Cotton, C.M., Glidle, A., &

Cooper, J.M., Poster presentation at Electrochem ’96 Conference: Bath, England 14
- 17™ September 1996.
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