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A b st r a c t

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

biosensor 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 tlii'ough the displacement of a previously adsorbed monolayer 

by incubation in a secondary tliiol (bearing an alternative headgroup) the degree of 

head-group functionality of a gold surface can be controlled. 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 ai'e used to control electron 

transfer reactions between the redox protein cytoclnome c, as well as controlling the 

immobilisation of a variety of proteins to the electrode surface. In this fashion the 

fabrication of protein gradients 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 chapter, both photolithographic and non-photolithographic methods are 

used to fabricate micro-electrodes and micro-electrode aiTays, suitable for application 

to high tlnough put micro-electrochemical assays, where the effective immobilisation 

of proteins could be used to increase sensitivity and improve detection limits.
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G l o ssa r y

BSA Bovine serum albumin

CV Cyclic voltammetry/voltammogram

DMSO Dimethylsulphoxide

ELISA Enzyme linked immimosorbent assay

FITC Fluorescein isothio-cyanate

FMCA Ferrocene monocarboxylic acid

FT-iR Fourier transform infra-red spectroscopy

HRP Horseradish peroxidase

HTS High thi'oughput screening

IgG Immunoglobulin G

iR Infra-red

NADH Nicotinamide adenine dinucleotide

NSB Non-specific binding

PBS Phosphate buffered saline

PMMA Poly-methylmethacrylate

pNPP j9-nitrophenylphosphate

RIE Reactive ion etched

RO water Reverse osmosis water

SAM Self-assembled monolayer

STM Scaiming tunnelling microscopy

TMB T etramethy 1-benzidine

TOA Talce off angle

XPS X-ray photoelectron spectroscopy
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Chapter 1 : Introduction

C H A PT E R  1: In t r o d u c t io n

The interfaces that exist between biological media and man-made materials are 

important in many areas of science and teclmoiogy, including implants and bio- 

compatibilityih^]. One additional area, which has received particular attention over 

the past several years, involves those smTaces 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 projects[3].

A biosensor combines two flmctions: molecular recognition and signal transduction. 

This is achieved by the immobilisation of a biological sensing unit, such as an 

antibody or enzyme, in a close, and often ftmctional, proximity to a transducer 

surface Figure 1.1 H-6]. 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 

immobilisation and the subsequent manipulation of the surface molecular 

architecture is of particulai’ importance in the field of biosensorsH»^].

As well as there being an interest in controlling the surface molecular structure of 

sensing surfaces, there has been a concuirent desire to exploit the potential benefits 

offered by the microfabrication of these d e v i c e s M i n i a t u r i s a t i o n  offers a 

reduced assay cost, and as a result of their reduced geometries, entranced analytical 

performance, for example, thiough a more efficient diffusion of analytes to the 

sensortl^]. These advantages are of particular interest in those applications where 

large numbers of assays are being performed, and as a consequence miniaturisation 

has shown promise in the area of high-thi'oughput screening (HTS), where there have 

been intensive efforts to produce airays of miniaturised sensing d e v i c e s [ 1 4 - 1 6 ]
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Analyte
'Recognition'

Signal

Biologically
sensitive
coating

Figure 1.1 - The biosensor consists of a transducer 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 molecular environment becomes more important. This 

thesis, therefore, investigates methods of controlling both the immobilisation of 

proteins and molecular recognition at gold surfaces, with particular' application to the 

fabrication of aii'ays of miniatui'ised 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 biomolecules, especially proteins, in close 

proximity to a transducer smface. In the context of bio sensing, the incorporation of 

biological components within membrane structures was first described by Clark and 

Lyons in 1962^7], 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-specific 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 suiTacestl '̂^O] Although 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 smface loading of p r o t e i n s t ^ l ]

Although the adsorbed molecules can be stabilised to some extent thiough the use of 

cross-linking agents such as glutaraldehyde, an additional a loss of activity is 

believed to occur tlirough the denatmntion of proteins on adsoiption through 

conformational changes, aggregation and multi-layering. Consequently biosensors 

employing adsorption as the immobilisation procedme often show reduced 

sensitivity and some degree of non-specificity Dl.

Although the effective immobilisation of the sensing protein is paramount, this 

should be achieved whilst still maintaining free diffusion of substrates and products 

into and out of the immobilised layer. The occlusion of bio-molecules both behind 

membranes and in electrochemically formed polymers such as polypyrrole, are 

relatively simple teclmiques that have shown their potential in a number of 

s i t u a t i o n s [ 2 2 , 2 3 ]  However, they do have the potential disadvantage of creating a 

diffusional barrier between the electrode and the bulk solution through which only 

low molecular weight substrates can diffuse. Thus this method may be mrsuitable for 

enzymes that act on macromolecules such as ribonuclease, trypsin or dextranase and 

are also unsuitable for antibodies specific to lai’ge antigens. N.b. The diffusional 

bai’riers that are created although often a disadvantage can be used in order to select 

analytes on the basis of charge or size and so exclude interférants or foulants.
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M ethod Advantages Disadvantages
Adsorption on insoluble 
matrices
(e.g. by van der Waals 
forces, ionic binding or 
hydrophobic forces).

Simple and mild conditions, 
which are less disruptive to the 
biological molecule

Linkages are highly 
dependent on pH, solvent 
used and reaction 
temperature. Resulting 
sensor often insensitive.

Entrapment in a polymer 
or gel / behind a semi- 
permeable membrane.

Universal procedure for any 
molecule; mild immobilisation 
procedure.

Large diffusional barriers, 
loss o f enzyme activity by 
leakage, possible 
dénaturation of the 
biomolecule as a result of 
the accumulation of free 
radicals.

Crosslinkmg by a 
multifunctional reagent.

Simple, strong chemical binding 
of biomolecules; widely used to 
stabilise physically adsorbed 
proteins or those covalently 
bound to a solid support.

Control o f reaction difficult, 
large amount of protein 
required; low activity often 
associated with crosslinking.

Covalent bonding to 
solid support or 
membrane.

Probably most 
stable/irreversible method -  
desorption very unlikely, ideal 
for mass production and 
commercialisation, possibility 
of controlling protein 
orientation.

Complicated and time 
consuming; possible loss of 
activity due to reactions 
involving active site.

_______  _________

Table 1.1 ~ Summarising immobilisation procedures for biomolecules at transducer surfaces[24],

The most intensely studied of the immobilisation teclmiques is the formation of 

covalent bonds between the molecule and the solid s u p p o r t [ 2 4 - 2 6 ] .  Chemical 

attachment involves more aggressive conditions and can lead to a significant loss of 

protein activity tlnough 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 

tlnough covalent immobilisation, but this loss does depend upon the proteinPl], as 

well as the immobilisation chemistry and the substrate u s e d [ 2 < 5 ] .
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Amino Acid Functional Group Attachment Method Reaction
8 - ammo group 
o f lysine and N - 
terminal amino 
group.

N K Diazotization

Peptide bond formation

N-=N—Protein 

O
C—N H —Protein 

Protein

Arylation NO.

Alkylation

Schiff-base formation 

Amidination

CHg—NH—Protein 

CH==NH—Protein 

NH.-
C—NH —Protein

Siilfhydryl of 
cysteine SH Alkylation

Tliio-disulphide
interchange

Mercury
interaction

C H ^ S —Protein

- S —S —Protein  

— H g—S —Protein
enzyme

Carboxyl group 
of aspartate and 
glutamate / C- 
terminus 
carboxyl group

COOH Peptide bond formation
o

I I
C—N H —Protein

Phenolic
tyrosine

of Proteli
Diazotization

OH N=N-

OH
Imidazole
histidme

of Protein
Diazotization

HN
/

N

HN

Table 1.2 - Amino acids and functional groups involved m covalent immobilisation of proteins[^^3.

Although generally harsher than other immobilisation schemes, covalent binding can 

provide the highest iiTeversible surface loadingt^l]^ and research indicates that most
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of the apparent loss of covalently bound protein activity is due to desorption of non- 

covalently bound protein to the solutionP^]. 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 immobilisation, as they are typically present on the 

exterior of the protein due to their hydrophilic nature and are also good nucleophiles. 

In most proteins lysine residues abound on the external surfaces and attacliment to 

the immobilisation support may occur tlnough several groups.

Suitable functional groups must also be available for covalent attacliment on the 

transducer surface. Of the materials widely used to serve as transducers, the noble 

metals gold, silver and platinum are probably most often used as surfaces in both 

electrochemical and optical systems such as those used in surface plasmon 

r e s o n a n c e [ 2 8 ] .  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 (S A M s ) [2 9 -3 2 ]_  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 o f Alkanethiols on Gold

Self assembled monolayers of alkanethiolates on gold, form spontaneously when a 

clean gold sample is exposed to a solution (or vapour) of an alkanethiol or 

dialkyldisulphide Figure 1.2L3]. 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 p l a t i n u m )  134]̂  the 

structural integrity and greater range of functionality produced accounts for the 

popularity that gold - sulphur systems have acquired in r e s e a r c h l 3 2 ] .
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Solution of 
alkanethiol

Substrate

air - monolayer 
interface group

alkyi groups

Surface active 
thioi head group

immersion time 
seconds to hours

Substrate

Closely packed 
ordered SAM

Group specific 
interactions

intermolecuiar
interactions

Chemisorption 
at the surface

Figure 1.2 - Self-assembled monolayers of alkanethiols on gold are formed by simply immersing a 
gold covered substrate into a solution o f the thiol. The driving force for the spontaneous formation of 
the 2D assembly includes chemical bond formation o f molecules with the surface and intermolecuiar 
interactions.

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

established!  ̂ . 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 solutionsf^ l̂.

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 surfacest^^b The 

convenience and flexibility of SAMs has, therefore, been exploited widely, 

especially for homogenous SAM surfaces[̂ 2-43]̂
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2.89 Â

Gold
atoms

B

Gold substrate

2.89 Â

Supihur
atoms

Tail Groups

Head Groups

Figure 1.3 -The structure of an alkanethiol SAM on gold. The sulphur atoms o f the alkanethiols co
ordinate to the hollow three fold sites o f the gold surfaceA; the gold atoms are arranged in an 
hexagonal manner. The alkyl chains o f 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-(CH2)„-SH where n is typically 

11-15 and the tail group X being either a methyl or hydroxyl groupt' '̂^ l̂.
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When Schlenoff et al. used labelled thiols to show that exchange between 

solution and surface bound phases occurs under ambient conditions, it became 

apparent that mixed monolayers could also be produced tlirough the controlled 

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

alternative tail group functionalityi^^l.

1.3 Amperometric Sensors

The effective immobilisation of biomolecules at transducer surfaces is of paramount 

importance for the effective functioning of biosensors. Electro chemically based 

sensors are the most common form of biosensori^^l Broadly speaking, 

electrochemical biosensors can be split into amperometric, conductimetric and 

potentiometric sensing systems. These systems differ 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 equilibrium is set up at the sensor interface and the electrode potential 

measuredt^O]. a conductimetric sensor a potential (which may be alternating) is 

applied across the electrodes and changes in resitivity are measured.

Amperometric sensors have traditionally received attention through their high 

sensitivity and their wide linear r a n g e Elegant research on new sensing concepts, 

coupled with nmnerous technological iimovations, have opened the door to the 

widespread biomedical use of amperometric d e v i c e s I n  this thesis we will 

consider the use of amperometric sensors, consisting of planar arrays of two and 

tluee microelectrode sensors, structured within miniaturised high density microtitre 

plate formats.
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Substrate

Enzyme

Electrode
Surface

Figure 1.4 ~  Schematic representing the events occurring at a typical amperometric enzyme sensor. 
Often the enzyme is immobilised, but not always.

Those amperometric biosensors, which utilise enzymes, are often described as 

enzyme electrodes due to the fact that the enzyme is immobilised in close proximity 

to the transducer e l e m e n t  [*^4,6 5] n  jg  the specificity of enzymes with regard to 

recognition and catalysis of substrates, which enables sensors incorporating enzymes 

to achieve a great selectivity for target analytes. Amperometric sensors measure the 

current that is produced when an electrode is held at a constant potential with respect 

to a reference electrodeE^l]. The current measured is as a result of the oxidation or 

reduction of an enzymatically produced electro-active species at the electrode 

surface. The current measured is a function of the concentration of that species at the 

electrode surface in those situations 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 substrate which can be detected amperometrically Figure 

1.4. Accordingly the most common enzymes utilised are redox enzymes, particularly
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those belonging to either the oxidase, dehydrogenase or peroxidase sub-classes of 

oxido-reductasest^^].

The enzymes generate, or consume, easily oxidisable hydrogen peroxide or reduced 

nicotinamide adenine dinucleotide (NADH). The hydrogen peroxide or NADH can 

be detected by poising a working (transducing) electrode at modest potentials to yield 

a current signal (+0.5V-+0.8V versus AgjAgCl reference electrode)[̂ 7]. 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

Glucose
Oxidase

Glucose Gluconolactone
+ O2 + H2O2

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

The various biomedical applications of oxidase electrodes, based on measurements of 

the liberated peroxide speeies, can be affected by fluctuations in the solution oxygen 

level or by interfering endogenous electro active compomids (e.g. ascorbic or uric 

acids) that contribute to the signal[^^’71]_ Such problems have been alleviated using 

membranes to exclude potential interferents, as well as restricting the flux of the 

substrate, thereby improving the surface availability of oxygenC^^Al]. However, an 

additional problem associated with dehydrogenase-based biosensors is that of gradual 

passivation due to the accumulation of reaction productsH2].

The problems described above can be eliminated tlirough direct electron transfer 

between the enzyme redox centre and the electrode surface. In practice, the thick 

protein shell surroimding the proteins electron transfer centre introduces a kinetic

11
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barrier to electron transfer. The use of small-molecule electroactive, diffusional 

mediators, such as ferrocene deriveratives, ferrocyanide, conducting organic salts or 

quinone compounds, to enhance the rate of electron transfer has been extensively 

investigatedt^^’̂ 9’*5h63] The 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 feiTocene 

which show stable, reversible, pH insensitive and rapid electron mediation of a 

number of flavoprotein e n z y m e s W i t h o u t  a doubt the most successful 

application of ferrocene mediated amperometric detection is within commercial 

blood glucose self-testing meters

2e'

Electrode
Surface

Figure 1.6 - The reaction process occurring at a ferrocene mediated peroxidase enzyme electrode, 
used for hydrogen peroxide sensing. The electrode is held at 0 mV with respect to a Ag|AgCl 
reference electrode.

Ferrocene mediators can be used in conjunction with a variety of oxidase enzymes, 

and their ability to act as an electron donor for peroxidases has also been exploited in 

an extremely sensitive assay for hydrogen peroxide following the reaction scheme 

illustrated in Figure 1.6f75]. Peroxidases are amongst the most widely used enzymes 

for the more traditional colourimetric detection, used in many assays (particularly 

immunoassay systems).

12



Chapter 1 : Introduction

The excellent detection limits that can be achieved on small sample volumes with 

modem electrochemical teclmiques and microelectrodes[  ̂̂ 3 have stimulated the 

development of small volmne electrochemical assay systemsH '̂'^^!. For example, 

nanomolar sensitivity in a nanolitre 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 geometiically well-defined, highly reproducible micro

sized structmes for the integrated circuit i n d u s t r y H 8 - 8 l ] .  The same technology has 

recently found applications within the field of b i o t e c h n o l o g y [ 1 0 d 2 , 7 6 , 7 7 , 8 2 - 8 6 ]  

such instances, sensors realised with microelectronic production techniques have 

several advantages over traditional methods of microelectrode fabrication 

technologies namely “hand-crafted” or probe-type sensors. Bespoke solutions, such 

as the use of carbon fibres embedded in polyethylene tubes and gold wires sealed in 

glasst^’̂ ’̂ î offer neither the reproducibility nor ease of production offered by 

photolithographical methods. In addition a major advantage confeiTed by 

photolithographic sensor production is that of costi^^f 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 g e o m e t r i e s [ 1 3 , 9 0 ]  Theses advantages are 

chaiacterised 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 signahnoise 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 

yearst^l"^^]. The first attempts to employ such arrays were aimed at increasing the 

signal to noise ratio in liquid chromatography and flow injection devices by 

combining up to 100 electrodesi^' '̂^^i. The second stage in the development of 

microelectrode arrays began when specially constructed instruments allowed 

individual electrical access to each electrode within an array. With this approach 

each electrode 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 an'ays, the examples 

that predominate achieve selectivity by operating each electrode at a different 

potential, within the same sample s o l u t i o n i ^ ^ - l O l ]  Another approach to achieve the 

required selectivity involves the micropatterning of proteins on the electrodes, and 

much work has been reported, in the main part addressing each electrode using light 

activated covalent bonding teclmiquest^^^'^^^I

In addition some electrochemical microarray systems have been developed consisting 

of a microplate reader equipped with an single electrode probe, primarily utilising 

Enzyme Linked Immuno-Sorbent Assay(ELISA) systemsi^^^]. The electrode visits 

each of the wells sequentially. However, the potential advantages of these assay 

systems have not yet been realised due to passivation of the working electrode 

surface! Sueh passivation is caused by a combination of various factors, such as 

deposition of impurities and the formation 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 

microelectrode arrays, where each electrode has its own sample applied to it. One 

industrial application which is fuelling the investigations into the effective 

miniaturisation of assay systems, is that of high-tlnoughput screening within the 

pharmaceutical 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 volumesn4-16]_ 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 tlii’oughput screening. Densities 

greater than 6500 assays in a standard lOOcm  ̂plate have been reportedii^'^dOS] 

approach significantly increases the number of assays per plate and the overall 

tliroughput 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 systems 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 tlirough the miniaturisation of amperometric enzyme 

electrodesi^^’̂ ^f As the perfbrmmice of such enzyme assay systems depends in part 

on the immobilisation of the enzyme layer, with miniaturisation the method of 

immobilisation used becomes a more pertinent issue

1,5 Outline o f 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 tliroughput 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 assembled 

monolayers of short chain alkanethiols on gold.

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

of the redox enzyme cytochrome c at gold electrodes, and also uses FT-iR to
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demonstrate one possible application of alkanethiol 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 proximity to electrode surfaces. Controlling the composition of the 

monolayer we are able to illustrate the conti'ol by the formation of immobilised 

protein gradients. In addition avidin/biotin chemistry is also used to show an 

alternative method. By combining both self-assembled monolayer systems and 

avidn/biotin systems we demonstrate how the molecular architecture of electrodes 

could be controlled in a multi-layer fashion.

Finally Chapter 6 describes methods used to fabricate electrode arrays suitable for 

high tliroughput applications. Incorporating reference electrodes into the design of 

microelectrode arrays, we characterise devices made photolithographically and non- 

photolithographically using standard ferrocene electrochemical 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

CHAPTER 2: A n a l y t i c a l  T e c h n iq u e s .

2.1 Electrochemical Measurements

Methods of electrochemical characterisation that aie used to measure electrode 

currents as a function of the voltage applied to the electrochemical cell are termed 

voltammetric teelmiques, and can be used to provide detailed information concerning 

the electrode processes o c c u r r i n g t ^ ^ , 109-112]

Fe

Ref. Counter

Working
Ht"

Fe
A

Fe

e'

Figure 2.1 - A schematic illustration of the standard three electrode set up used for both cyclic 
voltammetric and chronoamperometric experiments, used throughout this thesis. The cell consists of 
three electrodes, a working electrode at which the electrode process under study occurs (in this case 
the oxidation of iron II), a counter electrode at which the reverse reaction occurs, and a reference 
electrode.
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Two of the most commonly used voltammetric methods are cyclic 

voltammetry 1111,113,114] and chronoamperommetry 111 h 112] Both cyclic 

voltammetric and clironoamperometric experiments are performed using a standard 

tliree electrode set-up consisting of the working electrode (that at which 

measurements are taken), a reference electrode and a counter electrodeDl^i, 

illustrated schematically in Figure 2.1.

2.1.1 Cyclic Voltammctryll 11,113,114]

In cyclic voltammetry 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 electrode 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’.

200  -

20 30
Time /  seconds

Figure 2.2 - The triangular waveform generated for cyclic voltammetry, in this case with switchmg 
potentials at -200 niV and +500 mV vs. AgjAgCl (E, and respectively). Scan rate 50 m Vs'f
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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 fi'om the redistribution of charged and polar species at the electrode surface 

(termed non-Faradaic) and a component resulting 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 crurent.

FMCA

Capacitive Current

I
o

-2 -

FMCA -*• FMCA'  ̂+ e

100 200 300 400 500 600 700 800

Potential /  m V  versus Ag|AgCI

Figure 2.3 - A typical cyclic voltammogram obtained for a fully reversible, solution, redox chemical 
system. In this case, the voltammogram is of ferrocene 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 (ipj,) is measured by extending a tangent from the 
capacitive component of the current and measuring the peak height. The reverse is true for the 
cathodic peak current (ipJ.

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 potential is scamied tluough the range where oxidation of 

the analyte under study (in this case ferrocene) 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 

surface concentration within the ‘diffusion layer’, becomes effectively zero. When 

the surface 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 thimier 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 cui'rent 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 the pealc faradaic current ip 

therefore depends upon the concentration gradient of O at the electrode surface as 

given by:

ip = nFADo{à\fy\ldx)x^Q Equation 2.1

where Dq is the diffusion coefficient of O, n the number of electrons transferred, F  

Faradays constant, and zf the area of the electrode.

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

equation:

[0]/[R] = exp[nF/RT(£ - E°)] Equation 2.2

Wliere E  is the electrode potential, R is the gas constant and T 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 pmpose of 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 

shape. The peak current ip for a reversible system is given by the Randles-Sevcik 

equation:

0.4463 nFAiDodf^O] Equation 2.3

where [O] is the bulk concentration of O and a ~ nFv/RT, The peak occurs at 

potential 2^.5/n mV cathodic of E° at 298 K, and is independent of the potential scan 

rate. Hence for a reversible one-electron transfer reaction, voltammograms with a 

peak -to-peak separation of 57 mV will be obtained. In addition, the peak current. 

Equation 2.3, will be proportional to the square root of the potential sweep rate 

is constant), and the ratio of the anodic to cathodic peak ciurents is equal to 

imity {ipa/ipc = 1). To measure the Faradaic peak crurents from the voltammograms 

accurately it is necessary to subtract the non-Faradaic component by drawing a 

tangent to the initial slope as shown in Figure 2.3. At microelectrodes, as a 

consequence of the more efficient, hemispherical diffusion, mass transfer is not 

limiting, resulting in sigmoidal cyclic voltammograms, and \N  becomes constant.

2.1.2 Chrouoamperometry

In contrast to cyclic voltammetry where the change in cmi'ent is measured as a 

function of potential, clironoamperometric experiments are performed by applying a 

potential step to the working electrode, and monitoring the current response of the 

system as a function of time. The initial potential is 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 voltaininetry. A current profile is recorded with respect 

to the electrode reaction Figure

Measured Current

-20

-30 -

-40 -

-50 -  

-60 — 

-70 -

Electrode Reaction

-80

-100  “

-120
10 12 14 16 18 20 22 246 8

Time / seconds

Figure 2.4 -  A typical current time plot obtained in a clu'onoamperometric experiment for the 
electrode reaction shown. The working electrode was poised at 0 mV vs. AgjAgCl in order to reduce 
the ferrocene , which in tmm is recycled 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 cuirent. The cui'rent response i as a function of time t (and electrode area A) is 

described by the Cottrell equation, Equation 2.4.

nFAD̂ ^̂  cji (l/Tr'"̂ ) Equation 2.4

Where n is the number of electrons exchanged, F  the Faraday’s constant, D the 

diffusion coefficient of the electroactive species R, and its bulk concentration as
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before. Cln'onoamperommetry can thus be utilised to measure the concentration of 

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

As for cyclic voltammetry the measured current has two components; a non Faradaic 

capacitive component arising from the redistribution of charged species at the 

electrode 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 photo electron spectroscopy [115-122] 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. Additionally, it can give information of the 

chemical environment of the surface components especially bond structm-e. The 

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

Siegbahn and collaborators who developed the technique as it is known todayt^^S]

In XPS monochi’omatic X-rays, which are incident on the surface under analysis, 

cause the emission of photo electrons from the interfacial structure Figure 2.5. The 

X-ray photon of energy hv directly ejects electrons from the core energy levels by the 

direct transfer of the energy to the core-level electron. The measured kinetic energy 

with which the photoelectron is emitted from the surface region can be described by 

Equation 2.5.
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figure 2.5 - A a schematic o f an XPS spectrometer. The key components o f a state o f 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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=  h v  - - (f) Equation 2.5

where is the kinetic energy of the emitted electron (measured during the XPS 

experiment), hv is the energy of the X-ray source (a known value), Eb  is the binding 

energy of the core electron (a ffmction of the type of atom and its chemical 

environment from which the electron is ejected) and (f? is the spectrometer work 

function (a constant for a given analyser). It is the ability to accurately measure the 

kinetic energies of the ejected 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 emitted with different 

binding energies, Eb, rather than the kinetic energies of the photoelectrons as shown 

in a typical XPS spectrum Figure 2.6 (which are instrument dependent).

5000
Au-S-CHg-CHg-CHg-OH

4000

3000 -(A
§
oU

2000  -

1000

283 284 285 287 288286
Binding Energy / eV

Figure 2.6 - A typical XPS spectra, in this instance recorded for the carbon C ls region of a 
mercaptopropanol 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 atomC^l^h The size of this shift is 

dependant upon the fimctional group bound to that atom (i.e. its chemical 

enviromnent), 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(ls) 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 satumted carbon is taken as 

reference).

Functional Group Binding Energy 

(eV)

hydrocarbon C -H , C -C 285.0

amine C -N 286.0

alcohol, ether C - 0 - H ,C - 0 - C 286.5

Cl bound to carbon C -C l 286.5

F bound to carbon C -F 287.8

carbonyl c = o 288.0

amide N -C -O 288.2

acid, ester O -C -0 289.0

urea N -C O -N 289.0

carbamate O -C O -N 289.6

carbonate O -C O -0 290.3

2F bound to carbon -C H 2CF2- 290.6

carbon in PTFE -C F 2CF2- 292.0

3F bound to carbon -C F 3 293-294

Table 2.1 - Typical C (ls) binding energies for organic samples. The observed binding energies will 
depend upon the specific envhonment where the functional groups are located. Most ranges are ±0.2 
eV but some can be larger (e.g. fiuorocarbon samples)!^
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Although the incident X-rays can penetrate relatively far into the sample, only 

electrons produced near the surface have any significant probability of escape 

without subsequent energy loss. Consequently, X-ray photoelectron 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 

ejected 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 (ls) and the nitrogen N (ls) regions can then 
be subjected to a more detailed analyses, as shown.
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The XPS facility used for surface characterisation and analysis shown in this study 

was the SCIENT A ESCA300 X-ray photoelectron spectrometer (8 kW A1 K(a) and 

Cr K(P) 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 o f 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)[l24-l28]  ̂ is 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 variety of fundamental perpetual movements including 

stretching, twisting and rotating. 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 

tlirough a molecular sample, such as an organic compound, some frequencies will be

absorbed[l29]

The simplest example demonstrating the principles of iR adsorption is that of a 

diatomic molecule. In a diatomic molecule with masses mi and m2, sepaiuted by 

distance r, a directional dipole moment will be set up as a result of the difference in 

electric charge between the two masses Figure 2.9[129]_ As the molecule is in a state 

of perpetual vibration, the separation of the two masses r, will be constantly and 

periodically changing, causing an alternating electric field of frequency, /  = 1/t. 

Therefore, if the incident iR radiation is of the same frequency, adsoiption of that 

radiation will occrn. 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 

characteristic frequencies of both stretching and bending vibrations.

Stretching frequencies result from vibrational changes in bond length, whilst those 

from bending ai'e 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 frequency of a bond increases if the bond 

strength increases or the atomic mass of either of the atoms decreases. For example 

the following bonds would change from high vibrational frequency to lower, in the 

following order; C=0 > C=C > C -0  > C-C[124]

29



Chapter 2: Analytical Techniques

one cycle in t secs

figure 2.9 - A schematic representation o f a diatomic molecule showing the vibrations that will 
adsorb iR radiation. The masses o f the two molecules are represented bjn, 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 r e q u i r e d n 2 4 , 1 2 9 , l 3 0 ]  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

o
e  -  #

symmetric stretch 
3652 cm '

O I ►

O  Q t

asymmetric stretch 
3756 cm '

Bend 
1595 cm '

(b) carbon dioxide molecule

o o

symmetric stretch 
no dipole movement 

no absorption

O 4- o

asymmetric stretch 
2349 cm '

Î

o
Î ,

o

Bend 
667 cm '

Figure 2.10 - Illustration 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 pealcs in an associated iR spectrum; amide 

I, amide II and amide III. The amide I pealc, 1600 - 1700 cnT% is the strongest of the 

tliree and is attributed to the C=0 stretch. The amide II band, found between 1500 

1600 cm'% is a strongly coupled interaction between C-N stretch and N-H bend 

vibrations. Finally the amide III 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 

v a r i e d l l 2 4 , 1 2 7 , 1 3 0 - 1 3 2 ] .
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Figure 2.11 - A typical FT-iR spectra, collected for Bovine Serum Albumin adsorbed to a gold 
surface. The amide peaks of interest are illustiated. Spectra collected at an incident angle of 80° 
(grazing angle) at a 4 cm ' resolution.
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Figure 2.12 - A schematic o f a Michelson interferometer illustrating the reflective pathway o f 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! ̂ s u c h  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 fundamental 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 for iR applications), which is designed to split beam A exactly in 

half. One half is transmitted, as beam C, to be reflected by the plane mirror D; the 

other half 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 F 

(it is moved in the direction shown in the diagram) either constmctive or destructive 

interference patterns i.e. light and dark images, will reach the detector and a Fourier 

Transform can be applied to the pattern to produce the intensity dependent iR 

spectrum for a particular sample.

For analysis of thin coatings on metal surfaces, or for samples with a very smooth 

surface, the iR spectrometer is used in grazing incidence reflectance (GIR) mode 

more commonly laiown as Reflectance Angle iR Spectroscopy (RAIRS). When 

operated in this mode the incident angle of the iR beam with (respect to 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 thimier the sample, the larger the incident angle that has to be applied in order to 

obtain as much information from the sample, as possible.

Advantages offered by the RAIRS teclinique, over spectroscopies 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 

noise ratios.

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

especially useful for probing the whole thickness of the adsorbed biomolecular layer.
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2,4 Fluorescence Measurementsl^^^l

Fluorescent probes enable researchers to detect particular components of 

biomolecular assemblies, with sensitivity and selectivity. In this thesis we use the 

immobilisation of a fluorescent probe at modified surfaces as a means of probing the 

molecular composition of that surface. When a fluorescent probe is used and the 

sample exposed to light energy of the correct frequency the sample will emit light by 

a process laiown as fluorescence.

Fluorescence is the result of a tln'ee-stage process that occurs in certain molecules 

called fluorophores (In this study we use a probe laiown as Fluorescien 

IsoThioCyanate FITC). A simple electronic-state diagram can be used to illustrate 

the production of fluorescence by such probes Figure 2.13.

O)

Figure 2. 13- A simple electronic state diagram showing the three stage process which describes 
fluorescence. In Stage 1 the flourophore absorbs light energy Iivexj creating an exited energy state 
S f. During the lifetime of this excited state some energy is dissipated though interactions withm the 
molecular environment (Stage 2), such that the molecule possess a ‘relaxed’ state S,. Finally the 
energy is released as an emission photon Iivem and the molecule returns to its ground state Sq (Stage
3 ) .
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Initially a photon of energy hv^x is supplied by an external energy source, and 

absorbed by the fluorophore, creating an excited electronic singlet state (S/), Stage

1. This excited state exists for a finite time (typically 1-10 x ID'® 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 (SJ from which 

fluorescence emission originates. Secondly, not all of the molecules initially excited 

by absorption (Stage 1) return to the ground state (Sq) via fluorescence emission, 

other processes such as collisional quenching and fluorescence energy transfer may 

also depopulate Sj. (A measui'e of the extent to which these processes occur is given 

by the fluorescence quantum yield, which is the ratio of the nmnber of fluorescence 

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

In the final stage a photon of energy hv̂ M is emitted, as the fluorophore returns to its 

ground state Sq (Stage 3). It is due to energy dissipation during the excited-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 (hv^x -  hvE^) is 

known as the Stokes Shift. The ' Stokes Shift is fundamental to fluorescence 

teelmiques as it allows emission photons to be detected whilst filtering out the 

excitation photons.

There are four essential elements for any fluorescence 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 elements are 

illustrated in Figure 2.14, which represents the detection system used in this thesis.
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filter 2
Light Source

I SampleFilter 1

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

S e l f  A s se m b l e d  M o n o l a y e r s

3.1 Introduction

Over the past decade, chemical modification of sensor surfaces has been recognised 

as a means of introducing both specificity and f u n c t i o n a l i t y 3 4 - 1 3 6 ]  por

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 m o n o l a y e r s [ ^ 9 ] ^  thereby providing a means of introducing a degree 

of molecular functionality[ 13 7 , 13 8 ]  Figure 3.1.

Figure 3.1 - Diagram representing a SAM formed on a gold surface, three main interactions determine 
the monolayer structure. The very strong chemisorption o f the sulphur tailgroup to the gold surfact, 
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 o f 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 selective immobilisation of a ligand binding protein (such as 

an antibody or streptavidin) as may be appropriate for a b i o s e n s o i '[ 3 7 -  

4 3 , 4 8 , 1 3 4 , 1 3 9 , 1 4 0 ]  The abundance, and spatial distribution, of such headgroup 

recognition sites, has important implications on both the micro- and macroscopic 

properties of a bioelectronic interface. Indeed the introduction of mixed monolayers, 

composed of two or more head groups, can offer a method to control the optimum 

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 challenged by antigen, if the antibody smface density is 

too high, as a consequence of the effects of steric h i n d r a n c e [ 4 2 , 4 3 , 4 8 ] _  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 observed for the binding of avidin using mixed 

monolayers of biotinylated thiols and alcohol terminated t h i o l s î ]̂ Control of the 

monolayer composition, therefore, provides a means by which the optimum surface 

density for the fiinction of the immobilised protein can be attained

The use of long chain alkanethiols to produce mixed monolayers gold surfaces has 

received attention from a wide number of groups working in physics, biochemistry 

and the analytical s c i e n c e s f l ^ S ]  por example Takami et al have used Scaiming 

Tunnelling Microscopy STM analysis to distinguish between different head groups in 

a mixed monolayer consisting of alkanethiols of chain lengths > 1 2  carbons atoms, 

demonstrating that the resulting (modified) surface reflected the molar ratio of 

headgroups in the (loading) solution[49]. Other r e s e a i ’c h [ 4 4 , 4 5 , 5 1 ] ^  producing mixed 

monolayers of CH3- and OH-terminated long chain alkanethiols (of the same chain 

length) through co-adsorption has shown that the self-assembly results in true 

molecular mixing (with no single component domains).
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Wliilst long chain SAMs have the advantage of forming highly ordered 

s t r u c t u i ’e s i ^  1,44-48]̂  they do have the potential 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 e l e c t r o d e [ l 4 1 ]  jjy addition, long chain monolayers, by their nature often form 

a close packed, ordered barrier, which limits diffusion of a solution phase 

electroactive species, an arrangement which has practical limitations if such an 

interface were to be used for electrochemical sensing.

In common with other authorsi^^l, we have prepared mixed monolayers of short 

chain alkanethiols by time dependant displacement of an initial modifier. 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 Photoeiectron 

Spectroscopy (XPS)[^^ '̂^42]
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Figure 3.2 - Schematic representation o f experimental procedures used in this study. A plain gold 
electrode (a), is cleaned by reactive ion etching (see later) prior to immersion in ImM aqueous 
solution o f 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 o f a secondary SAM composed o f 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 consequence of higher ratios of head group specific 

signals (e.g. NH2, 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 control 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 3-mercaptopropanol were obtained fiom Sigma (Poole 

UK) and used without any further purification. 2 -Mercaptoethylamine is susceptible 

to degradation in air and was therefore stored 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

Glass 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 

cleaned 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 QDl automated electron 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 PlasmaFab ET340. 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 seem, and 10 W)[^43]

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 solution (i.e. an aqueous solution of 1 niM 

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 
aqueous 1 mM solutions prior to application to gold substiates.
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3.2.3 Characterisation of the Mixed Monolayers hy XPS

All XPS spectra were collected using a Scienta ESC A300 spectrometer, with a 

rotating anode source providing A1 Ka (1486.7 eV) radiation. After 

monochromation the radiation is focused on the sample, positioned such that the 

emitted electron take off angle (TOA) is 10° (± 3°) relative to the substrate surface 

(discussed in Section 3.3.1.3). Self assembled monolayer films were prepared as 

described above, and S(2p), C(ls), N(ls) and 0(1 s) spectra were acquired using the 

Scienta Software. The slit width (0.8mm) and the TOA were kept constant for each 

of the samples measured, to probe each sample to the same depth. Prior to data 

fitting (SigmaPlot/Pealc Fit, Jandel Scientific, Poole, U.K.), the binding energies of 

the spectra were adjusted to compensate for sample charging (as detailed 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 An surface, the emission of photoelectrons results in the build up of a 

positive chargeais], it is necessary therefore, to provide an additional compensating 

source of electrons. This is achieved by flooding the sample with mono energetic 

source of compensating electrons (OeV 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 referenceEi^l. In order to be able 

to 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(ls), N(ls) and 0(1 s))
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were normalised with respect to this. Background counts (due to inelastic scattering) 

were also removed by the Shirley method, prior to fittingD^^k

3.3.1.2 Gaussian Method of Peak Fitting.

5000
Au-S-CHg-CHg-CHg-OH

4000 -

3000 -

/V2000  -

1000 -

286 287284 288283 285

Binding Energy / eV

Figure 3.4 - C(Is) spectrum curve fit of a mercaptopropanol SAM, assembled on a gold substiate, 
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 AlKa source).

Figure 3.4 illustrates the typical data acquired during XPS measurements. It can be 

seen that the curve obtained for a given orbital(in this case for C(ls) 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 fill the hole left by the leaving electron), instrumental resolution and 

satellite features all occur’, such that these photoemmission peaks are generally
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considered to be Gaussian in sliape[115,122] 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 pealc is related to the amount of that particular element there is 

present on the sample, such that after measuring 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 of SAMs.

In this thesis, XPS measurements were generally performed using a TOA of lÔ ’. 

This low TOA firstly, reduces the background signal due to emission of An 

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 spectra obtained over 

varying lengths of time (at 1 hour intervals, up to 4 hours after irradiation) showed 

little change in line 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 interfaceC  ̂^̂ 1. The mamier 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 photoelectrons escape 

from the atoms which anchor the molecule to the gold sui'face than those nearer the 

solution interface. The variation in measured photoeiectron intensity with SAM 

thickness and TOA is described by a simple model based on Beer-Lambert law:

7/4 = exp (-(7/(X sin 0)) Equation 3.1

46



Chapter 3: X-Ray Photoeiectron Spectroscopy o f  S e lf  A ssem bled M onolayers

Wliere I  denotes the photoeiectron intensity escaping at the surface of the SAM, and 

the initial intensity of photoelectrons produced a distance {d) from the film’s 

interface as 4, X is the mean free path of the emitted photoeiectron in the material 

being examined (ca. 25 A for the transitions of this study) and 6 is the TOA, or 

escape angle, of the photoelectrons (with respect to the sample surface) Figure 

3 .51144].

For the SAMs under consideration in this work, the sulphur tail group is 

approximately 4.5 A further fr om the photoeiectron interface than is the tail group. If 

we assume, that the ‘tails’ forming the SAM above the sulphur groups form a 

complete, homogenous layer 4.5À thick, then, photoelectrons measured with a TOA 

of 10° will pass thi'ough 4.5/sin(10°) A of material before escaping, see below.

Thill L ayer /  SAM  

G old substrate

Figure 3.5 - Illustrating the variables in the simple model, based on the Beer-Lambert law, which 
describes the change in the intensity of measured photoelections witli SAM thickness. I  denotes the 
escaping photoeiectron intensity at the surface of the SAM, /„ the intensity o f photoelectrons at the 
source, d thickness of the SAM film and 6 is the TOA, or escape angle, of the photoelectrons (with 
respect to the sample surface).

From Equation 3.1, it can be seen that the signals from the sulphur tail will be 65% 

less than those signals if they were at the sample/vacuum interface. It is important 

then, based on these assumptions, to note that the use of elemental quantification 

based on bulk sensitivity factors alone, will not give the stoichometric composition 

of the SAM, for the depth of the orbital within the molecule should also be accounted 

for. (Note: 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 e l e m e n t ) ! ^ ^ 4 ]  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(ls) 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.

140

120

100

Iu

285 280295 290

Binding Energy / eV

Figure 3.6 -  C(ls) 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=0 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 TAG 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 the momentary exposure of a clean sample to the 

atmosphere it is possible to introduce such large C(ls) 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(ls) spectra was less prone to error due to contamination. However, any 

variations due to such contamination could be adjusted for by normalisation of N(ls) 

counts using the S(2p) signal (see later). Of the SAMs studied, it proved impossible, 

to prepare homogeneous mercaptoethylamine SAMs containing low levels of carbon 

contamination. This was in contrast 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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Au-S-CHg-CHg-CHg-OH
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Figure 3.7 - C (ls) spectrum curve fit of a mercaptopropanol 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 A lK a source).
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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 it, therefore, proved mireliable for use in analysis of the SAMs.

3.3.2 The XPS Measurement of Homogeneous SAMs.

3.3.2.1 Electronic Effects In the C(ls) Spectra.

Fitted spectra for the homogeneous SAMs of mercaptopropanol and 

mercaptoethylamine are shown in Figures 3.7 and 3.8.
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Figure 3.8 - C(ls) 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 msert. The large unnumbered peak represents a layer of physisorbed contamination. (TOA 10°, 
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
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carbon centres joined to the tail group(S-Au or S-H), and those bound to the head 

group (NHj or OH) are clearly seen. The electro-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(ls) 

binding energy. However, when this sulphur group is bound to a gold surface there 

is also a significant electron donation effect from this electropositive surface, which 

has an effect which lowers the binding energy. Thus, whereas a general aliphatic 

carbon centre would have a binding energy of 285 eV, we can observe a negative 

shift for the carbon at position 1 (see 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(ls) spectrum curve fit o f a thin film of mercaptoethylamine, cast on a gold substrate, 
fitted to the minimum number of Gaussian peaks. Again, the numbered peaks refer to carbon centres 
as detailed in insert small unnumbered peak at 284.6 eV corresponds to chemisorbed 
mercaptoethylamine (Au-S). (TOA 10°, Slit width 0.8mm and an AlKa source).
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By the comparison of the mercaptoethylamine C(ls) in Figures 3.8 and 3.9, a 1.1 eV 

reduction in pealc 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 eV) seen in Figure 3.9 corresponds to 

gold bound mercaptoethylamine observed through ‘thin’ regions of the bulk film 

when a 90° TOA is 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.

Tail Group
Carbon no.

Head Group
C(ls) binding energy

dist, irom tail group | dist, from head group
1 1 2  1 3 Carbon no. 1 Carbon no. 2 Carbon no. 3

AU-S-CH2-CH 2-CH 2-OH
284.3 eV 284.6 eV 286.1 eV

1.82 Â 4.49 A 3.35 A 2.96 A 4.88 A 1.43 A

Au-S PHn P H .,_______"WH.,
284.6 eV 286.5 eV

1.82 Â 3.00 A 3.35 A 1.47 A

H-5 P H , P H ,_______H H ,
285.7 eV 286.5 eV

1.82 A 3.00 A 3.35 A 1.47 A

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

The ‘electronic effects’ on the carbon at position 1 are a consequence of the 

electropositivity of the gold surface. 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 energy 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 mercaptoethylamine. Here the result is a fractional lowering of the
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headgroup adjacent carbon’s binding energy (ca. -0.1 eV) than that observed in the 

bulk species see Table 3.1.

It is important to note that the halfiwidths observed for the C(Is) spectra can be seen 

to decrease vyith 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 eV, a fact which may be attributed to a reduced vibrational freedom. This 

change is also observed when comparing the half-widths of sulphur- centres bonded 

to the gold surface with those which are physisorbed,

3.3.2.2 Homogeneous SAM N(ls) Spectra.

The influence of the electron donating gold surface on the distribution of 

photoeiectron peaks is further manifested in a more significant lowering of the N(ls) 

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 about tlie nitrogen group, tlirough 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(ls) spectra collected from a mercaptoethylamine SAM, see Figure 

3.10.
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Figure 3.10 - N (ls) spectra for a mercatoethylaiiiine/Au (a) SAM after immersion in a 1 mM 
mercaptopropanol solution for 90 mins together with a mercaptoethylamine thin film (b) cast on a 
gold substrate. (TOA 10", Slit width 0.8mm and an AlKa source).

An N(ls) 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 chai'ged centres is also often associated with a higher than average 

amount of sinface contamination. This contamination is most evident in the C(ls) 

spectra, as shown in Figure 3.8 where it can be observed as a pealc at approximately

285.1 eV.
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Figure 3.11 - N (ls) spectra for mercatoethylamine/Au 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 
mercaptopropanol/Au SAM which has been left in RO water for 50 min (e) (TOA 10°, Slit width 
0.8mm and an AlKa source).

3.3.3 Evaluation of the Composition of Mixed SAMs.

3.3.3.1 Composition Based on the N(ls) Spectra.

The N(ls) spectra of mercaptoethylamine monolayers, following immersion in 

mercaptopropanol for increasing periods of time, as well as the N(ls) spectra of a 

mercaptopropanol monolayer left soaking in RO water for an extended period of 

time, are both shown in Figure 3.11. The absence of contamination with nitrogen 

containing species, is clearly illustrated by the lack of any N(ls) signal in the 

mercaptopropanol spectra Figure 3.1 le. The spectra suggests that immersion in 

mercaptopropanol solution leads to a loss of nitrogen 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) photoeiectron counts for mercaptoethylamine/Au SAMs after 
different lengths of time immersed in a 1 mM mercaptopropanol solution. Error bars estimated from 
variations in fitting the underlying baseline to the N (ls) and S(2p) spectra. (TOA 10\ Slit width 
0.8mm and an AlKa source).

Figure 3.12 shows the time course for the nitrogen group displacement by 

mercaptopropanol. The difference in the nitrogen functionalities present over time is 

shown as a change in the ratio of N(ls) photoelectrons with respect to those 

originating from S(2p) centres which coiTespond to those in the SAM tail. 

Normalisation in this manner corrects for small variations in SAM surface coverage, 

surface contamination and instrumental parameters (e.g. TOA and X-ray flux). The 

ratio of N(Is) to S(2p) photoelectrons, in a homogeneous mercaptoethylamine SAM 

illustrates the attenuation of photoeiectron 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 aN: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 brealdng 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 

strong electrostatic interactions with solution 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 for varying periods of time (b, 2 min; c, 20 min; d, 90 min), together with 
the C (ls) spectra for homogeneuos mercaptoethylamine/Au (a) and mercaptopropanol/Au (e) SAMs 
(TOA 10”, Slit width 0.8mm and an A lK a source). The spectra are offset horizontally for purposes of 
clarity.
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3.3.3.2 Composition Based on the C(ls) Spectra.

Although clearly demonstrating a loss of nitrogen functionality in the SAM, the 

analysis of N(ls):S(2p) ratio of photoelectrons does not indicate if this loss is as a 

result of the adsorption of mercaptopropanol, with the concmrent loss of 

mercaptoethylamine. However, by comparing the C(ls) spectra of variously 

prepared SAMs Figure 3.13, a change in the line shape of the spectra indicates a 

progression of piue mercaptoethylamine to one containing a significant 

mercaptopropanol proportion.

Wliilst the deconvolution of these C(ls) spectra 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 studiesH^^l, involves combinations of 

library spectra for the two component SAMs in a spectral decomposition process. By 

using combinations of these library spectra in an unconstrained mamier, it was 

possible to produce a set of degenerate solutions if an additional component, a 

spectrum due to surface contamination, was included. Wlien the fit was performed in 

an unconstrained mamier, the component corresponding to smface contamination 

was abnormally large in comparison to data from our previous studies. By using the 

size of the N(ls) signal for each monolayer we applied a constraint to the proportions 

of the SAM library spectra.

The deconvolution process for the C(ls) spectra Figure 3.14, therefore, followed the 

following steps.

1. A difference spectrum was created by subtracting a library mercaptoethylamine 

SAM spectrum from the mixed monolayer spectrum. This spectrmn had been 

proportioned according to the magnitude of the N(ls) signal in the mixed 

monolayer.
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2. This difference spectrum was then fitted using a mercaptopropanol SAM C(ls) 

library spectrum such that the residual (contamination) spectra contained minimal 

intensity between 286-287 and 283 - 284.5eV.

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 spectrmn synthesised from the curve fitting of 

those spectra in Figure 3.8 such that the spectra contained no component resulting 

from contamination. In either case the quantification of SAM compositions were 

generally within 5%. The results presented in Figures 3.14 and 3.15 show those 

obtained hy use of the synthetically derived mercaptoethylamine spectrum. This 

deconvolution method relies on the low level of nitrogen present in any smface 

contamination introduced by experimental procedure (as shown in Figure 3.11e).

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 

mercaptopropanol spectrum in calculating the data of Figure 3.15 supports the 

assertion that a mixed mercaptopropanol/mercaptoethylamine SAM is being formed.
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Figure 3.14 - Spectral decomposition of mercaptoethylamine/Au SAM which has been immersed in a 
ImM  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 mercaptoethylamine/Au (c) (derived from the peak fitting of figure lb). 
The composite spectrum is labelled (d) with the residual spectrum labelled (e). (TOA 10°, Slit width 
0.8mm and an A lKa som'ce).

The physisorption rather than cheniisorption of either of the SAM components would 

contradict this assumption. However, it should be noted that the S(2p) signals for all 

of these monolayers suggest that >95% of the sulphur species are bound to An. 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 terminated or other very polar SAMst^^ô]
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Figure 3.15. The percentage of mercaptoethylamine remaining in mercaptoethylamine/Au SAMs 
after their immersion in ImM mercaptopropanol for varying periods of time as evaluated by spectral 
decomposition of C (ls) spectra. (TOA 10°, Slit width 0.8mm and an AlKa source).

3.3.4 Reaction Mechanism for the Formation of Mixed SAMs.

In was noted that the S(2p) binding energy in mercaptopropanol 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 eV 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 effects of atoms bonded 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(ls) binding energy. The binding energies of 

the tail group C(ls) electrons 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 are 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 dissociative step comes from our observations that the 

N(ls) 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 transition state in which a disulphide 

bond exists 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 mercaptopropanol SAM. Recent work by 

others suggests that a SAMs composed of mercaptopropanol enjoy significant 

stabilisation as a result of their capability to form hydrogen bonds when assembled as 

a monolayer between their head g r o u p s ! ^ 4 7 ] ^  an ability that mercaptoethylamine does 

not share to the same extent. Further investigation of this mechanism would require 

examination of far infrared reflectance (~200cm'^), or Raman, spectra 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(ls) spectra and obscuring N(ls) signals, it is not 

possible to state if the level of mercaptoethylamine still present in the SAM after 90 

minutes represents an equilibrium or a kinetic state. Confidence in the determination 

of the fractional mercaptoethylamine or mercaptopropanol content in the SAMs 

comes from the similarity of the results obtained for both C(ls) deconvolution and
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the N(ls) 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(ls) spectra for the treated 

mercaptoethylamine SAMs, 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 to a noticeable 

decrease in physisorbed contamination, and could be used as an anti-fouling layer on 

metal electrode surfaces.

64



Chapter 4; U se o f  Self-A ssem bled M onolayers to Control Protein R ecognition at M etal Surfaces

CHAPTER 4: U s e  o f  S e l f  - A s s e m b l e d  M o n o l a y e r s  t o  

C o n t r o l  P r o t e i n  R e c o g n i t i o n  a t  M e t a l  S u r f a c e s  

4A Introduction

The use of self-assembled alkaiiethiol monolayers on gold has received much 

attention as a means of manipulating the molecular architecture of a sensing 

s u r f a c e [ 3 2 , 1 3 7 , 1 3 8 ]  Such 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 p a m m o u n t ^ ^ , 5 , 6 7 , 1 3 5 , 1 3 6 ]  Using X-ray

Photoelectron Spectroscopy (XPS)[^^^1 studies, we have shown previously in chapter 

3, that by the immersion of a primary alkanethiol 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 molecular recognition at that gold surface.

The electrochemistry of metalloproteins is a subject of great interest^^ô]^ and work 

in this a r e a [ 3 9 , 1 4 8 - l 5 3 ]  j g  of importance in shaping our understanding of electron 

transfer between biological molecules and electrode surfaces. Initially, therefore, we 

used the electrochemistry of horse heart cytoclii'ome c to probe the monolayer 

composition, providing further evidence of the mechanism 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 demonstrate the ability of thiol 

monolayers to 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 methodsn^4-l57]_
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4.2 Experimental Section

4.2.1 Materials

HS -  CH, -  CH  ̂-  CH, -  OH Mercaptopropanol

HS-CH2-CH2-NH3" Mercaptoethylamine

H S -C H ^-C H .-C H j Mercaptopropaiie

H S - < 0 N Mercaptopyridine

Figure 4 .1 - Structure of the thiols used in the experiments described.

Unless otherwise stated, the thiols (Figure 4.1) and all other chemicals and solvents 

used were purchased from Sigma (Poole UK) and used without any frirther 

purification. All solutions were made using reverse osmosis (RO) ultrapure water 

(Millipore, UK). Lyophilised horse heart cytochrome c (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. Wlren required an aliquot of cytoclirome c 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,UK) at 5 

pg/ml was made up from its lyophilised form, again immediately prior to use in PBS 

(pH 7.4).
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Gold 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 poly crystalline gold electrodes by Bio Analytical Systems 

(Luton, UK). The materials used to fabricate electrodes, titanium (Ti), palladium 

(Pd) and gold (Au) were purchased, from Goodfellows (Cambridge, UK). In 

addition, a Ag|AgCl reference electrode (MF-2063) was also obtained from 

Bio Analytical Systems (Luton, UK).

4.2.2 Microfabrication of Electrodes

4.2.2.1 Substrate Cleaning

Glass substrates were cleaned, prior to photolithography and electron beam 

evaporation, by sonication for 5 minutes in each of the following cleaning agents: 

Opticlear™ (G&S Inc.); 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 any remaining residual water.
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Figure 4.2 - Gold electrodes were prepared by photolithography followed by electroii-beam 
evaporation of a Ti/Pd/Au (10/10/100 nm) multi-layer structure. A clean glass 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 the resist, by UV exposure through a ferric oxide mask 
(14 seconds, Hybrid Technology mask aligner, 32J cm‘̂ , 364nm), C. After development 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 QDl automated e-beam evaporation 
system E, ‘lift-off was performed by dissolving the resist in acetone the metal remaining defined the 
electrodes F.
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4.2.2.2 Photolithography

In order to produce photographically defined, 2nim diameter electrodes, cleaned 

glass samples were spin-coated (at 4000 rpm) with S I818 resist (Shipley Inc.), which 

had been pre-filtered using a 0.25pm particle filter. In order to define metallic 

electrodes with clean, sharp edges, after fifteen minutes baking time at 90°C, the 

samples where soalced for 10 minutes in chlorobenzene, prior to a further fifteen 

minutes bake, also at 90°C. Patterning of the photoresist was achieved by UV 

exposure tlirough a purpose made fenic oxide photomask, for 14s on a Hybrid 

Technology mask aligner, (photon flux = 32J cm’̂ , X = 364mn). The pattern 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 stream 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 (Flassys QDl 

automated e-beam evaporation system), as a Ti/Pd/Au (10:10:100nm) multi-layer 

structuie. This well established recipe provides excellent adhesion of the electrode to 

the miderlying substrate and gives good electrochemical 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 niclirome etch (3.5 ml glacial acetic acid and 20 g ammonium eerie 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 patterning was finally achieved by the ‘lift-off of the remaining 

photoresist by incubation in acetone the electrode pattern had been clearly developed. 

Finally it was necessary to take the sample from the Tift-off solution whilst under a 

flow 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 Polycrystalline Gold Disk Working Electrodes.

Poiycrystalline gold working electrodes (BioAnalytical Systems Inc.) were cleaned 

by polishing with a 0.3 pm alumina slurry, sonication in reverse osmosis (RO) water 

for 15 minutes, and then treatment for two minutes in a solution of freshly prepared 

1:4 piranlia solution (30% H2O2 : 98% H2SO4) prior to a final rinse with RO water.

4.2.3.2 Electron Beam Evaporated Gold Substrates

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

either:

1. by a reactive ion etch for 5 minutes (50 mT, 20 seem, and 10 W) first in an 

oxygen plasma and then in an argon plasma using a PlasmaFab ET340; or

2. by cyclic voltammetry in a 0.1 niM H2SO4 solution (containing ), 0 - 1.8 V, scan 

rate 50 mVs'f Figure 4.3.

4.2.4 Experimental Set-Up For Electrochemical 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 all-glass cell which had a 

working vohune of 1.0 ml. The cell incorporated a conventional three electrode 

configuration! 109] accommodating, either a 2mm diameter poly crystalline or 

electron-beam evaporated gold working electrode, a fixed counter electrode of 

platinum wire and a Ag|AgCl 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 horse heart cytoclii’ome c (Sigma type
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VI) (supporting electrolyte 20mM sodium phosphate, pH 7.4, plus lOOniM sodium 

perchlorate) at a temperatm*e 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 horns and then thoroughly 

rinsed using RO water. Mixed monolayers were subsequently prepared by drying the 

surface in a stream 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, electron beam evaporated gold substrates 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 5 minutes (50 mT, 20 seem, 

and 10 W) first in an oxygen plasma and then in an argon plasma using a 

PlasmaFab ET340 (cleaning step).

2. SAM formation, as described previously, followed by RO water wash.

3. Protein adsorption step: substrate immersed in a solution of 5 pg m f‘ 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 spectrometer with a mercury 

cadmium telluride (MCT) detector, running Bomen GRAMS/32 software (Gallactic 

Industries Corporation). The analysis by FT-iR 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 experiments to flush the atmosphere of water 

molecules which produce strong absorption bands at 3300 cm"* and 1600 ciiT*.

SAM formed Protein Adsorbtion

none None

none 5 pg ml"' BSA

none 0.5% Tween 60

none 5 pg mf* BSA and 0.5% Tween 60

MPOH None

MNH2 None

MPOH 5 pg ml"* BSA

MNH2 5 pg ml"* BSA

MPOH 5 pg mlT BSA and 0.5% Tween 60

MNH2 5 pg ml * BSA and 0.5% Tween 60

Table 4.1 ~ The various treatments to RJE cleaned evaporated gold samples. Note the following 
abbreviations: MPOH - mercaptopropanol, MNHj - mercaptoethylamine, BSA - bovine serum 
albumhi.

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 transmission spectra and converted into absorbence data 

prior to analysis using the relationship described by Equation 4.1.

Voabs = -log {trans! 1^0) Equation 4.1

72



Chapter 4: U se o f  Self-Assem bled M onolayers to Control Protein Recognition at Metal Surfaces

4 3  Results and Discussion,

4.3.1 Electrode Cleaning by Acid Cycling.

40 -

c
g

Ü  10  -

-10  -

-20
1 20

Potential /  V

Figure 4.3 - Cleaning of evaporated gold disc electrodes (2mm diameter, 100 nm thick) by the 
potential cycling in 0.1 mM H 2SO4 solution (containing 5 mM NaCl) at a scan rate o f 50 mVs’k

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 electrochemical characteristics of that i n t e r f a c e t T h e  experiments described 

above, whilst performed on macro scale electrodes, are of particular interest with 

regard to their application within microsensors. These sensors are commonly 

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 

natm-e of the evaporated gold surfaces. Consequently, two alternative cleaning 

methods were used involving either potential cycling in acidi^^^ddO] jTigure 4.3 or 

plasma cleaningd^d, when using electron-beam evaporated gold substrates. 

Although both methods gave satisfactory cleaning results (as evidenced by
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“acceptable” cytoclirome c electrochemistry), potential cycling is established as a 

method where the microscopic roughness of the gold surface is i n c r e a s e d i l d O ]  As a 

result, the surface area of the electrode is also increasedD^^l, leading to increased 

peak anodic cmrents 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 Electrochemistiy of Cytochrome c at Mixed Monolayers.

The electrochemistry of redox proteins such as cytochrome c has been extensively 

researched for a number of years[^^’̂ ^’̂ ^d48-153,163] this context, the distance 

dependence on the rate of electron transfer between the redox centre and the 

electrode have been describedn^4,165]^ and the experimental evidence suggests, that 

the probability of charge transfer decreases exponentially as the distance increases, 

such that:

K = Kq exp (~J3 [r -ro]) Equation 4.2

Where K  is the electronic transmission coefficient, Kq its value when the separation is 

To, r is the distance between the centres, and is a constant (experimentally estimated 

to be 12 nm'^). This would imply that for every 0.2 nm increase in distance between 

the electrode and the protein redox centre, the magnitude of the electronic 

transmission coefficient decreases by an order of magnitude. This is of particular 

importance when considering the asymmetric redox protein cytoclnome 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 c Figure 4.4 is approximately 3.4 nm in diameter and the haem redox 

centre is located near to the peripheryH^b] 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,o and  ̂C4
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molecule is approximately l.Onm whereas the difference in the relative rates of 

electron transfer (k(rel)) is approximately 10\

tcmc
r =0.5nm 
k(rel) = 1

r = 1.2nm 
k(rel) = 8x1 OT*

r=2.8nm 
k(rel)= 1x101»

A

B C

Figure 4.5 - The rate o f 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 Cytochromec , can be seen to have several possible orientations for 
electron transfer, with markedly different rates o f 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 c 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 occurt^49] 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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umnodified or modified with a poor bioelectrochemical promoter, then the binding 

energy is low and electron transfer less probable than when the electrode is modified 

with a promoter which enconrages electrostatic binding.

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

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

Association

oBiî  0»
S S S

oi

Electron-transfer

?

Dissociation

,0* S i '  JO’

Figure 4.6 - Good promoters of cytochrome c electrochemistry have the ability to form hydrogen 
bonds with the lysine residues surrounding the heme crevice on the protein, thereby producing the 
best orientation for elechon 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 c at gold electrodesl^^k 

Their studies shows that for a compound to be an effective electron transfer promoter 

it is essential that it has the ability to form hydrogen bonds with the terminal amine
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groups on the lysine residues which surround the heme crevice on cytoclirome c 

Figure 4.6. It is the presence of these lysine residues that enable the cytoclirome c to 

perform its biological fniiction, acting as sites whereby aspartates present on 

cytochi'ome c peroxidase 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 heart cytochrome c, 
recorded at a gold electrode (diameter 2 mm^), scan rate 50 m V s'\ (a) shows the scan of a clean 
umnodified electrode, whilst (b) shows the voltammetry observed at an electrode modified by 
incubation in 1 mM aqueous solution of mercaptopropanol for 30 minutes. The anodic peak current 
(ipj and cathodic peak current (i^J as well as the peak to peak separation (AE) are labelled. 
Electrolyte conditions were 20 mM sodium phosphate buffer pH 7.0, containing 100 mM sodium 
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 group of mercaptoethylamine that 

exists at pH 7.0, the pyridine group of mercaptopyridine and the aliphatic 

mercaptopropaiie do not Figure 4.1.

Figure 4.7a shows how, as expected, the distinctive electron-transfer peaks of horse 

heaiT cytoclirome c 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 at a gold electrode which has been modified with mercaptopropanol, 

showing well-defined, diffusion controlled, reversible cytochrome c electrochemistry 

(the peak to peak sepamtion (AE) = 61 mV and the ratio of the anodic and cathodic 

currents (/pa//pc) = L both indicating a high degree of reversibility) l f i  14]
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Figure 4.8 - Variation of peak current (ipa) with square root o f scan rate for cyclic
voltammograms of a 0.7 mM solution of horse heart cytochrome c, recorded at a gold electrode 
(diameter 2 mm^) modified by incubation in I mM aqueous solution of mercaptopropanol for 30 
minutes. Electrolyte conditions were 20 mM sodium phosphate buffer pH 7.0, containing 100 mM 
sodium perchlorate as the supporting electrolyte.

In common with other studiesE l̂l], the size of both cathodic (ipj, not shown, and 

anodic (ipj peaks were proportional to in the range 10-100 mVs'\ indicating that 

the electrochemical reaction is fast and difhision controlled Figure 4.8. In contrast, 

electrodes modified with mercaptoethylamine, mercaptopyridine or 

mercaptopropanol gave very poor voltammetric responses, Figures 4.9.
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8 0 0

A  " 2-M ercaptoethylam ine modified electrode. 
~  B -  2-M ercaptopyridine modified electrode. 
—  C -  Propahethioi modified electrode.
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Figure 4.9 -Representative cyclic voltammograms o f a 0.7 mM solution o f horse heart cytochrome, 
recorded at a gold electrode (diameter 2 mm^), scan rate 50 m V s'\ (a) shows the scan of an electrode 
modified by incubation for 30 minutes in an aqueous solution o f 1 mM 2-mercaptoethylam ine, (b) that 
o f an electrode modified by incubation for 30 minutes in an aqueous solution o f 1 mM 2- 
mercaptopyridine and (c) the scan observed at an electrode modified by incubation for 30 minutes in 
an aqueous solution 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 c 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 (ipj following 

immersion of the primary monolayer in a solution secondary thiol for varying 

lengths 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.

8 0



Chapter 4: U se o f  Self-A ssem bled M onolayers to Control Protein Recognition at Metal Surfaces

800

600 -

400 -

200

1O
-200

-400 -

-600

-800
-300 -200 -100 3000 100 200

Potential / mV

Figure 4.10 - Cyclic voltammograms o f a 0.7 mM cyctochromec solution, obtained when a gold 
electrode (diameter 2  mm^), modified with mercaptoethylamine, was placed in a solution of 
mercaptopropanol for repeated periods o f time (0 - 120 min). Increasing peak heights occur for 
increasing lengths o f immersion time, seeFigure 4.11 for precise values. Solution and instrumental 
parameters were as for F igure 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 (/p̂  or Ip̂ ) increase 

in size as a function of the time of exposure to 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 mercaptoethylamine), 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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Figure 4.11 - Variation of î  ̂with immersion time of the anodic peak current for electrodes prepared 
and treated as in Figure 4.10.
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Figure 4.12 - Showing the decrease in the separation between ip̂  and ip,, 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.
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Figure 4.13. Variation with immersion time o f the anodic peak current for control electrodes. 
Electrodes were prepared and tested as described iiFigure 4.9 with the exceptions that; one electrode 
was not modified with mercaptoethylamine before incubation in (▲) and the other was incubated in 
RO water rather than mercaptopropanol after initial modification with mercaptoethylamine (•).

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 thiolH^V] 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

Thiol

Surface 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 o f 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’.
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Figure 4.14. Cyclic voltammograms o f a 0.7 mM cyctochromec solution, obtained when a gold 
electrode modified with mercaptopyridine (surface area 2 mm^), was placed in a solution o f  
mercaptopropanol for different periods o f 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 o f the anodic peak current for electrodes prepared and 
treated as in Figure 4.14.
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Figure 4.16 - Cyclic voltammograms o f 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 o f time (0 - 60 hours). Decreasing peak heights occur for 
increasing lengths o f immersion time, seeFigure 4.17 for precise values. 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 is possible to use the displacement of 

tliiols to control the degree of molecular 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 

cytoclirome c as a probe, it can give us information as to the composition of the 

electrode surface 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 smfaces by the use of head group specific binding strategies.

4.3.3 Investigation of Non-SpecijRc Protein Binding at SAMs Using FT-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 non specific protein
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adsorption. Using FT-iR specti’oscopy we were able to compare protein adsorption at 

reactive ion etch cleaned evaporated gold samples, which had been modified by 

various means Table 4.1.

The chamcteristic chemical groups of interest when analysing the amount of protein 

physisorbed to the various surfaces are shown for an reactive ion etch cleaned gold 

sample iimnersed in 5 pg ml"‘ BSA Figure 4.18. Of particular interest 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-H bending with a 

contribution from C-N stretching). These Eimidic peak positions were found to 

correspond well with those described in the l i t e r a t u r e [ ^ 4 5 ] _
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Figure 4.18 - The FT-iR absorption spectra of BSA physisorbed onto reactive ion etch cleaned 
evaporated gold, from a solution of 5 pg m f' protein in PBS. The peaks observed, can be attributed 
to the Amide I and II 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 composed 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 

were observed 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 headgroup of

mercaptoethylamine.
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Figure 4.19. The variation in the Aimde I and Amide II absorbence spectra recorded at evaporated 
gold surfaces modified as described in Section 4.2.6, prior to immersion in a PBS containing BSA. 
Spectra 1 shoves an unmodified gold surface, with physisorbed protein; spectra 2 a gold surface 
modified with mercaptoethylam ine prior to protein physisorbtion; Spectra 3 a gold surface modified 
with mercaptopropanol prior to protein physisorbtion; and finnaly spectra 4 an unmodified gold 
surface immersed in PBS containing 5 pg ml"* BSA and 0.5 % Tween 60.
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100  -

Tw MPOH MNHg MPOH MNH  ̂
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Treatment

Figure 4.20 - The relative amount of protein absorbed to modified gold surfaces are immersed in a 
PBS solution containing 5 pg ml * BSA, shown as a percentage of that adsorbed to a plain umnodified 
gold surfaces. Relative protein adsorbtion is inferred by the integration of the Amide I and Amide II 
absorption peaks seen in FT-iR spectra recorded as described in Figure 4.18. Modifications prior to 
physisorbtion step: Au - plain gold; Tw - plain gold with 0.5% Tween 60 included in protein solution; 
M POH  - mercaptopropanol SAM; MNH2  - mercap ethylamine SAM; M POH + Tw- mercaptopropanol 
SAM with Tween 60 included in protein solution; MNH2  + Tw- mercaptoethylamine SAM with 
Tween 60 included in protein solution.

For comparison the effect of Tween 60 (polyethylene sorbitan monostearate) 

commonly used as a biological detergent to prevent non-specific protein adsoiption, 

was also investigated. The anionic detergent Tween 60 is thought to prevent protein 

adsorption by the formation micelles around proteinsl^^d^ô] Figure 4.21.
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Protein
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Figure 4.21 - Detergents such as Tween 60,are believed to help prevent the adsorption o f proteins to 
surfaces such as electrodes A, by forming micelles around the protein, as a consequence o f their 
ampiphatic nature, thereby stabilising the protein in solution and preventing hydrophobic interactions 
o f 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 o f an RIE cleaned evaporated gold sample immersed for 2 
hours in a solution o f 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 5 |4 g ml'* BSA as well as 0.5% Tween 60 (described in Section 4.2.6): 
1. Plain RIE cleaned evaporated gold washed no BSA included in adsorption buffer; 2. Plain RIE 
cleaned evaporated gold washed with BSA included in adsorption buffer; 3. mercaptopropano! SAM, 
; 4. mercaptoethylamine SAM.
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It is probable therefore, that the reduction of NSB to almost zero (as described above 

for an RIE cleaned gold 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 

observed in those samples where a thiol monolayer already exists. In these cases 

only a small Tween 60 signal is observed in the FT-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 immobilised to the electrode surface. Cases such as these may 

offer an effective 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 o f weak 
non-covalent interactions (van der Waals, ionic and hydrophobic forces). In the presence o f a pre
formed alkanethiol SAM such as mercaptopropanol (B) there is a degree o f reduction in physisorbtion. 
Detergents such as Tween 60 prevent protein binding at unmodified gold electrodes (C)jy 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 tluough molecular gradients). These 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 maimer, the formation of mixed monolayers by “displacement” 

could be used as a tool to enable a high degree of control over the molecular 

architectuie of gold siuTaces used both in biosensor and bioengineering fields.
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CHAPTER 5: Pr o t e in  Im m o b il isa t io n  a t  M ix e d

M o n o l a y e r s

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 

s m T a c e t ^ ’3 ' 7 , 4 1 , 1 3 6 , 1 6 7 , 1 6 8 ]  ^ consequence, the control of protein iimnobilisation

and the subsequent manipulation of the surface molecular' architecture is of 

importance for many areas of science 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 h i n d r a n c e t ^ S ]  Prevention of this reduction 

in antigen binding could be achieved by the addition of spacer alkanethiols into an 

antibody immobilised on alkanethiol monolayer resulting in a decrease the surface 

density of the irmnobilised antibodies Figure 5.1. Similar’ results have been 

observed for the binding of avidin using mixed monolayers of brotinylated thiols and 

alcohol terminated t h i o l s C o n t r o l  of the monolayer composition, therefore, 

provides a means by which the optimum surface density for the ffmction of the 

immobilised protein can be attained.

In this chapter, therefore, we present tecluiiques which allow the control of protein 

irmnobilisation at a surface, in a custom which allows for the manipulation of the 

quantity and “quality” of material bound to that surface (i.e. in the latter case, by 

reducing steric effects and controlling orientation as described later). Using both 

mixed monolayers and the manipulation of avidin/biotin chemistry, we aie able to 

produce a variety of protein gradients over a gold siuface. Although suitable for the 

preventing loss of activity tluough steric hindrance if used in conjunction with photo

lithographic procedures, these techniques would 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 o f 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 su r fa ces l^ '^ d 6 9 ,l7 0 ] 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 stated above, whilst each of the methods used allows us to control 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 

orientationC 167,168]

5.2 Experimental

5.2.1 Materials

All chemicals and solvents were purchased from Sigma (Poole, UK) and used 

without any fuither purification. Glutaialdehyde was stored at -20°C mitil required. 

All solutions were made up using reverse osmosis (RO) ultrapure water (Millipore, 

UK). All proteins were reconstituted from lyophilised form with lOOmM phosphate 

buffered saline pH 7.0 (PBS) and stored frozen at -20°C until required. Fluorescein 

IsoThioCyanate (FITC)- labelled proteins were stored guarded from exposure 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 concentration by the addition of PBS.

Titanium (Ti), palladium (Pd) and gold (Au), used for the fabrication of 2 mm 

diameter photolithographically defined gold working electrodes, were all purchased 

from Goodfellows (Cambridge, UK). In addition, a Ag|AgCl reference electrode 

(MF-2063) was obtained hom Bio Analytical Systems (Luton, UK).

5.2.2 Gold Substrate Preparation

5.2.2.1 Electron Beam Evaporation

All of the following experiments were performed using gold surfaces prepared by the 

electron beam evaporation of a Ti/Pd/Au multilayer structure on to glass substrates.
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Wlien clearly 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 processes have been described in more detail in chapters 4 and 6 .

S.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 PlasmaFab ET340 (50mT, 20 seem, and 10 W).

HS-- C H r -CH^--NH, (1)

HS--CH^--CHg--CH ^-O H (2)

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

5.2.3 Alkanethiol Self-Assembled Monolayer Formation

5.2.3.1 Formation of Homogenous and Mixed Monolayers

After cleaning, homogeneous monolayers of a single alkanethiol Figure 5.2 were 

produced by immersing the gold substrate into a 1 inM aqueous solution of the thiol 

for two hours and then by thoroughly rinsing using RO water. Where mixed 

monolayers were required, the siuface was then blown dry in a stream of nitrogen gas 

and then immersed in a secondary thiol solution for periods between 10 seconds and 

180 minutes before rinsing as described previously in Chapter 4.
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5.23.2 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 inunersing in ImM 

aqueous 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 inM 

mercaptopropanol was added to the holder (5 ml every 4 minutes) imtil the slide was 

covered to within 1 cm of the top Figure 5.3. The slide was immediately washed in 

RO water and dried in a stream of nitrogen gas prior to further modification by the 

immobilisation of proteins at its surface.

Slide

Slide Holder

D

Figure 5.3 - A continuous gradient of protein was prepared on gold slides, by modifying 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, 1 mM 
mercaptopropanol was added slowly over a period of time B-D. Following a further wash with RO 
water, a glutaraldehyde immobilisation of FITC labelled IgG was performed.
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5.2.4 Protein Immobilisation at Alkanethiol SAMs

Proteins were immobilised to SAMs eontaining amine terminated alkanethiols, by an 

optimised glutaraldehyde amine directed cross-linking”71] method as first described 

by Williams and B l a n c h P 5 ] .  This procedure 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 inf* and 0.5% v/v Tween 60 for 

40 minutes at room temperature (note: before this stage, it is important to ensure that 

all excess glutaraldehyde has been removed by washing thoroughly with RO water in 

order to prevent cross-linlcing of the protein in solution to other solution proteins.) 

The samples were finally rinsed thoroughly in order to remove any unbormd protein 

by vortexing, at least foiu times, in a 100 inM PBS solution containing 0.5% Tween 

20, and at least two times in PBS only.

5.2.5 Fluorescence measurements

In those cases where FITC-labelled proteins were bound to SAMs, the samples were 

examined using a Nikon Microphot fluorescent microscope (FITC: = 494 nm,

= 520 mn). Relative fluorescence was estimated as the ‘in focus’ exposure time at a 

fixed aperture when photographing the siuface (thus using the camera to integrate the 

average fluorescent signal over an area of 100 x 100 pm). Exposure times for 

umnodified mercaptoethylamine SAMs were used to correct for background light 

levels.

100



Chapter 5: Protein Immobilisation at M ixed M onolayers

SAM Glutaraldehdye

° + H.O

Protein

N

Figure 5.4 - The immobilisation o f proteins at surfaces is achieved by an optimised method first 
described by Williams and Blancht^^], Initially an amine terminated SAM is formed on a gold 
sample. To this glutaraldehyde is added and excess glutaraldehyde removed by washing. When the 
sample is subsequently immersed in 20pg 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 HR? 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.

If IIII It MUM
j BBhBHBHIIHbi

MImlaMmlMla

- t i — i - t — i t  #

Key: Ml

Increasing 
free biotin 
concentration

Avidin

Biotin

HRP

Figure 5.5 - Gradients o f biotinylated proteins (e.g. HRP) have been fabricated by incubating a 
streptavidinated surface in a solution of the biotinylated HRP in the presence o f 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 pi, 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 pi 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 pi of TMB substrate system was added to each 

chamber and incubated for 30 minutes at room temperature. After 15 minutes, 100 pi 

of acidic ‘stopping’ solution (0.5 M H2SO4) was added and the change in absorbence 

was determined by measurement at 450 nm using an ELx 800 (Bio-Tek Intruments) 

microplate reader.

TMB + H f i
Colourless

HRP

Products
Yellow

Blue
(Absorbance 450 nm)

Figure 5.6 - Relative amounts o f HRP bound to surfaces were quantified using TMB assay substrate 
system. HRP turns colourless TMB to yellow products in the presence o f 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 concentration of in a 30% solution (as supplied) is inlierently unstable even 

when stored at 4°CD72] Consequently the actual concentration was confirmed by 

measuring the absorption at 240 nm (molar extinction coefficient = 43.6 M"' cm'') 

using a U-2000 spectrophotometer (Hitachi Instruments, Inc.). i.e. 8 mM IT2O2 

(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. Streptavidinated plates were 

purchased and blocked as described in section 5.2.5.2. To these plates 100 pi 

mixtures of a 1 in 1000 dilution of a biotinylated goat IgG (R+D Systems, UK) 50 pg 

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 pi 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 ftu'ther washing with PBS, the microtitre plate was analysed colourimetrically 

using ̂ -nitrophenyl phosphate (pNPP) liquid substrate system (Sigma, UK). 200 pi 

of pNPP liquid substrate system was added to each well and incubated for 30 minutes 

at room temperature. After 30 minutes, 50 pi of stopping solution (3M NaOH) was 

added and change in absorbence determined at 405 nm using an EL^ 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 aqueous solution of aqueous solution of 1 mM mercaptoethylamine 

Figure 5.2 for two hours at room temperatui*e. Excess 1 mM mercaptoethylamine 

was then removed by rinsing, vigorously, in PBS pH 7.4. Glutaraldehyde 

immobilisation of streptravidin was then carried 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  - 1 0 0 0  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.

SAM
Avidin

2H' H P, HRP^o 2FMCA

2 H f l  '  '  HRPo^ 2FMCA

Au
2e

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. Experiments were performed in a 1 ml all glass cell 

with a working volume of 1ml. The cell incorporated a conventional three electrode 

configmation accommodating the 2 mm diameter photolithographically defined gold 

working electrode, a platinum wire counter electrode and a Ag|AgCl reference (3.0 

MNaCl, 190mVvs.NHE).

Measurements were taken by poising the working electrode at 0 mV with respect to 

the Ag|AgCl reference electrode and recording the change of cuiTcnt with time upon 

the addition of 10 mM hydrogen peroxide (10 mM peroxide is known to kinetically 

saturate the enzyme giving an optimal signal)[122] tlii'ee methods used to create 

biotinylated protein gradients are illustrated schematically in Figure 5.8.
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Colorimetric
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Colorimetric
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Biotin

y  1° Antibody
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HRP/AlkPhos /  SAM

Figure 5.8 - Illustration o f three methods used to create protein gradients by the manipulation of the 
competition for avidin biotin binding sites. Gradients o f 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 o f biotinylated IgG were created in an avidinated 96 well microtitre plate, 
detection via an alkaline phosphatase labelled secondary IgG with pNFF substrate assay system. 
Figure 5.8.2. Figure 5.8.3 shows how gradients o f biotinylated HRP were created at avidinated gold 
electrodes, detection by chronamperometry in presence o f 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 nmnber of potential sites (NHj headgroups) for amine directed protein 

binding on gold surfaces, thereby allowing control over the amount of FITC labelled 

antibody (IgG), immobilised tlirough a glutaraldehyde mediated couplingil^l]

A nmnber of gold samples were initially modified in 1 mM mercaptoethyalmiiie 

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 IgG (bearing the 

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

Comparative measm*ements of the amomit of antibody immobilised was determined 

by recording the intensity of emitted fluorescence (from the exposure time for a 

Nikon camera) at a fixed apertme with appropriate filters (FITC: = 494 nm, =

520 nm). Using the metering system of a camera in this mamier we were able to 

average a reading across a field of view decreasing the effect of any Trot spots’ or in

homogeneities in the sample. Results were coixected using background fluorescence 

values for native gold modified with mercaptoethylamine alone followed by scaling 

the fluorescence firom IgG immobilised on a homogeneous mercaptoethylamine 

SAM. Figure 5.9 shows the general trend that the fluorescence observed, after the 

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

modified gold sample is iimnersed 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 mercaptopropanol for a specified time period, 
followed by the glutaraldehyde mediated immobilisation of FITC-labelled goat anti-rabbit IgG.
494 nm - 520 mn). 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 measui'ements (Chapter 

2) and cytocluome c electrochemical characterisation (Chapter 3). In this mamier we 

can, therefore, demonstrate eontrol 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 - Continuous 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 amoimt of the displacing (secondary) thiol in a purpose built glass slide holder 

containing an evaporated gold covered glass slide Figure 5.3. IgG was hmnobilised 

at this monolayer by amine directed glutaraldehyde immobilisation of FITC-Labelled 

goat IgG. 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 fluorescence exists along the length of the slide, indicating that a 

gradient of immobilised IgG exists along the length of the slide.
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F igure 5.10 - Change in the fluorescence observed along a mercaptoethylamine modified gold slide 
after the immersion in 1 mM mercaptopropanol as shown in Figure 5.3, followed by the 
glutaraldehyde immobilisation of FITC-labelled goat ant-rabbit IgG. 494 nm - 520 nm). The
distance along the slide is proportional to the time spent in the displacing thiol, hence the decrease in 
immobilised protein as the slide is traversed.

This method shows that thiol and hence protein gradients can be produced over the 

distances required (a few millimeters) for both microsensor calibration strips and 

cellular engineering experiments. Further investigations are, however, required using 

more sensitive spectroscopic tecluiiques such as XPS or FT-iR in order to allow more 

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

Sites.

The 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 |,ig 

ml'* of biotinylated-HRP and between 0 and 1 ng ml'  ̂of free biotin. These mixtures, 

when added to streptavidinated 96 well microtitre plates, gave protein gradients 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 well 
microtitre plate as a function of the concentiation of free biotin. As the amount o f free biotin 
increases, so less biotinylated horseradish peroxidase HRP can bind. The reaction mixture added to 
each well contained a Ipg ml'' of biotinylated HRP with increasing concentrations of free biotin from 
0 - 1000 pg m l'' ( • ) .  A similar change in optical density was not observed when the reaction mixture 
only contained 0  - 1 0 0 0  pg ml ' free biotin (■).
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The absorbence is seen to decrease with an increasing amount of free biotin included 

in the reaction solution. In cases where either HRP (imbiotinylated) 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 observed.

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 plate via the 

biotin/streptavidin interaction.

A 2 qg ml'  ̂ 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 qg ml'  ̂ are also commonly 

acknowledged to give good binding to s u r f a c e s

The biotin-streptavidin system, as with the biotin-avidin system, has characteristics 

that make it ideal for use in a diverse range of applications, with particulai’ relevance 

to immobilisation and sensing s y s t e m s ! H3,174] Por 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 interaction has an affinity constant of ca. 10̂  ̂

= 80 KJ mol'\ close to a covalent bond, which is in general 10 -̂10  ̂times greater 

than those of antibodies for their particular l i g a n d s (N.B. This figure is for the 

solution phase and may be less for imfolded protein close to the surface). This strong 

hond 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 interactions. This tetramic nature also allows the streptavidin 

moiety of a streptavidin/biotin sensing system, to undergo immobilisation 

procedures, without a concurrent loss of biotin binding c a p a b i l i t y !  1'75]
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Biotin is a small molecule (244.31 Da) Figure 5.12 and can be bound to 

macromolccules such as proteins having little or no effect on their biological

activity[l’75]

HO—C—(OHg) NH

Figure 5.12 - Biotin.

Although avidin also possesses the same properties described above, streptavidin is 

often 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-specific adsorption is a consequence of both its high pi 

value (ca. 10) and its glycosylation (avidin contains both mamiose and N- 

actylglucoseamine) [ D3 ],

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 developedil'^ô], the case of proteins, the vast 

majority of proteins can be biotinylated via TV-lu’doxy-succinimide ester linlcages to 

the g-amino groups of lysines within the protein. Gradients made using the 

streptavidin/biotin relationship, are very stable and also have the capability to be 

used in a wide variety of circumstances linking with a number of different binding 

and immobilisation strategies, as illustrated in the following sections.

113



C huter 5: Protein Immobilisation at Mixed Monolayers

Avici in  — B i o t i n

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 streptavidiiiated 96 well 
microtitre plate as the concentration of free biotin increases resulting in the bindmg of less 
biotinylated antibody. Biotiiiylated goat IgG dilutions 1/1000 (# ), 1/2000 (■), 1/4000 (A), and 
1/8000 (T) 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 IgG. To each well 
100pi of a 1/1000 dilution of 50 pgml"' phosphatase labelled rabbit anti-goat IgG was added.

It is interesting to note that, for those gradients shown in Figure 5.14, the absorbence 

measm-ed initially rises on addition of free biotin, before dropping 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 free 

biotin competes for some of the binding sites, the primary antibody is no longer 

sterically inliibited and is able to bind to the secondary antibody, leading to an initial 

increase in binding, results which concur with similar observations of o t h e r s [ 4 2 , 4 3 , 4 8 ] _
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Antigen

Antibody

Active

o > >  A

Electrode

Partially Active Inactive

Figure 5.15 - The effect o f 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 detection antibody dilution for biotinylated-IgG immobilised at 
streptavinated microtitre plates. 1 in 1000 dilution of a 50 pg 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 
o f stop solution and absorbence measured at 405 nm.

The use of the competition between biotin and biotinylated proteins 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 further 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 attributed to the random orientation of 

antibodies at the surfacefl^^l. It may, therefore, be possible to immobilise antibodies 

at a surface, controlling the proteins orientation, without the concurrent loss of 

activity usually observed, due to steric hindrance.
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S.3.3.2 HRP Gradients Prepared for Electrochemical Detection

By controlling the composition of the alkanethiol monolayer to which a protein is 

tethered, and also the manipulation of the competition for streptavidin binding sites, 

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 innnobilisation of proteins to gold surfaces.

Initially, by cross-linking a streptavidin monolayer to a SAM of amine teiininated 

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 biotin to biotin- 

HRP in the reaction mixtiue (in which the streptavidinated gold working electrodes 

were immersed), allowed control over the amount of HRP immobilised.

Control
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I
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Figure 5.17 -  Shows a plot o f i-t measurements taken at gold electrodes modified with biotinylated 
HRP, bound through avidin covalently attached to thiol SAM. The electrode was poised at 0 mV 
versus a Ag|AgCl reference electrode. The control measurement shows the current measured on the 
addition of H2O2 when only unbiotinylated HRP is included in modifying solution containing free 
biotin. In those cases where biotinylated HRP is included 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 H2O2 in the presence of 0.5 inM 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 measm-ed current on the addition of 

was shown to decrease Figure5.18. Although an increase in acidity is Imown to 

disrupt the avidin biotin bond, the buffer used is considered to quench the local 

changes in pH produced by the oxidation of hydrogen peroxide[l^^]. In addition, this 

change is in accordance with those observed in colourimetric studies, and is most 

probably as a consequence of the decrease 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 concentiations (1 pg ml"') and increasing free biotin 
concenti'ation. Current was measured by recording i-t curves on the addition of 10 mM hydrogen 
peroxide. The working electrode was held at 0 mV vs. Ag|AgCl reference electi’ode, in the presence 
ofO.SmM  FM CAinPBS.
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5,4 Conclusions

We have presented fom* methods of controlling the immobilisation of proteins at 

electrode surfaces. These methods are all appropriate for creating gradients with 

respeet to 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 surfaces.

By combining the control at the primary level, i.e. that of an alkanethiol SAM, with 

control tlrrough avidin immobilised at this layer, we have demonstrated how to 

manipulate the molecular architecture in a multi-layer system.

There has recently been an increased scientific interest in the miniatmisation of 

devices, as a consequence of the given analytical advantages. With miniatur isation, 

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 therefore 

become more important.
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CHAPTER 6: M i c r o f a b m c a t e d  E l e c t r o d e  a r r a y s  

FOR I m m u n o a s s a y  A p p l i c a t i o n s

6.1 Introduction

Recently the number of chemical compounds held in the ‘libraries’ of both 

companies and research laboratories has increased dramatically lately, most 

probably as a direct result of advances in the methods for purification of 

compounds from natural products and the novel chemical synthesis of

compounds. For example, using combinatorial chemistry[14,177-180]^ a single 

chemist can synthesise a library in excess of 50,000 compounds in a single day 

Figure 6.1.

High-tlii'oughput screening (HTS) is the automated testing of these large numbers 

of librar-y compounds for their activity as inliibitors (antagonists) or activators 

(agonists) of a particular biological target, such as a cell-surface receptor or a 

metabolic enzyme[^^d6,l8l] With such large libraries to test, advances in 

screening technologies are paramount. In conjunction with developments in 

robotic screening, gains in throughput have been achieved by way of the 

miniatmisation of assay s y s t e m s 4] As well as enliancing 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-tluoughput screening applications, 

particularly for optical assays. Concurrently, the use of microfabricated devices to 

perform electrochemical measurements has also attracted much attention 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[^^’̂ h^^d82]_ 

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. However, 

the production of aiTays of rnicro-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. Fhiorophores are, by their nature, 

environmentally s e n s i t i v e [ ^ ^ 3 , l 8 4 ]  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 a s s a y s l ^ 3 ]

Although a great deal of work has been focused on the fabrication of micro- 

electrode aiTaysl^^"^^^], few examples use arrays of individually addressable 

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 m i c r o w e l l s ^ O ô ] ^  

The potential advantages of these assay systems have not, however, been realised 

due to passivation of the working electrode surface after successive visits to 

microtitre chambers. Such passivation is caused by a combination of vaiious 

factors, such as deposition of impurities and the formation of insoluble films, 

oxides, and protein adsorption, resulting in a short working lifetime of the 

electrodeL^^f

In this chapter we describe a model micro-array system for the fabrication of 

disposable aivays of 8pi wells, each well possessing its own planar electrode 

configuration, thereby negating the problem of passivation. The device consists 

of a glass slide photo-lithographically patterned with a planai' array of metallic 

electrodes, with dimensions equivalent 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.
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The feasibility of creating micro-chamber arrays made wholly of plastic with 

photolithographically defined gold electrodes has also been investigated, as well 

as a third fabrication protocol, making such wells by a non-photolithographical 

method. All devices have been characterised tlrrough the analysis of the 

electrochemical behaviour of the model redox compound, ferrocene mono- 

carhoxylic 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), but because it has 

received much attention for its role as an electron-transfer mediator for many

redox enzymes

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 

formatt^^k The use of photolithographic patterning 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 electrochemical assays using 

horseradish peroxidase, HRP, as a model detection method, thereby enabling 

direct comparisons with a commercially available HRP based enzyme linked 

immuno-sorbent assay.
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1. Side View

Plastic Template 
Glass Base--------

wi '

wL

13 w

Plastic Template Glass Base

Figure 6.2 - Diagram to represent the electrode layout o f a 12 well (864 format) electrode array 
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 
o f 2 mm and a 1mm thickness containing a three electrode configuration, consisting of a common 
reference R  and counter electrode C, with an individually addressable working electrode W.

6.2 Experimental Section

6.2.1 Materials

Unless otherwise stated all chemicals and solvents were purchased from Sigma 

(Poole UK) and used without any flirther piuification. Phosphate buffered saline 

PBS solutions (10 mM potassium phosphate buffer, 2.7 niM potassiimi chloride 

and 137 mM sodium chloride) were also piu'chased in ‘tablet 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). Marco sized gold electrodes were 

fabricated using standard photolithographic procedures, as described in section

6.2.2. The materials used, titanium (Ti), palladium (Pd) and gold (Au) were 

pui'chased, from Goodfellows (Cambridge, UK), as were all other metals and 

plastics used. In addition, a Ag| AgCl reference electrode (MF-2063) was obtained 

horn Bio Analytical Systems (Luton, UK). Horseradish peroxide HRP type IV 

(Sigma, UK) was reconstituted to 500 pg mf^ in PBS (pH 7.4) and stored in 100 

pi aliquots at -20°C. Ferrocene monocarboxylic acid FMCA 0.5mM was prepared 

immediately prior to use by dissolving 5.75mg FMCA in 2 ml methanol and 

making up to 50 ml by the addition of 20mM phosphate buffer pH7 (containing 

lOOniM sodium perchlorate 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 minutes 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 10 minutes at 50°C, in order to ensur e removal of any 

remaining residual water.
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Figure 6.3 - Gold electrodes 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 S I818 resist (Shipley, UK) by spinning for 30 
seconds at 4000 rpm, B. The required electrode pattern was transferred to the resist, by UV 
exposure through a ferric oxide mask (14 seconds, Hybrid Technology mask aligner, 32J cm'^, 
364nm), 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 QDl automated e-beam evaporation 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

111 brief samples were spin-coated (at 4000 rpm) with S I818 resist (Shipley Inc.), 

which had been pre-filtered using a 0.25pm particle filter. In order to define 

metallic electrodes with clean, sharp edges, after fifteen minutes baking time 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 

chlorobenzene soak). Patterning of the photoresist was achieved by UV exposure 

thi'ough a purpose made ferric oxide photomask, for 14s on a Hybrid Teclmology 

mask aligner, (photon flux = 32J cm' ,̂ X = 364mn). The pattern was developed by 

the immersion 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 QDl automated e- 

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 electrochemical stability at high oxidative 

potentials. A 30 mn layer of nickel - cliromium (60:40) (NiChrome) was also 

evaporated on to the electrode structure, which could be removed by etching with 

a standard nicluome etch (3.5 ml glacial acetic acid and 20 g ammonium eerie 

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 ft'om particulate contamination). Following electron beam 

evaporation of metals, the electrode patterning was finally achieved by the Tift- 

o ff of the remaining photoresist. For those samples patterned on glass, an 

acetone Tift-off incubation was used, otherwise plastic samples were placed in 

propan-2-ol. In either case the Tift-off procedure was continued until the
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electrode pattern had been clearly developed. Finally it was necessary to take the 

sample from the Tift-off solution whilst imder 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 electrode area when a glass substrate was used, a 500nm 

layer of insulating silicon nitride was deposited over the whole sample by plasma 

entranced chemical vapour deposition using an Oxford Plasma Teclmology pP-80 

(deposition rate ca. 10 nm miii^). This layer of nitride was photo-patterned as 

described in section 6 .2.2.3 {In brief: spinning o f a photoresist layer, prior to UV 

exposure through ferric oxide mask and finally development in Microposit 

developer). The unwanted nitride removed by reactive ion etching in C^Fgwith a 

standard etch rate of 50 nm min"' at lOOW (Oxford Plasma Technology BP-80, 

30sccm 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 occm's in excess of 300“C, and as such it 

was not possible to define the electrode areas in this manner for those devices 

made using a plastic base. In such cases electrode areas were calculated and 

normalised with ferrocene monocarboxylic acid using standard electrochemical 

techniques described later.
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□ Glass ■ Nichrome

■ Resist ■ Silicon Nitride

■ Ti/Pd/Au Plastic template

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 pattemed4 to define the working electrodes 
areas before dry etchings. Finally a further layer o f 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 1mm thick polystyrene and poly-methylmethacrylate 

PMMA. In those cases where micro-chamber arrays were formed the holes had a 

3mm pitch (centre-centre).

Glass Plastic

laFab tiFab liFab NoiiPliotolith.

90“C

Figure 6.5 - Diagrammatic representation o f the different fabrication methods used. Electrodes 
were incorporated onto a glass or plastic base using microfabrication (pEab) or non- 
photolithographic methods. A plastic template defining the wells was then attached by either 
chemical or thermal adhesion. 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 spim onto the patterned electrode sample 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 20 |u,l 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 removal 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 membrane into the sandwich prior to thermal adhesion.

lOO 'C 30 minutes

Glass Slide — > c  
Drilled Polystyrene-

Polystyrene base 

Glass Slide — > c

A Cross Section

i

Î BPlan

Drilled Polystyrene

Polystyrene base

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 electrode (consisting o f 250pm diameter gold wire),R a reference 
electrode (consisting o f 250p,m diameter silver wire) andC a (consisting o f 250p,m diameter 
platinum wire).
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6.2.4 Fabrication of Non-Lithographic Microwell.

A silver, gold and platinum wire each 250pm diameter where carefully positioned 

on a small piece of polystyrene. On to this a 2mm diameter machined hole in 

polystyrene was aligned and clamped. The whole device was heated for 30 

minutes at 95“C, or imtil the two pieces were fully bonded Figure 6 .6 . The silver 

wire was converted into a pseudo-reference electrode by holding it at 0.1 V for 30 

seconds in a similar' method to that described in Section 6.2.7. A summary o f all 

o f the fabrication procedures described above is shown in Figure 6.5.

6.2.5 Storage of Microfabricated Devices

Wliere necessary, the finished devices were stored between electroanalytical tests, 

dry and covered, but were rinsed in RO water and blow dried in a stream of 

nitrogen before re-use. Comiections to the reference, counter and working 

electrodes were made by the attaclrment of multicore 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 crurent 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), installed in an IBM compatible personal computer.

133



Chapter 6: Microfabricated Electrode arrays for Immunoassay Applications

6.2.7 Reference Electrodes

6.2.7.1 Psuedo-Reference Electrode Preparationt^^l

Psuedo-reference electrodes were prepared using both the photolithographically 

defined 2inm gold macro-electrodes gold electrodes, or as microfabricated 

electrodes as shown schematically in Figure 6.3. In both cases, the electrode to 

be modified was silver plated with approximately lOOmn of silver (measined 

electrochemically and confirmed by Dek-Tak), by electro-deposition from an 

aqueous plating solution of 0.2M AgN03 / 2M KI/ 0.5mM Na^SgO ,̂ (containing 

the complex ion [AgI2]' K"̂ ). Sodium thiosulphate served to reduce the size of 

nucléation of the deposited silver crystalites.
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Figure 6.7 - Chroiiopotentiometry showing the plating of the common reference electrode with 
silver ions prior to oxidation in phosphate buffer in order to create a Ag|AgPO^ pseudo-reference 
electrode in the microwell array. The electrode to be plated was set-up as the working electrode in 
a standard three electrode configuration with a standard Ag|AgCl electrode as reference electrode 
and a platinum wire as counter electr ode. -500pA were passed for 60 seconds in a plating solution 
containmg 0.2M AgNOj, 2M KI and 0.5mM NagS^O^.
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A current of -SOOpA was passed for 1 minute using a standard tliree electrode 

configuration with the electrode to be plated acting as the working electrode, a 

platinum wire as a counter electrode and a AgjAgCl reference electrode Figure 

6 .8 .

As the thiclaiess of the silver layer is unimportant (above a tlneshold of ca. 50 nm 

to ensure good coverage) the deposition time was not critical. However, in the 

case of microfabricated electrode arrays, care had to he talcen not to pass too much 

charge in order to prevent the silver layer growing to such an extent that shorting 

could occur between either, or both of the counter and working electrodes.

20  -

100  -

10 15 20
Time / s

F igure 6 . 8  - Chronoamperommeti-y showing the formation of AgjAgPO^ pseudo-reference 
electrode following plating with silver. Again the electrode to be converted was configured as the 
working electrode against a Ag|AgCh standard reference electrode and a platinum whe acting as 
thereference electiode. The working electrode was poised at 0.1 V for 30 seconds in a pH 7, 20 
mM potassium phosphate buffer.
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Wliere macro-electrodes were used, the pseudo-reference electrode was completed 

by passing 500mA for 30 seconds in a solution of O.lHCl or O.IM 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 O.IV vs. Ag|AgCl standard reference electrode 

(BioAnalytical Systems Luton, UK) for 30 seconds.

6.2.T.2 Micro-Polarisation Tests

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

1. By testing its ability to show good reversible ferrocene mono-cai'boxylic acid 

electrochemistry when used as the reference for a gold working electrode (2mm 

diameter photolithographically defined gold macro electrode), with a platinum 

counter electrode (for frill experimental details please see section 6 .2 .8.1 

below).

2. By testing the electrodes ability to maintain its reference potential using 

micropolarisation tests. In such circumstances, the electrode under test was 

cycled 20mV either side of its open circuit potential whilst connected as the 

working electrode in a standard tlii'ee electrode configuration (standard 

Ag|AgCl reference electrode, platinum gauze counter electrode, in 20mM 

phosphate buffer pH7 containing lOOmM sodium perchlorate as the supporting 

electrolyte) and the current-voltage profiles were collected.

6 .2 . 8  Electrochemical Characterisation of Eleetrodes 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 phosphate buffer pH7 

(containing lOOmM sodium perchlorate 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 electrode configurations comprising: either an external 

AgjAgCl standard reference electrode (BioAnalytical Sciences) inserted into a 

large droplet (volume = 1 0 0  pi) placed on the device or an internal pseudo

reference electrode. The working electrode was scamied between -300 mV and 

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

6.2.S.2 Chronoamperometry of Horseradish Peroxidase (HRP)

Horseradish Peroxidase, HRP, at concentrations of 0 - 250 pg ml'* and hydrogen 

peroxide, at concentrations of 0 - 400 pM, 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 FMCA and lOOmM sodium 

perchlorate as the supporting electrolyte). The concentration of HjOj in a 30% 

solution (as supplied) is inherently unstable even when stored at 4°C. 

Consequently the actual concentration was confirmed by measuiing the absorption 

at 240 nm (molar extinction coefficient = 43.6 M'* cm'*) using a Hitachi S2000 

spectrometer, i.e. 8 mM H2O2 (0.025%) has an optical density of 0.35(optical 

pathway of 1 cm). The two solutions were mixed immediately prior to their 

addition to the electrochemical microwell, and current-time measurements carried 

out with the working electrodes poised at OmV, versus an in-situ pseudo-reference 

electrode.
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6.3 Results and Discussion

63.1 Reference Electrodes

10 -

I3o

-15

-20
40 50 60 70 80 90

Potential /  m V

Figure 6.9 - Micropolarisation test o f a AglAgPO^ pseudo-reference electrode formed on 2inni 
diameter gold disk. In 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 o f 5mVs"'.

In previous s t u d i e s one of the three microfabricated gold electrodes has been 

used as a pseudo- AgjAgCl reference electrodes by plating with silver, followed 

by oxidation in HCl. 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 PBS, has only 

137 mM chloride 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 contribute to changes. As an alternative, the use of an AgjAggPO^ pseudo
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reference was investigated. Phosphate ions are present in significantly higher 

proportions in the buffers used and also has a notably lower solubility (K,p« 9 x

10“ ) than AgCl 2 x 10“ ), over-coming solubility problems that are

previously documentedf^ô]
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Figure 6.10 - Micropolarisation test of a standard AgjAgCl reference electrode, cycled in 20 inM 
sodium phosphate buffer pH7 a few mV either side of its open circuit potential -0.5mV with 
reference to another standard AgjAgCl reference electrode. Scan rate 5mVs‘‘.

Prior to exploring results using micro-fabricated structures, reference electrodes 

were initially 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, whilst isolating the working electrode, as the electrochemical system 

under study. In practice, the reference has to draw some current and, therefore, it 

is essential that a good reference electrode maintains its reference potential, even 

if a few microamperes pass tlrrough it (a criterion which is dependent upon a 

reversible reaction occurring at the reference electrodetmi). The behaviour of a 

reference electrode can best be characterised using micropolarisation test sHI .
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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 results to 

those obtained for a standard Ag|AgCI reference electrode Figure 6.10, and a 

pseudo Ag|AgCl reference electrode Figure 6.11.

I3Ü

-2 -

40 50 60 70 80 90
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Figure 6.11 - Micropolarisation test on Ag|AgCI pseudo-reference electrode (E" = 65mV) vs 
Ag|AgCI standard (BioAnalytical Systems), at a scan rate 5mVs'^ in electrolyte containing 20mM 
sodium phosphate buffer pH7.0.

The same macro sized electrodes were also characterised electrochemically using 

FMCA as a model redox compound. The results shown demonstrate that the 

AgjAgPO^ pseudo-reference Figure 6.12a again gave results comparable to both 

the standard reference electrode Figure 6.12b and the AgjAgCl pseudo-reference 

Figure 6.12c, 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 AgjAgPO^ pseudo-reference electrode A, a 
AglAgCf standard reference electrode (BioAnalytical Sciences) B, a Ag|AgCh 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-AgjAgPO^ reference electrodes where chosen for use in all 

further experiments.
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Figure 6.13 Anodic peak current against (scanrate)'’̂  from cyclic voltammograms shown in 
figure 14(a,b, and c). •  - AgjAgPO^ pseudo-reference (figure 14a), ■ - AgjAgCl^ standard
reference (figure 14b), ♦ - AgjAgCl; pseudo-reference (figure 14c). Conditions as for figure 14.

It was obseiYed that the control of the voltage during oxidation for the formation 

of the pseudo-reference electrode was critical when using microelectrodes. If the 

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

silver from the working electrode 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 lutuie voltammograms 

Figure 6.14.
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Figure 6.14 - Cyclic voltammograin recorded at the working electrode of a microwell, after 
modification of AglAgPO^ pseudo-reference electrode by oxidation at 0.5V in a 20mM potassium 
phosphate buffer. Electrolyte (pH 7.0 20mM phosphate buffer) also containing 0.5mM FMCA, 
scan rate 50mVs''.

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 pi electrochemical cells shown in Figure 6.15 

{Photo/SEM not ready), Wlien made in batches of six, no significant inter- or 

intra-batch variations were detected for electrochemical measm*ements made with 

freshly cleaned devices (coefficient 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 'bubbles’ 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 o f 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- 

AgjAgPO  ̂ 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 Fê "̂ |Fê  ̂ redox behaviour - having an 

experimentally measured 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 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 AgjAgCl external standard 
reference electrode (BioAnalytical Systems). 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 6.17 - Cyclic voltamogramms of 0.5mM FMCA recorded at the gold workmg electrode in 
a single well of a plastic/glass twelve well electrode array using a AgjAgPO^ internal pseudo
reference electrode. 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 workmg 
electrode on a plastic/glass 12 well electrochemical array, versus a standard AgjAgCl external 
reference electrode. Scan rate 50 mVs"', background buffer 20 mM phosphate pH 7.0.
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Figure 6.19 - Cyclic voltammograms of 0.5mM FMCA, collected at 12 individual working 
electrode on a plastlc/glass 12 well electrochemical array, versus a AgjAgPO^ internal pseudo
reference electrode. Scan rate 50 mVs‘‘, background buffer 20 mM phosphate pH7.0.
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6.3.3 Plastic/Plastic Micro-chambers

Ai'rays of electrochemically addressable micro-wells were also fabricated by the 

bonding together of sandwiches of polystyrene, either by chemical or thermal 

adhesion. Single wells were tested and characterised using FMCA as described 

above and, again, showed acceptable redox behaviour for the Fê '̂ |Fê ‘̂ couple with 

good reversibility Figure 6.20.
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Figure 6.20 - Cyclic voltammograms of 0.5mM FMCA recorded at the gold workmg electrode in 
a single well o f a 12 well array mierofabricated plastic device. The background electrolyte 
consisted o f 20mM phosphate buffer pH 7.0, AgjAgPO^ pseudo-reference electrode. Scan rates 10 
- 100 mVs’’ (10 mVs ' increments).

Defining the electrode areas using plasma enhanced chemical vapour silicon 

nitride deposition was not possible, as the deposition process takes 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 area calculated from FMCA scans it would be possible to use such 

arrays to perform multiple assays.

6.3.4 Noii-PhotoUthographically Fabricated Micro-chambers

6.3.4.1 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 was possible to produce single 

electrochemically addressable 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 manner as the thermal bonding of the plastic was incomplete and capillary 

action allowed solutions to pass fi’om the well along the wires.
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Figure 6.21 - Cyclic voltammograms of 0.5mM FMCA recorded at the gold working electrode 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 AglAgPO^ 
pseudo-reference electrode. Scan rates 10 - 100 mVs‘‘ (10 mVs’* increments).
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6.3.4.2 Electrochemical Characterisation

Devices were again characterised by following the electrochemistry of FMCA at 

the gold wire - having oxidised the silver wire in phosphate to create a pseudo 

AgjAgPO^ reference electrode as before 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 From Microwells.

Evaporation of supporting solvent is an increased problem when conducting 

experiments in miniaturised micro wells. This is clearly demonstrated in Figure 

6.22 where the peak anodic current increases over a period of time as a result 

of the increased concentration of FMCA due to water loss by evaporation. It can 

be seen that within as little as 5 minutes, a five percent increase of peak current 

occurs, prior to catostrophic drying out.
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Figure 6.22 - The peak current from the cyclic voltammogram of FMCA recorded at the working 
electrode of a 5gl microwell increases over time as a result of fluid loss by evaporation. Scan rate 
50 mVs'' background electrolyte 20 mM phosphate buffer pH7,0.
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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. Wlien 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

1° ADSORPTION

SAMPLE INCUBATION

Rinse

CONJUGATE INCUBATION

Rinse

SUBSTRATE INCUBATION

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-phase. After blocking and rinsing steps, the sample is added and incubated. If 
the sample contains the target analyte, it will be bound by the primary antibody. Further 
rinsing steps precede the addition of the conjugate (or detection) antibody, which binds to 
the primary antibody/target analyte complex. The enzyme conjugated to the detection 
antibody on addition of a suitable substrate will initiate a detectable change, for example, 
a change in colour. In an electrochemical immunoassay the enzyme produces a change 
which can be measured via electrodes 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 ligaiid binding in an enzyme linlced inimunosorbet assays (ELISAs). 

In order to investigate the potential use of the mierofabricated electrode 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 used 

to detect HRP within the range of 0 - 100 pg ml'' with a detection limit, under 

these conditions, of 1 pg ml'' HRP (approximately Ing, or a few femtomoles, of 

protein) Figure 6.24. Wlien using the optimum HRP concentration (lOOpgml'') 

an assay for H2O2 could be performed with a detection range 0 - 1 0 0  pM Figure 

6.25.
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Figure 6.24 -  Current-time recordings of a solution of 0 - 500jug/ml HRP in pH 7.0 phosphate 
buffer (containing 0.5mM FMCA, lOOmM sodium perchlorate and IQOpM hydrogen peroxide) 
recorded at gold working electrodes, poised at OmV versus internal psuedo-AglAgPO^ reference 
electrode. Each reading was measured in a different well on the same electrochemical microwell 
array. The response is seen to plateau beyond 100 pg/ral and as a result this concentration was 
chosen as the optimum HRP concentration for further experiments.

Ill immuiioseiisor applications it can be observed that the detection limits required 

are usually in the nanoniolar rangeCl^^] Significant enliancement of the
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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 lOOpg/ml HRP in pH 7.0 phosphate buffer 
(containing 0.5mM FMCA, lOOmM sodium perchlorate and 0-200pM hydrogen peroxide) 
recorded at a gold working elechodes poised at OmV versus internal psuedo-Ag|AgPO^ reference 
electrode. Each reading recorded in a different well on the same electrochemical microwell array.

Commercially available innmmosensing assays often take several hoiu's to prepare 

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

electrochemical devices, to prevent protein dénaturation, 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 of construction, we 

can fabricate arrays 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 to calculated electrode area 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 

membrane 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 electrode of plastic only devices.

Oui’ use of AgjAgPO^ pseudo-reference electrodes has been usefiil to solve 

solubility problems which were previously encountered by Bratten et 

However, further study should investigate the long-term fimctionality of such 

electrodes.

Finally our ability to fabricate single electrode wells without the use of expensive 

microfabrication teclmiques 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, with the eventual 

aim of applying the techniques within miniaturised amperometric assay systems.

Using high resolution X-ray photoelectron spectroscopy, we have demonstrated that 

the degree of head group functionality in a SAM on gold can be altered in a time 

dependant fashion tluough the displacement of an adsorbed alkanethiol by a second 

thiol bearing an alternative head group. Tluough the measiuements by XPS we 

showed that the method of displacement was not via an initial dissociative step (the 

N ls 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 proposed although fuither investigation 

would be required to confirm if this is the case. It was also interesting to note that 

the use of mercaptopropanoi as a modifier resulted 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 maimer, 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 electrochemistry 

of the metalloprotein of cytocluome c at a gold electrode. The use of short chain 

molecules with an ‘open molecular architectui'e’ had the advantage that they do not 

present a diffusional barrier to electron transfer. This is in contrast to the loss of 

sensitivity that is observed for long chained, highly ordered alkanethiol SAMs[141]. 

We showed that by using a combination of alkanethiols, where one species bears a 

head group that promotes cyctoclirome c electrochemistry, and the other does not, we 

are able to control the degree of molecular recognition. We noted that in order to
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transform the interfacial properties of the gold surfaces with respect to cyctochi'ome c 

electrochemistry, it was not necessary to produce a homogeneous surface coating. 

For example, under the electrochemical conditions employed, cytoclirome c 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 

fimctionality’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 binaiy thiol solution may not lead to 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 mercaptopropanoi to prevent the phyisorbtion of 

proteins at surfaces, we used FT-iR to demonstrate the use of SAMs of alkanethiols 

on gold to regulate molecular' recognition in this maimer. We showed how both 

SAMs of mercaptoethyalamine and mercaptopropanoi led to significant reductions in 

the non-specific adsorption of proteins, 38% and 72% respectively compared to an 

imtreated gold surface. Although neither competed with a standard detergent such as 

Tween 60, where protein adsorption was reduced close to 95%, mercaptopropanoi 

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 inmiobilisation of proteins at surfaces, allowing 

the manipulation of the density of protein iimnobiiised 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 tlirough avidin innnobilised at this layer, we have 

shown how control over the molecular architecture could be achieved in a multi-layer 

system.

We have, therefore, shown that 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/oxidatiorr 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 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 very high degree of 

control over the molecular architecture of gold sirrfaces used both in biosensor and 

bioengineering fields.

In acknowledgement of the recent increased scientific interest in the miniaturisation 

of devices, with the irrcreased implications of activity loss tlrrough in appropriate 

immobilisation, in the final section we fabricated arrays of micro-amperometric 

devices in which oiu methods of control could be further investigated, such that the 

nature of immobilisation and the immobilisation enviromiient could be manipulated 

to give optimal serrsor performarrce.

By using a ‘sarrdwich’ method of construction for bonding plastics, it was possible to 

fabricate arrays of electrodes both wholly in plastic and in plastic/glass composites, 

with 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 biological 

assay systems using horseradish peroxidase. However, the reduced geometries have 

been showtr to create problems as a consequence of evaporation from the device, 

thus, quick measm-ement times are essential. In addition the use of AgjAgPO^
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pseudo-reference electrodes, as opposed to AgjAgCl has been useful to overcome 

solubility problems previously encountered by Bratten et

This method of construction also allows the possibility to include a membrane within 

the fabrication procedure such that future devices maybe used with samples 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 fabricate single electrode wells without the use of expensive 

microfabrication teclmiques confers the ability to perform small volume 

electrochemistry to research groups where access to microfabrication equipment is 

not available.

7.1 Suggestions for further work:

As a result of the breadth of this project, there are a number of opportunities for 

fuither work. The fabrication of glass/plastic composite microelectrode arrays will 

allow the development of numerous assay systems which are applicable to HTS. In 

one area that already shows promise, we intend to use the electrode arrays to 

investigate glutamate production from rat brain neural cell samplesB^^F It 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 immiuioglobulins 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 measui'ement 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 culture supernatants) is necessary.

With the possibility of further decreasing the sizes of the electrodes, 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 implanted materials.

158



Chapter 7: Conclusions

7.2 Publications and Conference Contributions Arising from  this 

Work

• ‘Dynamics of the Formation of Mixed Alkanethiol Monolayers: Applications in 

Structuring Biolnterfacial Monolayers’ Cotton, C.M., Giidle, 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., Poster, presentation at Artificial Biosensor Interfaces, 

European Union Network Conference, Sitges, Barcelona, Spain 23 -25̂ ‘‘ October 

1997.

1

I

‘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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