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“If only I had known. I would have been a locksmith. ”

Albert Einstein.
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ABSTRACT

The work presented in this thests investigates the composition of various glucose and
glutamate biosensor interfaces using the novel combination of electrochemical and
spectroscopic techniques.

Initially glucose sensors were prepared by electro-entrapment of the enzyme glucose
oxidase (GOx) within thin, non-conducting films of poly(phenylene diamine)
{p(pd)). Their electrochemical responses to glucose over the range 0 - 100 mmol
dm were examined as a function of electrode material, mcthod of enzyme
entrapment, enzyme solution concentration and solution exygen concentration.
Additionally, sensors were prepared with a lipid layer below the polymer-enzyme
sensing layer to complement the size exclusion properties of the p(pd) films and,
hence, minimise further the proportion of the current response due to interfering
electro-active species such as ascorbate, For the first time, x-ray photoelectron
spectroscopic (XPS) and Fourier Transform infra-red (FT-iR) spectroscopic analysis
of the same samples (prepared on gold electrodes) at two different takc-off angles,
not only corroborated the electrochemical results, but also suggested the
microenvironment of the polymer and enzyme within the sensing layer, i.e. the
enzyme may ‘stand proud’ of the polymer matrix. Such analyses also allowed
information to be extracted about the kinetic parameters of the system including
estimates for the amount of enzyme present within the immobilised polymer matrix.

In order to quantify the XPS results, the polymer matrix was changed to
poly(fluorophenol), (p(fp)), which also forms a thin, non-conducting film but its
fluorine content has a higher intensity on the XPS spectra. Identical experiments to
those preparcd with p(pd) films were performed and the results indicated that with
this polymer the enzyme appeared to be ‘buried” within the film,

Finally, the high operating potentials and corresponding interfering signals
associated with electropolymerised enzyme electrodes led to the development of
hydrogel based systems which operate at much lower potentials and have a greatly
increased signal to noise ratio. Glutamate sensors were prepared using the osmium
based hydrogel, poly(vinylpyridine)-containing Os(dimethylbipyridine),Cl,, in both
single and bienzyme layer formats. The maost effective method was the bienzyme
system which contained the polymer, both immobilised GOx and ‘wired’ soybean
peroxidase (SBP) and was held together with a crosslinker of polyethyleneglycol
diglycidyl ether (PEGDGE).
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Chapter 1. Introduction.

CHAPTER 1 - INTRODUCTION

In recent years the development of analytical science and its application to
biotechnology has progressed remarkably, encouraged by the ever-increasing
demand for superior medical detection systems applicable to a wide range of
commercial markets. This need has driven widespread research into the field of

biosensors and their subsequent commercialisation.!1-4

The most lucrative markets are those which have a requirement for diagnostic kits, as
the need for detection at increasingly lower limits is escalating in many diverse
areas. One of the largest potential diagnostic markets is that of clinical testing [51 [5 7]
e.g. in hospital wards or emergency rooms, where size and physical robustness,
biocompatibility, accuracy, sensitivity, speed of response, ease of use and cost are
just some of the considerations that must be addressed when designing the devices.[®-
121 Ultimately, patients themselves should be able to use the biosensors in the
monitoring and control of some treatable conditions, such as diabetcs. With the
development of hand-held biosensor-based blood glucose monitors such as Precision
Q.LD. (MediSense) and OneTouch (LifeScan) home management of diabetes has
become a reality. A selection of the most widely used commercially available
glucose monitoring sensors, using both optical and electrochemical analyte

recognition methods, are shown in Figure 1.1.[13-16]
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Figure 1.1 - A selection of the glucose home monitoring systems available commercially around
the world to date. Although some rely on optical recognition methods whilst other rely on
electrochemical recognition methods, there are some common factors such as the test strip layout
and the digital read-out screen.

Additionally, the significant advances made in engineering devices of micron (and
nanometer) scales, and the current development of micromachining technologies,
have contributed to the progression of small, reliable, integrated medical devices,
making the eventual goal, production of a fully functional ‘laboratory on a chip’, a

distinct possibility within the next few years. [%.17. 18]

This thesis investigates the construction of enzyme sensors and applies the results to
the construction of micro-biosensors to measure, during surgery, the levels of the
important neurotransmitter, glutamate, which has been implicated in a variety of
disorders including selective neuronal injury through cerebral ischaemia.l'%-24] In
contrast to previous work{?3-3] which has concentrated on the optimisation of these
sensors through the measurement of their response, the work described in this thesis
is primarily concerned with the spectroscopic characterisation of biosensing
interfaces, using both X-ray Photoelectron Spectroscopy (XPS) and Fourier
Transform Infra-red Spectroscopy (FT-iR) to determine both the interfacial and bulk
properties of the polymer-enzyme constructions.
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1.1 Biosensors

A biosensor is an analytical device incorporating a biological material which is either
immobilised or retained in a functional contact with a transducer surface in order to
monitor the local environment.[!!] The fundamental characteristic of such a device is
that the biological material should be able to produce a quantitative signal in
response to a challenge from a specific analyte. There are a wide variety of
biological materials, transducer types and sensing mechanisms that can be applied to
the composition of a biosensor. For example, enzymes, antibodies and nucleic acids
are all suitable as biologically-sensitive materials, capable of producing a specific
recognition reaction for a particular analyte.l'. % 44511 The types of sensing strategy
and transducer that are presently being developed to convert the biological reaction
into a measurable signal include electrochemical, optical, piezo-electric, acoustic and
immunological techniques.[!. 11.47.52-601 However, irrespective of the sensing method,
the biologically functionalised transducer should be able to fulfil the following
criteria: high specificity for the analyte of interest, fast response times, stable over
the concentration and temperature ranges required and be suitable for
miniaturisation. A generalised diagram of the composition and operation of a typical

electrochemical biosensor is shown in Figure 1.2.161]

( B | > X
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Figure 1.2 - Schematic diagram showing the operation of a typical ‘mediated’ electrochemical
biosensor. The biomolecule, which is specific for only one particular analyte, produces a reaction,
the product of which is carried by the mediator molecule to the electrode surface where it can react.
A redox reaction occurs at the surface allowing the mediator to be changed from its reduced (filled)
form to its oxidised (empty) form, resulting in a transfer of electrons i.e. the electrochemical signal
due to analyte.
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The majority of enzyme biosensors existing today use the basic concept of the
electrochemical biosensor which was first conceived in 1962 by Leyland Clark,[62]
who proposed that biomolecules could be immobilised within a matrix in close
proximity to a detector system to form a selective electrochemical enzyme-electrode.
The {ransducer surface is responsible for the conversion of the biomolecular
recognition process into an electrical sipnal, such that a quantitative relationship

between the measured signal and the bulk substrate concentration can be derived.

1.1.1 Protein Structure and Enzyme Activity

As described above, enzymes are frequently used as the biological component of
electrochemical biosensors and play a significant role in recognition of specific
analytes and, more importantly, in eclectron transfer ie. signal transduction.
Additionally, the nature of the spectroscopic techniques used throughout this work to
analyse the polymer-enzyme interface of the enzyme biosensors require that a short
description of the structure and function of enzymes be presentex in this chapter.

Almost all chemical reactions in biological systems are catalysed by specific
macromolecules called enzymes.!$3] All pure enzymes are proteins and each has a
well defined three dimensional structure, the fundamental units of which are amino
acids. [%] There are twenty different naturally occurring amino acids, each with a
distinctive structure, determined by the side chain (R) bonded to the central (o)
carbon atom. When a number of amino acids join together they do so through the
formation of a peptide bond between the amino and carboxyl groups, with the
elimination of one molecule of water through a condensation reaction. The resulting

polymer is known as a polypeptide chain and is shown in Figure 1.3.

PR P
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R4 o] 0 R3 0
|/ L/ |/
NHy'—Cc—¢C  + NHs—C—C + NHy—C—C
| \O' I \O' l \0'
H H H
R4 O 2 0 R3 (o)
o |l 7
H3'N—C— C——N—— c C c
| | ] %
H H H H H

peptide bond

Figure 1.3 - Two or more amino acids connect via a peptide bond to form a polypeptide chain. The
peptide bond is formed by a condensation reaction between the amino and carboxyl groups, which
releases a water molecule and forms a covalent bond between them. This is known as the primary
sequence of the protein structure.

The sequence of amino acids in a protein, as the polypeptide chain, determines the
three dimensional conformation of the protein, which itself largely determines the
properties and activities of specific proteins. This three-dimensional structure of the
protein can be described in terms of different levels of folding, each of which is
constructed from the preceding one in ‘hierarchical’ fashion.l55] Thus, the amino
acid sequence is known as the protein’s primary structure; the secondary structure
being its first-level folding and describes certain regular conformations that can form
by hydrogen bonding between relatively small segments of the protein sequence.
The two most common secondary structural elements are the a-helix and B-pleated
sheet.[%6] In the a-helix, the amino acids are coiled into a right-handed helix which
forces the atoms of the polypeptide backbone to pack closely at the centre of the
helix with the side chains projecting outwards. In the B-sheet the polypeptide chain
is almost fully extended and several segments of the chain lie side by side. A further
level of folding, the tertiary structure, is imposed on this to give the final three-

dimensional conformation of the protein. This can be viewed as three-dimensional
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‘packing’ of secondary structural elements and is direcily related to the protein
function, e.g. enzymatic, structural. Often proteins with similar functions have
similar tertiary structures but different primary siructures, e.g. antibodies®?]. The
tertiary structure arises from the fact that hydrophobic side chains will become
buried within the core of the protein, whilst hydrophilic amino acids will exist on the
surface of the protein. Some proteins are formed by the association of more than one
polypeptide chain. The interaction between such chains is known as the quaternary

structure of the protein, as is the case for haemoglobin 641,

The particular chemical, physical and biological properties of a protein depend upon
its surface conformation. The folding of the polypeptide chain creates sites on the
surface with a particular ‘shape’, chemical reactivity and electrostatic profile, which
are determined by the nature and arrangement of the amine acid side groups.63. 64. 66,
671 At these sites, other molecules can be sclectively bound and interact with the
protein. For proteins that function as enzymes, this area is known as the active site
and the specificity of the enzyme is determined by the structure of these sites. The
active site of an enzyme often takes the form of a cleft or crevice in the tertiary
structure, providing a domain which is relatively small in comparison to the overall
enzyme volume. In addition to the amino-acid chain, enzymes contain a portion of
material which is non-polypeptide, called a prosthetic group and enzymes are
classified on the chemical nature of this prosthetic group.[$¥] Historically enzymes
have been classified on the chemical nature of this prosthetic group which is strongly
associated with their function. Examples include metalloproteins/54 which contain a
metal ion such as iron (e.g. haem peroxidases) and flavoproteins®¥ which contain a
flavo-nucleotide group (e.g. flavo oxidases). The enzymnes discussed in this thesis
fall into the latter category, and contain tightly bound flavin adenine dinucleotide
(FAD) groups which can be oxidised and reduced readily, i.e. they catalyse redox

reactions.

In general, an enzyme’s function is to specifically catalyse the substrate molecules
with which the enzyme is interacting; allowing the formation of an enzyme-substrate

complex which breaks down to form the free enzyme and the rcaction products.
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Figure 1.4 shows the ‘lock-and-key’ model of the interaction of substrate and

enzyme. The active site is complementary in shape to that of the substrate alone.[%6.

68]
+
active site —»
enzyme

Figure 1.4 - Lock-and-key model of the interaction of substrates and enzymes. The active site of the
enzyme alone is complementary in shape to that of the substrate.

It is this substrate-enzyme interaction that provides the basis for electron transfer
and, hence, signal transduction corresponding to measurement of the analyte of
interest. More recently the ‘lock and key’ model, which is rather simplistic, has been
updated to the ‘hand and glove’ model, where there is a structural rearrangement of
the protein during binding, allowing the substrate to ‘fit’ into the active site more

closely.

1.1.2 Amperometric Sensing Strategy

There are three main methods of electrochemical detection that have been applied to
biosensing, namely amperometric, potentiometric and conductimetric analysis. The
work performed throughout this thesis uses amperometric techniques but
descriptions of all three are described by Sethi.['1]

Electrodes analysed in this work rely upon the amperometricl®! detection of
enzymatically produced or consumed electro-active species in the sample to be

analysed by measuring the current generated at a working electrode (held at a
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constant potential with respect to a reference electrode) as a result of the oxidation or
reduction of the electro-active species. A diagrammatic representation of a typical

electrochemical experimental set-up is shown in Figure 1.5.170]

= —>—— Counter
-] anefm;rn Potentiostat - LS + Reference
Yo, =~~~ Working
E controlled
Reoo Current to
ador - Voltage
X y converter

Figure 1.5 shows the typical instrumentation used for electrochemical experiments. The working
electrode is the electrode at which the reaction of interest takes place. The potentiostat applies the
desired potential between the working and reference electrodes and the current required to sustain
the reaction at the working electrode is provided by the auxiliary electrode. This arrangement
prevents large currents from passing through the reference electrode that could change its potential.

Electrochemical biosensors generally require the use of a redox enzyme, particularly
those belonging to either the oxidase or dehydrogenase subclasses of oxido-reductase
enzymes.[60. 64. 681 These enzymes catalyse reactions which produce or consume
electro-active co-factors which can be electrochemically detected at the electrode.
Flavo-oxidase enzymes, for example, catalyse the oxidation of reduced analytes and
in doing so, utilise oxygen as an electron acceptor to produce a stoichiometric
amount of either water (4 electron oxidation) or hydrogen peroxide, H,0, (2 electron
oxidation). Hydrogen peroxide can be detected, at gold electrodes, by anodic
oxidation at potentials greater than +600 mV vs. Ag|AgCl reference electrode, or
alternatively, oxygen consumption can be measured by cathodic reduction at -650
mV vs. Ag|AgCL.[46] By changing the electrode material, for example to carbon or
platinum, the electrode potentials required vary accordingly, due to the variation in
electric properties of different materials.[’!: 721 The generalised scheme for these

reactions is shown in Equations (1.1) and (1.2).
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Substrategep, -+ Enzymey, - Product oy, + Enzymege, (1.1)

Enzyie ger) + Co — substrate gy, ————> Enzyme gy, + Co — product g, {1.2)

A typical configuration of an electrochemical enzyme-electrode can be best
illustrated through an understanding of the amperometric glucose electrode. Since
the home-testing of whole blood glucose of diabetic patients represents the largest
potential market for clinical applications of biosensors, the development of glucose
electrodes has consequently been one of the major driving forces in the field of
biosensor research.[73-811 2851 The electrodes are based upon the reaction catalysed
by the flavo-enzyme glucose oxidase (GOx) which is shown in Equations (1.3) -
(1.5).

glucose + GOX )y ————> gluconolactone + GOX gy, (1.3)
GOXgapy,) + O ——> GOXap) + H,0, (1.4)
H,0,—0, +2H" + 2e” (1.5)

Glucose oxidasel®] has been particularly useful for the development of biosensors as
it is both robust and stable and is, therefore, well suited to immobilisation
procedures. The enzyme catalyses the oxidation of glucose, using oxygen as a
mediator, to produce gluconolactone (the product) and H,O, (the co-product). The
hydrogen peroxide is subsequently detected electrochemically by oxidation at the
electrade surface at a potential of +700 mV vs. Ag|AgCl. This is shown in Equation
(1.5) and diagrammatically in Figure 1.6.
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Glucose GOXx,, HLO,
» - »
‘,‘ ¢ \ 3 \
\“‘ 26 \ .1
é, | * |
< ‘4 i ~ -t
Gluconolactone GOX,, O,+ 2H'

700mV
Figure 1.6 - Diagram illustrating the amperometric mode of transduction in a glucose enzyme

electrode. The H,0, produced is oxidised at the electrode surface and produces a current
proportional to the concentration of glucose in the bulk solution.

Although the glucose electrodes are the most widely researched (and hence
advanced) biosensors, the work in this thesis uses their operation to provide a model
system for the further development of an amperometric glutamate biosensor. Since
the enzyme glutamate oxidase (GLOX)#7. 88] also has FAD redox centre, the same
sensing principles can be applied to the detection of glutamate, i.e. the hydrogen
peroxide produced from the reaction catalysed by GLOXx is oxidised at the electrode
surface at +700 mV vs. Ag|AgCl, producing a current attributable to the
concentration of glutamate in the bulk solution. The reaction scheme is shown in

Equations (1.6) - (1.8).
glutamate + O, + H,0 —=% 5 a — ketoglutaric acid + NH, + H,0, (1.6)

glutamate + H,0 + GLOX oy, ——> 0. — ketoglutaric acid + NH, + GLOX gsp (1.7)

GLOX ggp) + O, ——> GLOX oy, + H,0, (1.8)

Such an electrode configuration is termed a first generation amperometric sensor{46]
since it uses oxygen as a natural electron acceptor or mediator. However, such a

biosensing arrangement has a dependency on the concentration of oxygen in the
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sample solution which, for biological fluids, can be low and variable.[*?- 8] Tn order
to overcome this problem a second generation of amperometric electrodes have been
developed¢! which use a metal co-ordinated organic compounds, such as ferrocene
and its derivatives, as an eleciron mediator. 111, 35 %0 This reduces the oxygen
dependency of the sensor and also allows the electrode potential to be reduced
{which has important consequences in decreasing sensor “interference” (see section
1.14)). In order to improve the sensor performance further, third generation
biosensors are currently being developed in which the reduced enzyme is re-oxidised
directly at a modified electrode surface.6] These do not require the action of a
mediator, allowing clectrons to be transferred direcily from the enzyme to the
electrochemical surface, for example via redox polymers®-94] (see Section 1.1.6) or
via short chain self assembled monolayers (SAM’s).[’l However, the one potential
drawback of the self-assembled systems is that the enzyme is required to be
‘organised’ at the electrode surface, involving complex immobilisation strategics.

This often results only in monolayer coverage and, hence, associated low currents.

1.1.3 Immobilisation of Enzymes in Polymer Films

To meet specific applications, biosensots require control over the molecular structure
at the surface of an clectrode. Previously, the concept of immobilisation of enzymes
onto solid electrode surfaces has been realised using a variety of techniques
including adsorption, covalent binding, cross-linking and entrapment within a porous
matrix.[*6. 60. 9]  FElectrochemical polymerisation!®’-1011 has also been used
successfully to immobilise enzymes at transducer surfaces without altering the
catalytic reaction. However, such a design necessitates not only that the analyte of
interest must diffuse through the membrane before reacting but also that the reaction
product must diffuse through the matrix before it can be detected at the electrode
surface. Thus, changes in the diffusional propertics of the layer will alter the size of
the analyte response. Additionally, the thickness of the membrane layer will
influence both the organisation of the immobilised enzyme and the resulting

electrochemical response.[75]

11
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A variety of organic polymers have been utilised as entrapment matrices and,
depending upon their function, they can be applied to different sensor configurations.
For example, polymeric gels, functional polymers, electrically conducting polymers
and redox mediators] have all previously been used in biosensing configurations

providing distinct properties.

Electropolymerisation of both conducting and non-conducting polymers possesses a
mumber of advantages over other immobilisation techniques for the entrapment of
enzymes at electrode surfaces. These advantages include the relative simplicity of
the immobilisation procedure, control over the polymerisation parameters and the
ability to localise the deposition allowing, for example, different enzymes to be
retained at adjacent micro-electrodes.[*¢ 1921 To form the polymer-enzyme
membrane, a suitable monomer from an (enzyme-containing) solution is
electrochemically oxidised at a fixed potential to form cither a conducting or non-

conducting polymer on the surface, entrapping the enzyme as it polymerises.

All of the enzyme-electrodes discussed in this chapter were prepared by entrapment
of the enzymes within electrochemically polymerised non-conducting polymers.
Formation of poly-o-phenylenediamine (p(pd))} films[193-108] j5 a self-limiting process
which produces a very thin insulating polymer layer and so produces a matrix which
enables fast diffusion of substrates and products to and from the enzyme. At present
there are two possible polymerisation pathways for p(pd) films as reported by
Oyamall®] and Yanol!%]. Oyama suggests that the phenylene diamine monomers
polymerise through what is known as a ‘ladder polymer’ formation as shown in
Figure 1.7 while Yano reports a slightly different, and more ‘branched’, structural

composition alge shown in Figure 1.7.

12

data s wrior Wi Sras




Chapter 1. Introduction.

HeN Nkl HaN NH,

monomer monamer

polymeriSation by

either or
Yano Oyama
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z
z

NH

Figure 1.7 - The two difterent polymerisation mechanisms for poly(phenylenediamine) as reported
by Oyama'® and Yano'®., In both instances the phenylenediamine monomers are joined through
their amide groups but the formation known as a “ladder’ structure, produces a more linear polymer
than the branched structure of Yano.

A second type of thin, insulating polymer films were employed in this work,
poly(fluorophenol), whose polymerisation is similar to that of phenols.[7. 1101 The
attachment of a fluorine side group on the meta-position necessitates that the

polymerisation of fluorophenol proceeds as shown in Figure 1.8.

During the electrochemical polymerisation, the flucrophenol monomer dissociates to
form its anion which can be oxidised to produce a radical capable of either of the
following reaction schemes: (a) reaction with impurities or other solution species to
produce side products or (b) reaction with a further monomer of fluoropheno! to
produce either the para- or ortho-linked dimeric radical. Further oxidation and loss

of a proton gives the neutral dimer. Subsequent reactions then produce oligomers

13
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and finally polymeric material at the ¢lectrode surface. Thercfore, fluorophenol

polymerisation occurs-at either the para or ortho position of the monomer depending

upon both the distribution of electrons and/or the stability of the benzene ring due to

the side groups. This may be a contributory factor in the difficulties of producing

consistent and even films.

OH o o
S —_— - @ o e products
F E F

MONOMEr

anion radical
OR
(b)
F
H OH
—OH and/ or
o) F 4 H
F.'
F
F
para-linked dimeric vadical ortho-linked dimeric radical
OH
Q
F F
(%)
F
n
polyer

Figure 1.8 - The mechanism of electropolymerisation of fluorophenol. The monomers join together
by firstly forming anions, which oxidise to form radicals, and subsequently reacting with other
radicals to form the polymeric matrix. The monomers can join by either the para or ortho positions
depending upon the electron distribution around the benzene ring and the attached side groups. As
the polymer grows the enzyme is entrapped within the forming matrix.
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The formation of insulating films prevents polymerisation on any part of the
electrode that has already been coated, thus providing inherently uniform coverage
of the surface, regardless of its geometry. However, the thickness and
“compactness” of the film can be significantly affected by the length of the
polymerisation process, the applied potential used and the material of the working
electrode. The attachment of the polymer to the electrode surface is likely to occur

due to physical, electrostatic and/or hydrophobic interactions between the matrix and

the rough electrode surface.”

1.1.4 Elimination of Interfering Signals

The specificity of amperometric biosensors for both iz vivo and i viire applications
is limited due to electro-active species present in the biological fluid of interest.
Typically, biosensors are operated in complex matrices such as blood or extracellular
fluid which contain electro-active substances such as ascorbate, urate and
dopamine.[6% 1111 The electrode surface of the sensor will, therefore, not only oxidise
the desired product (e.g. 1,0, formed in the enzymatic oxidation of glucose by
glucose oxidase) but also any other species present which are oxidisable at the
working potential. Since the concentrations of these interferents are constantly
changing in body fluids, it is essential to minimise their contributions in order to

maximise the current and hence the ‘signal:noise’ ratio measured by the sensor.

Electropolymerised films have been employed to serve the dual purpose of
immobilisation of enzymes at the transducer surface and also to act as a barrier for
eftective discrimination against common interferents.[!1] The choice of polymer for
enzyme entrapment, therefore, has to take into consideration its permselectivity.
Various polymer systems and combinations of composite layers have previously
been cxamined for their permselective properties, including exclusion of interferents
on a size seleciive basis!!0% 112, discrimination using the polarity of additional

species (e.g. lipids)l1¥7], repulsion using charged matrices!'’3] and reaction with a
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secondary enzyme.l*¥! However, the literature contains little evidence for the

mechanism of selectivity for both conducting and non-conducting films,

It has been reported by Sasso et a/ [1%lthat hydrogen peroxide-detecting sensors
based on the electropolymerisation of poly(o-phenylenediamine) films on platinum
electrodes in which the enzyme is incorporated in the polymer film show
interference-free responses, making them suifable for detecting substrates in
biological flaids. Work in this thesis has applied this to glucose sensors and their
response to ascorbic acid, one of the most common interferents in biological fluids,

measured.

An alternative or additional technique for elimination of interference allows the
working potential to be reduced to a value at which the electro-active species are not
oxidised. This requires a method of analyte detection which can be performed at
these low working potentials. One such method is described in Chapters 5 & 6
where the enzyme is ‘wired’ to the surface using an osmium redox polymer. 4
This system measures the reduction of the osmium centres of the polymer at the
clectrode surface which can take place at potentials of approximately 0 mV vs.
Ag|lAgCl. At such low operating potentials the spurious signal due to interferents

should be virtually removed from the sensor response.

1.1.5 Oxygen Dependence

Since the aim of this work is to characterise and produce glucose and glutamate
sensors for measurements in vivo, it is essential that their operation should be stable
under physiological conditions. One factor which is consistently variable in these
circumstances is the partial pressure of oxygen (pQ,) in blood (as discussed in
Section 1.1.2). This variation throughout the body is highlighted by the values
reported by O’Neilll''3] for glucose detection in brain or subcutancous tissue where

the range of O, tension is 5 - 50 pmol dm>,
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The glucose sensor, as discussed previously in Section 1.1.2, illustrates the system’s
dependence on the concentration of oxygen in the sensing environment. Equations
(1.3) ~ (1.5) show that since the mechanism of electrochemical signal generation
relies on the oxidation of H,0, formed from the reaction of oxygen with reduced
enzyme, changes in ambient oxygen tension may mimic changes in glucose
concentration, undermining the reliability of the sensor to monitor glucose.
Therefore, the sensitivity of the sensors prepared by immobilisation of glucose
oxidase within p(pd) films on gold electrodes i.e. Au/p(pd)/GOx sensors, to glucose

were evaluated under acrobic and anaerobic conditions.

1.1.6 Osmium Hydrogel Based Scnsors

In general, on examination of either direct enzyme atiachment or physisorption to the
bare electrode surface, the elecirochemical response observed is poor, suggesting that
either the enzyme is denatured or the active site is located sufficiently far from the
outer surface of the enzyme to be electrically inaccessible. To overcome these
problems it would be useful to form a direct electrical or ‘electrochemical’ contact

between the ¢lectrode and the enzyme.193, 116,117]

An alternative system is also described in this thesis which allows the enzyme to be
retained in close contact to the electrode by electrochemically ‘wiring’ the enzyme to
the electrode with a redox polymer. This enables charged states associated with the
biomeolecular activity to move directly from the enzyme, through the polymer, to the

electrode. Thus, the system is effectively oxygen independent.[117-121]

1.1.6.1 Direct Wired Osmium-based Glutamate Scnsors

One of the enzymes discussed in this thesis is glutamate oxidase (GLOx)I87. 8%] which
is known to contain 2 moles of FAD per mole of enzyme as a prosthetic group but
whose crystallographic structure is not yet known. Glutamate oxidase catalyses the

reaction of glutamate, in the presence of oxygen and water, with a subsequent two
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clectron equivalent reduction of a single oxygen molecule, resulting in the
production of one molecule of hydrogen peroxide (H,O,) and ammonia. This is

shown in Equations (1.6).- (1.8).

Although the molecular oxygen is reproduced as a co-product in this reaction, there
must be an excess of oxygen in the environment since the regenerated oxygen is not
sufficient to sustain the reaction. The hydrogen peroxide produced as a result of the
GLOx catalysed reaction can be measured amperometrically and, using the
stoichiometric relationship in Equations (1.7) & (1.8), used to quantify the
concentration of glutamate. By immobilising the enzyme to an electrode surface
witich is held at a potential above +700 mV vs. AglAgCl, the H,0, can be
electrochemically oxidised (at pH 7.0) as shown in Equation (1.9).

H,0, > 2H' + 0, +2¢ (1.9)

When considered together, Equations (1.6) - (1.9) show the relationship between the
measured bioelectrochemical current and the amount of glutamate in solution. This

gystem is another example of the first gencration sensors described previously in

Section 1.1.2.

This can be applied to the development of glutamate sensors by using a cross-linked
redox polyelectrolyte network of  poly(vinylpyridine) containing
Os(dimethylbipyridine),Cl,,[%: 122 to which the GLOx is wired, forming an electron
conducting hydrogel on the surface of the electrode. The GLOx has a residual
negative charge on its surface at pH 7.0 (isoelectric point estimated to be pH 6.2)(87]
and so is able to form an electrostatic complex with the positively charged redox
polymer. There is also an electrostatic component causing the adsorption of the
polymer onto the electrode surface. Carbon electrodes were employed in this study
because it has been found that polycationic segments of the polymer strongly adsorb
to such surfaces.i!16l [t is, therefore, these electrostatic interactions between the
polymer and the electrode and the enzyme and the polymer that form the basis for

the enzyme wiring.
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The hydrogel formed is water soluble and is capable of expanding into the “folds’ or
‘channels’ of the protein which binds the FAD active sites. The polymer has, on
average, between 100 - 200 redox sites per 10° Daltons molecular weight and,
therefore, when it swells and occupies the protein cavities, should consistently
provide at least one redox site in close proximity to the active site able to accept
clectrons from the reduced FADH, centre (see also Figure 1.9(b))i116l. The
biologically generated electrons are then preferentially conducted or transported to
the electrode surface along redox pathways defined by the osmium polymer, either
by moving along the same redox chain or hopping between chains. Therefore, such
electrodes are not limited by the rate of diffusion of substrate and/or product through
the sensing layer and it has been reported that any limitation in the maximum steady-
state response is likely to be due to redox polymer kinetics rather than enzyme

kinetics.[92]

If, however, the electrode environment is of high ionic strength, which would be
probable if the sensor was immersed in physiological fluids, then the electrostatic
interaction between the polymer and enzyme is likely to be disrupted or shielded’
by the high excess charge in solution.[''81 This results in a loss of polymer tlexibility
and, therefore, limits the usefulness of the system for carrying current. In order to
keep the enzyme complctely bound at high jonic strength, a crosslinker of
poly(ethylene glycol) diglycidyl ether (PEGDGE 400) was introduced.[23] This
reacts with the primary amines on both the redox polymer and the enzyme surface
and so adds covalent links to the electrostatic polymer-enzyme complex (see Figure
5.1). The concept of enzyme wiring is shown in Figure 1.9(a) and the correspunding
electron transport mechanism can be seen in Figure 1.9(b). The effect of varying the

percentage of crosslinker used is investigated elsewhere, in Chapter 6.

19




Chapter 1. Introduction.

® - redox site

I- PEGDGE 400

Figure 1.9(a) Wiring of the redox enzyme glutamate oxidase. Redox centres of the polycationic
osmium polymer that is electrostatically and covalently bound to the enzyme, relays electrons
through the polymer to the electrode surface onto which a section of the polymer is adsorbed.
Covalent links (see Figure 5.1) are added to the polymer/enzyme electrostatic interaction by the
crosslinker PEGDGE.

< 0.355V (AQ/AQC!) 0.355V (AQ/AQC!)  0.415V (AQ/AQC)

GLUTAMATE FAD,, + 2H"
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Jlrection of electron Transport
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a-KETOGLUTARIC ACID GLOx Os"
+2H" FADH, s =

Figure 1.9(b) - Electron transfer stages in the electro-oxidation of glutamate on a wired glutamate
oxidase electrode. The half potentials of each stage are shown using experimentally estimated
values.

The choice of the electrode potential is important in the design and operation of all
amperometric sensors. When considering sensors based upon osmium hydrogels, a
value which is sufficiently high to allow the oxidation of the redox sites in the
polymer, must be chosen. Whilst the rate of electron transfer between the polymer

and the electrode will increase, as a function of increased potential, there is also a
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need to maintain as low a potential as possible, so as to minimise the signal from

oxidisable interferents (e.g. ascorbate, urate) present in real biological samples.

The final choice of the electrode potential is discussed m the context of Figure
1.9(b), which shows the catalytic activity of GLOx schematically. Whilst the redox
potential of GLOX is not known, the fact that the reaction scheme shown works (see
Chapter 5 & 6), indicates that the E, for FAD/FADH, within the enzyme must be <
355 mV (a fact that is corroborated by the potential for FAD/FADH, in GOx, which
is ca. -400 mV vs. Ag|AgCl).[?%1 Thus, as GLOxX has an E, which is lower than that
for the polymer, the enzyme-hydrogel-electrode system can be seen as a
biomolecular wire, transferring electrons from the catalysed oxidation of glutamate,

via the biological environment to the instrumentation.

1.1.6.2 Single Layer, Bienzyme, Osmium-based Glutamate Sensors

The responses of the electrodes described in section 1.1.6.1 above, where the enzyme
is directly wired to the electrode, were considerably greater than those from
conventional H,0O, monitoring amperometric sensors. However, they have the
disadvantage that the sensing potential is required to be in excess of +400 mV vs.
AglAgCl. At such high potentials a variety of interfering species e.g. ascorbate (as
mentioned previously), are likely to be simultaneously electro-oxidised at the
electrode surface, causing the signal to noise ratio to fall.[12!] Therefore, in order to
reduce the size of the biochemically interfering signal, it is desirable that the
electrode potential should be lowered as far as possible.l1291  As a consequence a
second system employing a single layer, bienzyme clectrode was also developed

allowing a glutamate dependent signal to be measured at +50 mV vs. Ag|AgCl.

This alternative arrangement is based upon the co-immobilisation of wired soybean
peroxidase (SBP) and hydrogen peroxide-producing glutamate oxidase whose redox
cenires are not wired. As previously shown, the three-dimensional redox polymer

network used to contain the enzymes is poly(vinylpyridine) containing
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Os(dimethylbipyridine),Cl,. (Identical sensors can be prepared using horseradish
peroxidase as the wired enzyme).[125-128]

The principle of the wired SBP electrodes(!?°] relies upon electrons being relayed
from the electrode surface to the SBP enzyme through the redox hydrogel network.
In contrast with the single enzyme osmium preparation, see Section 1.1.6.1, where
the glutamate dependent current is generated by the oxidation of Os" to Os", in this
case a reduction current is measured at the electrode surface, with the electron
transfer sequence for the wired SBP glutamate electrodes being shown in Figure
1.10.

a—keToglutcroTe GLOX,
drection of election rouliipie
trorspod Cvcllng Le w
electrode
glutamate GLOx, Os"

[Three dmens'oru redox epoxy nydogel]

Figure 1.10 - The sequence of electron transport through the wired soybean peroxidase-based
glutamate sensor. The reaction of glutamate with GLOx produces hydrogen peroxide which is
reduced by the SBP and subsequently oxidises the osmium redox centres of the polymer. The
electrons are measured at the electrode surface as a reduction current.

In either the single- or bi-enzyme systems, glutamate can readily diffuse through the
hydrogel in order to react with the immobilised GLOx. The H,0, generated from
this reaction, in the presence of oxygen, (see Equation (1.6)) diffuses to the
electrically wired SBP where it is reduced to water, as shown in Equation (1.10),

with the subsequent oxidation of the enzyme.

H,0, +2¢” +2H'—£32H,0 (1.10)
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The oxidised form of the SBP, whose active sites are in close proximity to the
polymer redox sites, acts as an electron acceptor for the reduced form of the
polymer, and to complete the cycle, the Os™ sites are finally reduced at the electrode
surface, which is held at a potential of +50 mV vs. Ag|AgClL

Although this analytical arrangement has the advantage of low interference from
ascorbate, in contrast to the direct (or single-) enzyme-wired electrodes, these
sensors are dependent upon oxygen to form the hydrogen peroxide. This will result

L

in a competition between the oxygen and the Os™ sites to obtain the electrons from

the reduced GLOx.

1.1.6.3 Glutamate Microsensors Based Upon Wired Enzymes

Microelectrodes are defined as electrodes whose dimensions are small enough that
their propertics arc a function of their sizel3% and they possess many advantages for
the probing of chemicals in environments where space is limited. Therefore,
miniaturisation of glutamate sensors in order to develop microscnsors is of
importance when considering the measurement of glutamate in small volumes both
in vivo and in vifro. Such measurements are of clinical interest because of the role
that glutamate plays in neurological and psychiatric disorders., The limited space
available for measuring glutamate in vivo must be taken into consideration when
preparing the electrodes i.e. they must be small enough to be placed within the brain
without affecting the size and specificity of the current response. The use of single
layer, bienzyme wired GLOx microelectrodes, prepared using the technique
described previously, possess significant advantages over the macroelectrode
sensors, the most notable of which is their ability to rapidly attain steady-state
conditions via radial (as opposed to planar) mass transport.[130] As the dimensions of
the electrode are reduced so the time taken for diffusion at the surface of the
electrode is reduced accordingly. This can be illustratcd by considering that the
majority of species have diffusion coefficients in the range 107 - 10 em?® s which
corresponds to a diffusion rate of approximately 10 um per second, This deviation

from planar diffusion gives rise to higher steady-state responses than observed for

equivalent systems on macroelectrodes.
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1.1.7 Model for Enzymes Immobilised in Thin Films

Kinetic analyses of the data obtained during this work can be performed when the
enzyme is restricted within a thin polymer membrane, particularly if the thickness of
the polymer film is small compared with the thickness of the reaction layer (i.e. the
enzyme). In the experiments described in this thesis, it is clear that both the films
(p(pd) or p(fp)) and enzyme (GOx or GLOX) layers are thin (approximately 10
nm)i2% 1311 and that under these circumstances it is unlikely that there will be an
unequal distribution of both substratc and product concentration within the film.
Therefore, it is relatively easy to derive expressions for the current response of the
sensors in terms of the enzyme kinetic parameters and substrate concentrations. The
following expression, Equation (1.11), for theoretical steady state response of
enzymes entrapped within thin, non-conducting polymer membranes has been
published by Bartlett e# al., providing a well-established model to characterise the
response of a biosensor as a function of a variety of physico-chemical parameters,

including partition coefficients and enzyme surface concentration.l132-134]

nFAw _ K 1 1

1

= + +
L kuKsSees! kel KkK,a.esl

Equation (1.11)

Such analyses have considerable advantage over the previously used Lineweaver-
Burke model which only describes the kinetic behaviour of enzymes in solution and
does not take into account the mass transfer characteristics of immobilised
enzymes.[6366]  In order to conirast the two models, Equation (1.11) can be
rearranged into a form comparable to the Lineweaver-Burke model. This rearranged

form is shown in Equation (1.12).

I S
= = Equation (1.12
nAF  m+cS, a (.12)

aK kmle l %Cafe ]
where %1 =5 %m and % = fﬁ vk /KK @) and both are

independent of [Sw] . Note that » is the number of electrons transferred (in this case,

24




Chapter 1. Tntraduction.

n=2), F' is the TFaraday constant, 4 is the electrode arca, XK, and £, are the enzyme
kinetic parameters for the oxidation of glucose, &k is the rate constant for the
oxidation of hydrogen peroxide, / is the thickness of the polymer film (estimated as
10 nm for p(pd) and p(fp)) and ey is the amount of enzyme within the polymer film.
K, and X are the partition coefficients into the polymer film for the bulk
concentration a., of oxygen and the bulk concentration S, of glhicose. The parameter
« describes the balance between the detection of H,O, at the electrode surface and its

loss to the bulk solution, which has previously been estimated as 0.5.129-133]

This Equation (1.11) has been used by Bartlett [132-134] (o0 model the responses of
enzymes in non-conducting polymer films where the growth of the film is self-
limiting and the film thickness is limited to the approximate thickness of a
monolayer of enzyme, e.g. 10 nm for poly(phenol). Glucose oxidase and
flavocytochrome 5, cytochrome ¢ oxidase immobilised in poly(phenol) have both
been studied using this model.[32 1341 In addition it has been used to investigate

some preliminary results for GLOx immeobilised in p(pd}.[2% 1351

The following sections of this chapter (i.e. Sections 1.2 - 1.4) explain the principles
underlying the electrochemical and spectroscopic methods used to compliment the
electrochemical results by characterising the composition of the polymer-enzyme

sensing layer for each of the biosensor types described in the previous section.

1.2 Electrochemical Techniques

There are a variety of electroanalytical techniques which have previously been
developed in order to study both organic and inorganic as well as biological reaction
mechanisms! 361401 Those methods that are used to measure the elecirode currents
as a function of the voltage applied to the electrochemical cell are termed
voltammetric techniques and can be used to provide detailed information about the
reaction. Two of the most commonly used voltammetric methods are those of

chronoamperometry[138] and cyclic voltammetry.[”®  This section provides an
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overview of the principles behind the chronoamperometric and cyclic voltammetric

analyses.

1.2.1 Chronoamperometry

Chronoamperometric experiments are performed by applying a potential step to the
working electrode (in a conventional three-clectrode cell) and monitoring the
response of the system as a function of time. The initial potential should be such that
the species of interest is not oxidised/reduced so that when the potential is stepped to
a value where oxidation/reduction is known to occur, a current profile is produced
with respect to the reaction at the electrode surface. Immediately following the step,
a large current is detected which falls steadily with time. This arises since the
magnitude of the current is dependent upon the rate of diffusion of species to the
surface. The concentration gradients shortly after the step are very large but as the
species has time to diffuse to the surface and become depleted the diffusion layer
thickness increases causing a subsequent falling-off of the current. The Cottrell
equation, Equation (1.13), describes the current response as a function of time {and

electrode area)l!3%],

L nFAD” ¢t/

Equation (1.13)
%

b1s

The measured current has two components; a non-Faradaic component atising from
a redistribution of charged and polar species at the electrode surface and a Faradaic
current resulting from an exchange of electrons between the electrode and the
species in solution.[60, 1401  The non-Faradaic current can be regarded as the
background or baseline current value and the Faradaic current is the one of primary

interest in the investigation of electrode reactions.

For the purpose of obtaining sensor calibration curves, when the current stabilises to
a consistently low background value, know aliquots of analyte are introduced into

the test solution and the current responses recorded in a similar manner. Such an
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experiment produces a calibration curve (current vs. time) similar to that shown in

Figure 1.11 where the redox current is proportional to the concentration of analyte.

2.0 —
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0.0 = I ] |
0 200 400 600 800
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Figwe 1.11 - A typical current-time plot obtained from a chronoamperometric experiment. The
plot shown here was recorded as part of 4 calibration experiment on a Awp(pd)/GOx glucose sensor
(atea I em®). Additions of known concentrations of glucose were added (represented by the arrows)
after the current response had settled to a constant value. The working electrode was maintained at

-++700 mV vs. AglAgCl in order to oxidise the hydrogen peroxide produced from the glucose-GOx
reaction.

1.2.2 Cyclic Voltammtery

In contrast to chronoamperometry where the potential to the working electrode is
switched between two values, cyclic voltammetry is a technique which is based upon
the measurement of current at the working electrode whilst the potential applied to it
is scanned between two values, firstly in a positive direction and then the direction of
the sweep is reversed and the elecirode potential is scanned back to the original
value, Linear sweep voltammetryl!?”! is a related method where the potential is
scanned in one direction only. Consider the reaction in Equation (1.14) and the CV
in Figure 1.12(b)

A — B+ ne” (1.14)
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As the potential is scanned positively, when a value is reached such that the electrode
is highly oxidising, the current increases as the amount of A, which is present at the
surface, is oxidised. The current will continue to increase until the diffusion layer is
depleted of A causing the current to peak. At this point the current starts to decay as
the size of the diffusion layer for A increases. Then when the potential is switched
to negative, for the reverse scan, the current slowly increases (negatively) until the
potential is sufficiently reducing for the layer of B, which is produced on the forward
scan and has accumulated at the surface, to be reduced. This continues until all the
A has been reduced and a peak in the reduction current is observed. Once again, as
the diffusion layer for B thickens with a build-up of A again, the current falls until
the initial potential is reached and the scanning stops.

Cyclic voltammetry is a powerful technique, particularly for initial characterisation
studies of a new redox system, as there is a wealth of information to be extracted
from the resulting cyclic voltammogram (CV) on the redox behaviour of the system
over a wide potential range. The CV is a display of current versus potential and
because the potential varies linearly with time, the x-axis can also be thought of as a

time axis.
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Figure 1.12 shows the input signal and results for cyclic voltammetry of potassium ferricyanide
(K Fe(CN),) on a platinum electrode. The plot in (a) shows the excitation signal i.e. a triangular
potential waveform with switching potentials at -0.2 and 0.5 V (vs. Ag|AgCl) and (b) shows the
resulting CV with some of the parameters highlighted i.e. peak oxidation and reduction current,
Ipesk(ox) AN Ipear(rea and peak oxidation and current potentials, E ey ox) a0 E gy reg)-
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The plot in Figure 1.12(a) shows the variation of the applied potential as a function
of time and Figure 1.12(b) shows the resulting cyclic voltammogram obtained for
potassium ferricyanide (K,Fe(CN),) on a platinum electrode.[70]

Quantification of the CV can produce information on the kinetic parameters of the
system.l’0 101 The parameters of significant interest are peak oxidation and
reduction currents (ipeuey 404 ijegeq) @0d peak oxidation and reduction potentials
(Bpeaxeny ad E . .ey) Wwhich give rise to the peak separation (AE,.y) for use in
determining the reversibility of the system and the formal electrode potential of the
redox couple (E,") for use in subsequent potential step experimenis. The rate at
which the potential is scanned, v, is also of importance when considering the time
scale of the experiment and the magnitude of the parameters on the CV.
Additionally, the choice of the location of the redox species i.e. whether either in
solution or surface bound, can affect the scan rate and, hence, the magnitude of the

parameters of the system, 138, 140]

1.3 X-ray Photoelectron Spectroscopy (XPS)

The most widely used spectroscopic technique for surface characterisation is that of
X-ray Photoelectron Spectroscopy (XPS) aka. Electron Spectroscopy for Surface
Analysis (ESCA).1-1471 Tts popularity can be attributed to the unambiguous nature
of the data collected and the high resolution and information content obtainable. The
basic concept of XPS was conceived as far back as 1914 but modern day techniques
were developed principally by Seigbahn in Uppsala, Sweden i the 1960°s.[148] The
phenomena of photoemmission and the photoelectric effect(14] provide the
fundamental theory for surface analysis using XPS. When the sample to be
examined is placed in a high vacuum and irradiated with photons of sufficiently high
energy (for ESCA the photon source is in the X-ray energy range), the atoms on the
surface emit photoelectrons after direct transfer of energy from the photon to the
core-level electron. The emitted electrons are subsequently detected by an electron

spectrometer(!?] which separates them according to their kinetic energy and displays
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them on a digital screen as element-specific spectra. This basic concept is shown as
a schematic diagram in Figure 1.13 (a) and (b).

(@)

A

Data Collection

Oxygen atom

photon
hu

L]
0,, photoejected electron
Figure 1.13 Figure 1.13 (a) Schematic of the Xray Photoelectron Spectroscopy apparatus showing

the incident x-rays and the collection method of the results and (b) the X-ray photon transfers its
energy to a core-level electron imparting enough energy for the electron to leave the atom.
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The measured kinetic energy with which the photoelectrons are emitted from the
surface region can be described by Equation (1.15)141,150]

Ey =hvo—-E, - ¢ Equation (1.15)

where E, 13 the kinetic energy of the emitted electrons (measured during the ESCA
experiment), Av is the energy of the X-ray source (a known value), & is the binding
energy of the electron in the atom (which is a function of the type of atom and its
environment) and ¢ is the spectrometer work function (a constant for a given
analyser). The ability to accuratcly measure the kinetic energies of the
photoelectrons permits the determination of their binding energies (i.e. the parameter
which thereby provides valuable chemical information on the surface configuration).
The detector counts the number of photoelectrons at the individual binding energies
and since each element has a characteristic set of binding energies, this allows

discrete differentiation of the components on the surface of the sample.

Covalent and ionic bonds between atoms in the sample will effect the charge
distribution within the atom which causes the elemental binding energies to shift in
relation to the free neutral atom. The sizc of this shift is dependent upon the
functional group bound to the atom (i.e. its chemical environment), allowing
identification of specific bond types.[14'. 143, 145, 1511 For example, consider the
bonding within amino acids (seec Figure 1.3), where there are typical Carbon (Cls)
binding energies for the acid group (COOH) at 289.0 eV while the value decreases to
286.0 eV for the amine group (C-NH,). These chemical shifts can be observed for
every element in the periodic table, with the exception of hydrogen, but it is the
applicability to the second row elements including carbon, nitrogen and oxygen that
makes ESCA such an important structural tool for organic interfaces (particularly

those used in biosensors and bioelectronics).
The XPS spectra obtained from experiments provide information only on atomic

species that are present within approximately 10 nmt!4l of the sample surface.

Although the incident X-rays can penetrate through the sample to extensive depths,
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the escape length is determined by the kinetic cnergy of the emitted photoclectron.
Only those electrons in close proximity to the surface will be able to sustain
sufficient energy to escape. Within this distance it is possible to adjust the depth of
sample being analysed by altering the angle of the emitted photoelectrons, known as
the take-off angle (TOA). This function of the XPS analysis, which is based upon a
variation in sampled depth {(d or d’), according to a sine function, is termed depth

profiling and is shown in Figure 1.14.0141,143]

|detector
A

Figure 1.14 - Schematic diagram showing the effect of varying the take-off angle of the
photoelectrons on depth of penetration into the sample and, hence, the information about the sample
composition.

By changing the take-off angle it is possible to obtain information on the surface
composition as a function of depth. At a shallow TOA, e.g. 10°, information is
acquired from the outermost layers of the sample, whilst at a stecper TOA of e.g.
90°, the composition below the surface can be analysed. This is of interest for the
studies performed in this work where it may be advantageous to know the position of
the enzyme within the sensing layer. For example, within a thin polymer-enzyme
film, where the size of the enzyme approximates to the thickness of the film. There
are two possible models for the polymer-enzyme micro-environment, in which the
enzyme is either proud of or buried within the entrapment matrix. Figure 1.15 shows
a representation of the relationship between TOA and penetration depth. A low
TOA provides increased surface sensitivity but less structural information. This
information is of value in considering the role of the polymer-enzyme film as a
permselective membrane (see Chapter 2) and its ability to exclude ions from the

electrode surface,
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toa 90" toa 90"

———p
Polymer

Figure 1.15 illustrates the two compositional models that the enzyme can employ when entrapped
within the polymer matrix and the effect the TOA has on the amount of each measured with XPS.
The enzyme can either be proud of or buried within the polymer layer. At a shallow TOA of 10°
information on the surface of the sample is obtained while a steeper TOA of 90° allows information
on the structure below the sample to be collected. (See Chapter 2 for details)

When examining samples using XPS it is usual to initially take a spectrum over a
wide range of energies (a survey spectrum) before performing detailed analyses on
the particular areas of interest for the individual sample. Figure 1.16 shows an
example of one such survey spectrum for a composite sample containing both
polymer and enzyme, which has been carried out over a wide range of binding
energies, allowing the size and position of individual elemental peaks to be
compared before obtaining higher resolution information/spectra for the elements of
interest. Figure 1.16 uses the examples of the carbon C(1s) and gold Au(4f) peaks to
illustrate this, to allow for a more in depth analysis of the elemental composition of

the sample surface.
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Figure 1.16 - A typical survey spectrum for the samples examined in the context of this thesis
showing the individual component peaks over a wide range of binding energies. Parlicular regions
such as the carbon C(1s) and gold Au(4f) can be expanded in order to obtain more detailed
information of the individua! elemental composition of the sample. (See Chapter 2 for more details)

The ESCA facility used for the analysis of samples prepared in this thesis is the
SCIENTA ESCA300 X-ray photoelectron spectrometer (8 kW Al K(alpha) and Cr
K(beta) dual source) which is located in the Research Unit for Surfaces Transforms
and Interfaces (RUSTI) at the 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 mean that it can carry out
detailed studies of structure, bonding, reactivity and dynamics of surfaces and

interfaces. The XPS equipment is shown in Figure 1.17.
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Figure 1.17 shows the SCIENTA ESCA300 X-ray photoelectron spectrometer facility at the
Daresbury Laboratory (Daresbury, U.K) used for the analysis of the polymer-enzyme sensing layers
of sensors prepared as described throughout this thesis.

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

Surface analysis using the XPS technique described in the preceding section is a
powerful analytical tool for both qualitative and quantitative analysis of interfaces.
However, other analytical methods can yield important complimentary and/or
corroborative information regarding the composition of the bulk of the sample.
Therefore, this section details the use of the technique of Fourier Transform Infra-

red spectroscopy in the examination of biosensor interfaces.[152-156]

In considering this technique, when light from an infra-red source is passed through
a sample of an organic compound some frequencies will be absorbed, whilst others
are transmitted without absorption. Particular combinations of atoms in the sample
adsorb light of know frequency (or energy) to produce an infra-red spectrum
characteristic of the bonds within that functional group. When describing the
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appearance of ditferent adsorption bands in the spectra it is important to consider the
fundamental molccular movements associated with all chemical bonds. Although
chemical bonds are able to undergo a variety of movements such as stretching,
twisting and rotating, it is the vibrational changes within the molecule which have
absorption energies observable within the infra-red region of the electromagnetic

spectrum {152, 155]

Using the simple example of a diatomic molecule to illustrate the principle of iR
adsorption, it is possible to state the sclection rules which must be followed before
meident iR radiation can be absorbed by any polyatomic molecule.[!57] For example,
in a diatomic molecule with masses m, and m, and separated by a distance r, as
shown in Figure 1.18, a directional dipole moment will be set up due to the

difference in electric charge between the two masses.

A

m,

—

onecycleintsecs ——— 3

TFigure 1.18 - Vibration of a diatomic molecule showing the frequency required before adsorption
of the iR radiation can occut.

As the molecule is constantly in a state of vibration, the separation of masses, r, will

be constantly and periodically changing, therefore sefting up an alternating electric

field of particular frequency, f = % . If the incident iR radiation is of the same

frequency then the vibrating molecule will adsorb that radiation.
Each bond within a continuously vibrating organic molecule has its own

characteristic frequency arising from both stretching and bending vibrations. The

stretching frequencies are due to vibrational changes in bond length, whilst the
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bending frequencies involve vibrational changes in bond angle. A greater amount of
energy is required to stretch the bond between two atoms than to bend it, and, as a
conscquence, the stretching adsorptions appear at higher frequencies on the iR
spectra than the bending adsorptions for the same bond. In addition, the vibrational
frequency of a bond increases when the bond strength increases and the mass of
cither of the atoms involved in the bond decreases. For example, the frequency
associated with an alkene (C=C) and a carbonyl (C=0) group stretches are higher
than those for an alkane (C-C) and an alcohol (C-O) group stretches respectively.!152]

For molccular assemblies containing a large number of atoms and bonds (such as
proteins and polymers) 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 for adsorption described above, will
produce characteristic vibrational frequencies somewhere within the iR spectra.
Additionally, for linear molecules, the degrees of rotational freedom are reduced to
(3N - 5) since only two degrees of rotational freedom are required.[152 157, 158] The
diagram in Figure 1.19 shows the possible vibrational modes of both non-linear and
linear molecules using water and carbon dioxide as simple examples to illusirate

these points,
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(b} carbon dioxide molecule
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Figure 1.19 - The fundamental modes of vibration of (a} a non-linear polyatomic molecule of water
and (b} a linear polyatomic molecule of carbon dioxide. The magnitude of their adsorption
wavenumbers varies as a function of the mode of vibration e.g. a symmetric water stretch will
adsorb at 3652 cm™ whilst a bending of the same water molecule will show up as an adsorption at
1595 em™ on the iR spectrum,

The intensity of an adsorption band is dependent upon the magnitude of the dipole
change during the vibration; the larger the change, the stronger the adsorption band.
The band intensity of a particular functional group also depends on the number of
the groups present in the sample (molecule) being studied and on neighbouring
atoms/groups. This has particular relevance for the studies performed within this

thesis which involve the examination of proteins entrapped within polymeric

films.[155, 159-167]

In this context, Chapter 3 specifically studies the construction of a sensing layer
consisting of glucose oxidase immobilised within a non-conducting
electropolymerised film of poly-o-phenylenediamine. Both the enzyme and the
polymer are made up of many functional groups and chemical bonds which, due to

considerable overlap, can make differentiation difficult using an FT-iR spectrum of
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the sample. The structural similarities between the amino acids e.g. C-N, C-C, C=C,
which form the complex protein and the repetitive monomer chains of the polymer
are responsible for producing overlapping peaks on the respective spectra. This task
is made more difficult by the fact that there are roughly equivalent amounts of
organic {polymer) and biological (protein) material within the biosensor interface.
However, as is shown in Chapter 3, it is possible fo determine peaks characteristic of

specific functional groups in both spectra.

When attempting to extract information on the protein content of a biosensor-
polymer sample, the particular peaks to examine correspond to the following
functional groups which are present in proteins: C=0, -COOH, COO", 0O-H, N-H,
NH;" and S-H. The most useful energies of the spectrum to study are those
corresponding to the peptide bonds (see Figure 1.3) within the enzyme molecules,
which produce a strong characteristic signal. The peptide bonds have three
associated modes of vibration giving rise to three individual peaks on the iR
spectrum; amide I, amide II and amide IIl. The amide I band is the strongest of the
three and is usually associated with the C=0 stretch between 1600 -~ 1700 cm™'. The
amide II band, found between 1500 - 1600 ¢m’, is a strongly coupled interaction
between C-N stretch and N-H bend vibrations and finally, the amide Il is a weak
peak due to secondary N-H bend vibrations, found between 1200 - 1300 c¢m™. The
absorption values for these vibrations should vary as the concentration of the protein

on the sample surface is varied.[152, 155,158, 164]

A similar breakdown of the absorption spectra can be adopted for the poly-o-
phenylenediamine polymer, the structure of which can be seen in Figure 1.7. The
groups to examine on this specirum are thosec at approximately 1500 cm™
characteristic of the benzene-like structure of the polymer backbone and 1650 cm™
which is indicative of the presence of secondary amines on the branches of the

polymer.[168]

The principle of FT-iR operation is based upon infrared light from a p-polarised lght

source passing through a scanning Michelson interferometeri!52] such that a Fourier
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Transformation of the energy gives a plot of intensity versus frequency. When a
sample is placed in the beam, it absorbs particular frequencies (as described above),
so that their intensities are reduced in the interferogram and the subsequent Fourier
Transform is the infrared adsorption spectrum of the sample. The most fundamental
component of the iR spectrometer is, therefore, the Michelson interferometer whose

function can be understood with reference to Figure 1.20.

mirror D

 beamsplitter B

e

| consfructive light

detector

Figure 1.20 shows a schematic of a Michelson interferometer illustrating the reflective pathway of
the incident light before it is detected. In the FT-iR spectrometer the sample is placed between the
source and the beamsplitter.

Light from the source strikes the beamsplitter B (usually KBr or Csl coated with
germanium for iR applications), which is designed to split beam A exactly in half.
One half is transmitted, as beam C, to the plane mirror D and reflected there back to
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beamsplitter B; the other half of beam A is reflected, as beam E, to another plane
mirror F, where it is reflected back to B. Both these beams are recombined as beam
G (by reflection and transmission respectively) and passed to the detector.
Depending upon the position of mirror F (it is moved in the direction shown in the
diagram) either constructive or destructive inierference patterns, i.e. light and dark
images, will reach the detector and then a Fourier Transform can be applied to this

pattern to produce the intensity dependent iR spectrum for a patticular sample.

For analysis of thin coatings on metal surfaces or samples with a very smooth
surface the iR spectrometer is used in grazing incidence reflectance (GIR) mode.[!54
169,1701 When opcrated 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 sample. It is generally found that the thinner the
sample the larger the incident angle that is applied in order {o obtain information at

as great a depth of the sample as possible.

1.6 Outline of Thesis Structure

The work presented in this thesis has been separated into five main chapters, each
addressing glucose or glutamate sensors which have been either prepared with a

different polymer or analysed using distinct techniques.

Chapter 2 presents the clectrochemical analysis of glucose sensors prepared by
electropolymerisation of poly(phenylene diamine) and glucose oxidase. The
construction of the sensing layer was investigated by varying both the concentration
and method of enzyme immobilisation. Also studied was the cffect of oxygen on the
sensor response and the method of elimination of interferents such as ascorbate.

Finally, these results were applied to the preparation of glutamate sensors.
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Chapter 3 uses the spectroscopic techniques of X-ray Photoelectron Spectroscopy
(XPS) and Fourier Transform Infra-red Spectroscopy (FT-iR) to examine the
polymer-enzyme interface of the sensors prepared in Chapter 2.

Chapter 4 applies the techniques desecribed in Chapters 2 & 3 i.e. electrochemical and
spectroscopic analyses, to the responses and polymer-enzyme interfaces of glucose
sensors prepared by electropolymerisation of poly(fluorophenol) and glucose
oxidase. The effect of varying the polymer enables enhanced quantification of the

interface.

Chapter 5 introduces the concept of direct electron transter through the use of
osmium hydrogel based glutamate sensors and examines their electrochemical
response optimisation.  Additionally, their responses were investigated when

operated under low oxygen conditions and in the presence of interfering species.
Chapter 6 examines the composition of the glutamate sensors described in Chapter 5
using cyclic voltammetry, XPS and FT-iR to determine the effect of the crosslinking

agent that is required to hold the system together.

Chapter 7 contains the conclusions of the project along with suggestions for future

work.
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CHAPTER 2 - ELECTROCHEMICAL ANALYSIS OF
POLY(o-PHENYLENEDIAMINE) BASED SENSORS

In this thesis a variety of glucose and glutamate polymer-enzyme electrodes were
prepared in order to examine different sensor configurations. The effect of vatying
transducer material, immobilisation matrix and biological sensing element were all
investigated for glucose sensors and used as a model for the development of
ghutamate sensors. In addition, an understanding of the polymer-enzyme structure in
the context of the spectroscopie studies performed in Chapter 3 was obtained. This
chapter describes the construction of glucose specific electrodes by immobilisation
of the enzyme glucose oxidase (GOx) within an electrochemically formed non-
conducting polymer film of poly-o-phenylenediamine (p{pd)). The work
compliments premium research accomplished both in ouwr laboratory using
microelectrodes®], as well as that of others(103, 106, 107, 171 The method of enzyme
immobilisation was varied in order to maximise the electrode response. Also
assessed was the sensors” ability to eliminate interfering substances and their

sensitivity to glucose for different concentrations of oxygen in solution.

Using the results from the glucose sensors, glutamate electrodes were similarly
prepared by immobilisation of glutamate oxidase (GLOx) within poly-o-
phenylenediamine films and their responses modelled using previously described
algorithmsl?® 1321, The work provides information which becomes relevant in the

context of the data present in Chapter 3.
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2.1 Experimental

2.1.1 Materials

Ortho-phenylenediamine (1,2,-benzenediamine) (P-9029) was purchased from
Sigma (Poole, England) and was used without any further purification. Phosphate
buffer solutions (40 mmol dm™) were prepared from stock solutions of disodium
hydrogen phosphate and sodium dihydrogen phosphate (Sigma). Potassium chloride
(KCl) was added to the buffers (50 mmol dm™) as the supporting electrolyte, and the
pH of the buffer was adjusted to pH 7.4. All solutions were freshly prepared using
reverse osmosis (RO) ultrapure water (Millipore, U.K). Stock solutions of D-
glucose (G-7528), L-ghutamic acid (G-6904), ascorbic acid (A-5960), prepared in
appropriate buffers immediately prior to use, and Z-a-phosphatidylcholine (P-6638),

100 mg m!" prepared in chloroform, were all purchased from Sigma. Glucose

oxidase, GOx, (EC 1.1.3.4., 245 U mg ) from Aspergillus niger was a gift from
MediSense (Birmingham, UX.). Glutamate oxidase, GLOx, (EC 1.4.3.11.., from

Streptomyces sp., 30 U mg_l) was a gift from Yamasa Shoyu (Chiba, Japan). Both
enzymes were prepared as buffered solutions and stored at -20°C. Oxygen-free
nitrogen was purchased from BOC (U.K.)

Gold working electrodes were fabricated using standard photolithographic
techniques, as described in section 2.1.2. The materials used, titanium (Ti),
palladium (Pd) and gold (Au) were purchased from Goodfellows (Cambridge, U.K.).
Platinum ‘bulk’ macroelectrodes (MF-2013) encased in plastic, inside diameter 1.6
mm and outer 3 mm, were purchased from BAS Technicol, Cheshirc. The AgjAgCl
reference electrode (MF-2063) was also purchased from BAS.
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2,1.2, Methods

2.1.2.1. Preparation of substrates:

Electrodes used were either polycrystalline or evaporated gold electrodes. The
evaporated surfaces were produced, using a well established ‘recipe’ on a Plassys
QD1 automated electron-beam evaporation system, by deposition of a Ti/Pd/Au
(10/10/100 nm) multi-layer onto a glass substrate. The particular recipe of metals
was chosen as it provided excellent adhesion of the metal to the glass substrate, and
good electrochemical stability even at high oxidative potentials in aqueous solutions.
Large scale electrodes (I cm X 2 cm) were fabricated using scribed glass slides
which could be ‘snapped” (after surface functionalisation) to give two identical (1

cm’?) electrodes, either for electrochemical studies or for XPS,

In all cases, the gold was cleaned immediatcly prior to polymer deposition: the
evaporated surfaces were cleaned by a reactive ion etch for 5 minutes (50 mT, 20
scem and 10 W) in first oxygen and then argon using a PlasmaFab ET340, whilst
polycrystalline platinum was polished with alumina slury (0.3 pm grain size) and
sonicated in reverse osmosis water for 5 mioutes Prior to functionalisation, gold
slides were stored in RO water, in order to reduce the amounts of adsorbed

hydrocarbon contamination.

2.1.2.2. Electrochemical Apparatus:

All electrochemical measurements were performed using a PC-controlled PAR 273
potentiostat (EG&G Princeton Applied Research, UK). DC cyclic voltammetryl70l
and chronoamperometryl13®] were carried out in a three-chamber all-glass cell
incorporating a conventional three-electrode configuration. One of these chambers
accommodated the working electrode (e.g. polycrystalline gold), a platinum counter
electrode was in the second and the final chamber, conmected to the others by a glass
frit, held a Ag|AgCl reference (3.0 mmol dm™ NaCl). On accasions, polymer films

were grown in a single chamber with all three electrodes within the same cell.
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2.1.2.3. Enzyme Electrode Preparation:

The following different arrangements of enzyme electrode were prepared:
Aw/p(pd)/GOx, Pt/p(pd)/GOx and Aw/p(pd)/GLOx. The Au/p(pd)/GOx electrodes
were constructed using enzyme solution concentrations of 10 mg ml" and 1 mg ml?,
employing three variations on the immobilisation method. The first involved a 5
minute preadsorplion of enzyme onto the bare gold electrode followed by
electropolymerisation from a solution of 300 mmol dm™ o-phenylenediaminel172]
(prepared in 40 mmol dm™ phosphate buffer). The polymerisation reaction was
imitiated by a potential step from 0 mV vs. AglAgCl to 650 mV vs. Ag|AgCl and
maintained at this value for 10 minutes. As the growth of non-conducting polymers
is self-limiting, the anodic polymerisation current falls to a steady-state value, close
to zero, after a few minutes.['%! This can be used as an indication of the thickness of
polymer film on the electrode surface. The second immobilisation method followed
the reverse pattern i.e. a 10 minute clectropolymerisation of p(pd) followed by a 5
minute postadsorption of GOx. The third type of films were grown by a 10 minute
co-polymcrisation from a solution containing both o-phenylenediamine monomer
and glucose oxidase (at concentrations of both 10 mg mi” and 1 mg ml"). The same

procedure of co-polymerisation was adopted for the Pt/p(pd)/GOx elecirodes.

The experiments using Pt/lipid/p(pd)/GOx electrodes were prepared by adding
initially a 5 pl drop of the phosphatidylcholine solution onto the platinum surface
and allowing it to dry before polymerising the p(pd) film containing GOx as above.

The Pt/p(pd)/GOx sensors prepared for thc interference and oxygen-tension
measurements were polymerised from a solution containing 300 mmol dm?

phenylenediamine and 5 mg ml” glucose oxidase.
The Pt/p(pd)/GLOx electrodes were prepared in the same manner but using a

solution of 300 mmol dm” o-phenylenediamine containing 13 pg ml"' glutamate

oxidase.
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2.1.2.4. Electrochemical Measurements:

Amperometric current profiles of the sensors were measured in responsc to known
solution concentrations of the analyte of interest, i.e. glucose or glutamate. The
working electrode was maintained at a potential of +700 mV vs. Ag/AgCl and the
current response recorded for successive aliquots of glucosc (in the concentration
range 0 - 100 mmol dm™) or glutamate (in the concentration range of 0 - 25 mmol
dm?). The current value was allowed to stabilise to a steady-state value after each
addition. For the Au/p(pd)/GOx sensors the effect of varying the concentration of
enzyme in the monomer solution was monitored by examining the effect it had on

the sensor response.

2.1.2.5. Interference Measurements:

Electrochemical measurements were made when the Pt/p(pd)/GOx sensors were
exposed to physiological concentrations of the electro-active interferent ascorbic acid
(0 - 0.4 mmol dm™).l'”3] The electrodes were poised at +700 mV vs. Ag|AgCl and
the current profiles in response to the ascorbate recorded. In order to examine the
effect of varying the polymer growth conditions, electrodes were tested which had

films grown for 10 minutes, 1 hour, 2 hours and 24 hours.

The scanning electron microscopic analysis of the p(pd) films was performed using a
Hitachi S-800 electron microscope. Samples were prepared by depositing a thin

layer of gold-palladium before loading into the microscope.

2.1.2.6. Effect of Partial Pressure of Oxygen:

The Pt/p(pd)/GOx sensors described above were used to measure electrochemical
responses to glucose under varying solution conditions. The experimental apparatus
used to monitor the level of oxygen (pQ,) in solution consisted of a platinum circular
Clark-type working electrode and a AgjAgCl ring refercnce electrode, mounted in a
perspex block containing a vent to allow de-gassing with nitrogen (N,). The oxygen
electrode was maintained at a constant potential of -650 mV vs. Ag|AgCl and the
amperometric current response was measured before and after a 20 minute nitrogen

purge and also after a 20 minute period of air recirculation.
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The data from the electrochemical measurements was collected on a Viglen personal

computer and analysed using the graphical package SigmaPlot.

2.2 Results and Discussion

This section is concerned with the investigation of the kinetic behaviour of giucose
sensors, constructed by immobilisation of the enzyme within an electropolymerised
non-conducting film. Their electrochemical responses under both aerobic and
anaerobic conditions are discussed in the context of the imporiance of the influence
of interferents. Having characterised the glucose electrodes, electrochemical
measurements were also obtained for a glutamate sensor modelled on the operation

of the glucose sensor,

2.2.1 Electrochemical Analysis of the Enzyme - Polymer Film Growth

Glucose sensors were prepared, as described previously, employing three different
immobilisation configurations whilst maintaining identical monomer and enzyme
solution concentrations. Electrochemical assays were performed on samples
prepared using three possible electropolymerisation protocols with measurements
being made for glucose concentrations in the range 0 - 100 mmol dm”. The results
for the electro-immobilisations, performed at two different solution concentrations

are shown in Figure 2.1 (a) and (b).
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Figure 2.1 - Electrochemical assay responses for electrodes prepared (as described in section 2.1.2)
by preadsorption, copolymerisation and postadsorption from enzyme solutions of both (a) 10 mg mI
"and (b) 1 mg ml".

The results in Figure 2.1(a) show the variation in sensor response for the different
polymer-enzyme protocols prepared with a GOx solution concentration of 10 mg ml’
'. Figure 2.1(b) shows the same pattern of results for a GOx solution concentration
of 1 mg ml"'. In both cases the electrode responses follow a similar trend with
respect to the protocol used, with the preparation technique involving polymerisation
from a solution containing both monomer and enzyme yielding the highest electrode
responses. Current responses are lowest when the GOx has been preadsorbed onto
the surface prior to the polymer growth. This could suggest either that the polymer
layer suppresses diffusion of the glucose to the electrode or that there is poor
adhesion between the GOx and the gold surface. However, the latter theory has been
shown not to be the casel!’ 1751, For the technique when polymer growth is
followed by a GOx postadsorption, the current values appear to be larger, although
still substantially lower than those prepared using the copolymerisation technique.
This may be attributed again to poor diffusion of the reaction product, i.e. the H,0,,
through the polymer to the electrode surface and/or bad adhesion of the GOx to the
polymer. The latter theory may be supported by the fact that the electrodes are
stored in buffer solution for a few hours prior to assaying which increases the

likelihood of GOx desorption into solution. Therefore, in order to obtain maximal
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enzyme loading in the polymer layer, the sensor should be prepared by

¢lectropolymerisation from a solution containing both monomer and enzyme.

Surprisingly, it can be seen from Figure 2.1 that the current response for the sensor
prepared from a 1 mg ml’ GOx solution is larger than that obtained from the
electrode prepared with 10 mg ml* GOx. A possible explanation for this effect
could be that as the concentration of enzyme on the surface i.e. the surface density of
enzyme, increases, the diffusion pathway of the enzymatically produced H,0, to the
electrode surface is restricted; thus reducing the magnitude of the electrode response
and rendering it limited by the concentration of product at the surface as a function

of enzyme density/ease of diffusion.

This effect was observed by O’Neilli!%] using a similar system based upon GOx
tmmobilised within a film of poly-o-phenylenediamine at platinum electrodes and
also by Fortier!!”8 using a conducting polymer, polypyrrole, system of
Pi/p(py)/GOx. O’Neill found that by increasing the GOx concentration from 1 mg
ml” to 5 mg ml™ the V., value decreased and this drop was attributable to a severe
depletion of oxygen at the film/solution interface at high GOx concentrations,
However, this feature of enzyme loading was found to have an advantageous effect
on the sensor selectivity in such a manner that greater loading yielded the highest

glucose:ascorbate ratio. (see section 2.2.3).

Therefore, having established an optimum method of cnzyme immeobilisation on
gold substrates the remainder of the glucose systems that were examined were
prepared using platinum substrates. Additionally, during the preliminary stages of
this work a set of clinical ir vivo electrodes were donated to the laboratory which
were fabricated in platinum and, therefore, encouraged the development of glucose

sensors based on platinum electrodes.
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2.2.2 - Electrochemical Glucose Assay Results on Platinum Electrodes

Glucose sensors of composition Pt/p(pd)/GOx (prepared using the copolymerisation
technique described above) were constructed with GOx solution concentrations of 10
mg ml’ and 1 mg ml' and their response to varying concentrations of glucose

measured at 700 mV vs. Ag|AgCl. Their responses are shown in Figure 2.2.
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Figure 2.2 - Glucose assay results for Pt/p(pd)/GOx electrodes prepared (as described in section
2.1.2) with 10 mg ml” and 1 mg mI"' GOx.

The graph in Figure 2.2 follows the same trend as those in Figure 2.1 i.e. the current
response is greater for smaller enzyme loading. Kinetic analysis of the data in
Figure 2.2 was carried out using an algorithm which describes the general kinetic
behaviour for the response of amperometric enzyme electrodes.[?% 1321 As discussed
in Section 1.1.7, the analysis generally provides a good model for the observed
results when the enzyme is restricted within a thin polymer membrane, particularly if
the thickness of the polymer film is small compared with the thickness of the
reaction layer i.e. the enzyme. In the experiments described in this chapter, it is

known that both the p(pd) film and enzyme layer are thin; approximately 10 nm.
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Therefore, it is feasible to apply the following expression for theoretical steady state

response of enzymes entrapped within non-conducting/thin polymer membranes(2%:

132, 1341 shown in Equation 2.1.
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Equation (2.1)

This can be rearranged into a form similar to the Lineweaver-Burke plot which is

most commonly used to determine enzyme kinetics. This is shown in Equation 2.2,
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Equation (2.2)

) and both are

independent of [S,]. Values for these kinetic parameters for the Pt/p(pd)/GOx

sensors are shown in Table 2.1.

Kk, 5 K25 K,
Electrode Type K, (a+ k”%KAGQ) Ko(1+ k‘%{(daw)
/s’ / mol cm? s / mmol cm™
" Pt/p(pd)/GOx 28.01 1.73x 10° 16.19
(10 mg/ml)
PUp(pd)/GOX 84.34 86.36 x 10° 0.98
(1 mg/ml)

Table 2.1 - Comparison of kinetic parameters obtained from the analysis of the data in Figure 2.2
using the expression in Equation (2.2) which characlerises enzymes immobilised within thin

polymer films,

The values in the second column of Table 2.1, which are equivalent to the V

max

parameter of the traditional Lineweaver-Burke analysis, show an incrcase when the
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enzyme solution concentration was reduced from 10 to 1 mg ml' which is as
expected from previous results in this chapter. Similarly, the values in the third
column, equivalent to the K, value, show a corresponding decrease, indicating a
reduction of the dynamic range of the electrode. The values in Table 2.1 were also
compared with literature values for other enzyme electrodes analysed using the same
immobilisation model. Caruanalli®134] yged this model to analyse GOx immobilised
at a platinum surface within a film of polyphenol. The kinetic parameters obtained
using polyphenol, after electrode area compensation, are lower than those obtained
for the polyphenylenediamine. Therefore, it may be surmised that since the
bioclogical component (enzyme) in the two GOx based systems is identical they have
same K, and k_, values and if the enzyme surface concentration, ey was the same
then the deciding factor in the kinetic analysis would be the partition coefficients K
and K, for the polymers.

Figare 2.3 {(a) and (b) shows the current response of the Pt/p(pd)/GOx scnsors and a
besi-fit curve plotted using values obtained from Equation (2.2). The solid curve
represents the current responses measured during experimentation and the broken
curve represents the non-linear least-squares best fit of Equation (2.2) to the data
using the Marquardt-Levenburg algorithm implemented by SigmaPlot. (The
Marquardt-Levenberg algorithm finds the parameters of the independent variable(s)
that give the best fit between the equation and the data. This algorithm seeks the
values of the parameters that minimise the sum of the squared differences between

the values of the observed and predicted values of the dependent variable,)[177]
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Figure 2.3 - Current responses for the Pt/p(pd)/GOx electrodes (prepared as described in section
2.1.2) with enzyme concentrations of (a) 10 mg ml” and (b) 1 mg ml”'. The solid line is the
experimental data and the broken line is the best fit line.

The advantage of using Equation (2.2) for fitting the data over the standard
Lineweaver-Burke,[%4] double reciprocal plot is that it incorporates parameters which
describe the system in much greater detail. However, further analysis of the data is
problematic without accurate estimates for ey, and k., of the immobilised enzyme.
Lineweaver-Burke plots are primarily a solution based model where diffusion/mass
transport is not restricted and, therefore, is often limiting. At surfaces and for
immobilised systems, other parameters must be introduced and become more

important, hence Equation (2.1).

2.2.3 - Effect of Ascorbate on Sensor Response

In this section both gold and platinum electrodes were used due to the variety of
techniques utilised in observing the effect of electrochemical interferents on
electrode response and also because the polymer films can take on various forms on

different electrode materials.

2.2.3.1 Increasing Polymerisation Time of Au/p(pd)/GOx Sensors
In terms of the application of the enzyme electrodes to studies involving

determination of glucose in vivo, the effect of interferents is of prime importance.
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The relative permselectivity of the polymer films described in this chapter was
investigated by correlation between polymerisation time and the ascorbic acid

response observed in the physiological range 0 - 1 mmol dm™,

Investigations into altering the polymerisation time from 10 minutes up to 24 hours
showed that the response to ascorbic acid decreased as the p(pd) polymerisation time
was increased. This suggests that there is some mechanism connected to a prolonged
polymetr prowth mechanism that enables it to function as a better barrier to

electrochemical interferents. The graph shown in Figure 2.4 shows this trend.
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Figure 2.4 - Variation in cumrent response of Au/p(pd)/GOx electrodes (prepared as described in
section 2.1.2) in response to ascorbate. Electrodes have polymerisation times of 10 mins, 1 hour, 2
hours and 24 houts.

At present, little is known about the orientation of the individual monomers within
the poly-o-phenylenediamine film except that it grows to a self-limiting thickness of
approximately 10 nm after 10 minutes growth.[1%] One possible explanation for this
apparent signal reduction may be that prolonged polymerisation allows the polymer

to ‘backfill’ i.c. grow info any ‘gaps’ in the flm that formed during the initial

55




Chapter 2. Electrochemical Analysis of Poly(o-phenylenediamine) Based Sensors.

minutes of growth. Another possibility is that the films become more evenly and,

hence, densely packed as the film is grown for extended periods of time.

In order to examine the surface of the polymer, scanning electron microscopy (SEM)
was performed on the p(pd)-covered gold surface both before and after repeated
exposure to 10 mmol dm™ ascorbic acid for 10 minutes. Typical results can be seen

in Figure 2.5.

Figure 2.5 - Scanning Electron Micrographs of the p(pd)/GOx films (prepared as described in
section 2.1.2) on gold both before (a) and after (b) prolonged exposure to ascorbic acid.

The SEM photographs show what appears to be a uniform layer of the polymer on
the gold surface before ascorbate exposure (Figure 2.5(a)). After exposure some
degradation of the polymer matrix can be observed which takes the form of ‘holes’
in the uniform coverage. This result is supported by the work carried out (as part of
an undergraduate project) which showed an increase in signal response to ascorbate

on multiple assays.

Therefore, it seems that the relative permselectivity of the p(pd) films to ascorbic

acid, when the enzyme is present, can be effectively decreased by increasing the
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polymer growth time. This effect, however, is negated by the fact that on multiple
exposure to ascorbate the polymer starts to break down and thus increases the
interfering signal response again. This problem was also addressed using X-ray
Photoelectron Spectroscopy (XPS), the results of which can be found in Chapter 3.
The XPS measurements provide evidence that there is indecd some structural

alteration to the polymer layer as the polymerisation time is increased.

2.2.3.2 Effect of Introducing Lipids into the p(pd) Layer

It has been shown by Wangl197] that the introduction of lipids into the p(pd) matrix is
effective at improving the selectivity of amperometric glicose sensors based upon
platinum substrates. Lipid coatings are known to offer discriminative properties
bascd on the polarity of their surface/coatingf!31. 178-180) gnd so the combination of
such hydrophobic layers with the size exclusion features of p(pd) films apparently
offers remarkablc improvements in the selectivity of glucose biosensors made in this
way. The lipid layer acts as a host layer for the growing p(pd) and immobilised
enzyme, allowing passage of the small hydrogen peroxide to the electrode surface
whilst preventing the ascorbate reaching the surface by using its combined polarity

and size effects.

Figure 2.6 compares the glucose response and ascorbate response for sensors

prepared with a mixed p(pd)-lipid layer.
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Figure 2.6 - Calibration plots for (a) glucose response (0 - 100 mmol dm™) and (b) ascorbic acid (0 -
0.4 mmol dm™) at both p(pd) only and the p(pd)-lipid glucose electrodes (prepared as described in
section 2.1.2).

The plot in Figure 2.6(a) compares the current response versus substrate
concentration for successive additions of glucose, as obtained at both p(pd) and
p(pd)-lipid glucose electrodes. Although the steady state response of the sensors are
consistently high, it appears that the response experiences almost a 50% decrease
when the lipid is introduced into the polymer film. However, Figure 2.6(b) shows
that the p(pd)-lipid structure offers substantially improved discrimination against the
otherwise interfering oxidisable interferent ascorbic acid. The response to ascorbate
is reduced by approximately 85% when the lipid is incorporated within the polymer
layer and, more importantly, there is a corresponding rise from 0.48 to 3.07 in the
signal to noise ratio (for responses due to 10 mmol dm™ glucose and 12 mmol dm™
ascorbate) . This improved selectivity is obtained at the expense of maximum
analyte sensitivity and, therefore, it is essential that further experimentation be
performed which examines the effect of varying the concentration and type of lipid
used. However, the results in this section offer an example of methods that can be
used to improve the signal to noise ratio of glucose sensors prepared with

polyphenylenediamine films.
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2.2.4 - Oxygen Dependence of the Pt/p(pd)/GOx Sensors

The oxygen dependence of glucose sensors is of considerable significance for the
application of such sensors in biological systems where oxygen availability is
severely restricted.[% %1 Preliminary tests have been performed on Pt/p(pd)/GOx
electrodes for the effect on the glucose response when operated under air-saturated
i.e. aerobic and nifrogen-saturated i.e. anaerobic conditions. Their response to
glucose in the range 0 - 50 mmot dm” was measured firstly under air-saturated
conditions then the solution was nitrogen-purged for approximately 20 minutes to
remove oxygen and the responses measured under nitrogen-saturated conditions.
Finally oxygen was reinfroduced into the solution by bubbling air through for
approximately 20 minutes and the responses measured again in an air-saturated
environment.  Figure 2,7 shows the profile of the glucose response of a
Pt/p(pd)/GOx sensor under such conditions. The plots have been normalised to zero
current density although some current density was maintained after extensive

degassing, most probably attributable to variations in the polymer structure.
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Figure 2.7 - Amperometric steady state response of Pt/p(pd)}GOx sensor (prepared as described in
section 2.1.2) to glucose in the range 0 - 50 mmol dm™ under air, nitrogen and air-saturated
conditions.
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It can be seen from the current profiles in Figure 2.7 that the introduction of nitrogen
to the sensor environment, assuming approximately oxygen-fiee conditions,
significantly decreases the sensor response over the whole range of glucose
concentrations. On recirculation of oxygen into the system in the form of bubbled
air, it was possible to regain between 34 - 44% of the original response values (with
the exception of the 50 mmol dm™ response). Contrary to the expected result, the
responses under oxygen-free conditions did not fall o zero and, in fact, a
surprisingly high response was observed. This may be due to insufficient nitrogen
purging but recently O’Neillll!5! has reported that there appears to be evidence to
suggest that at low oxygen concenirations the response of Pt/p(pd)/GOx
microelectrode sensors are effectively independent of the oxygen present in solution.
This implies that mechanisms other than reaction of solution oxygen with reduced
enzyme are responsible for the signal generated. One possible mechanism is the
formation of a platinum oxide laycrl181-184] at the electrode surface, perhaps due to
hydrolysis of water, which is sufficient to imitate the solution oxygen required for
hydrogen peroxide detection systems. Alternative hypotheses are that some oxygen
becomes dissolved and/or entrapped within the polymer layer itself and can be used
as a reserve supply or that the electrode surface acts as some form of mediator for
the current. Continued research into this area is currently being carried out and is

essential for the development of /n vive sensing.

2.2.5 - Application of p(pd) Films to Glutamate Sensors

Although the majority of this thesis concentrates on producing a well characterised
glucose biosensor, the ultimate aim is to take the results obtained and apply them to
other enzyme systems. Therefore, it is important to demonstrate thal the glucose
systems described above can be applied to biosensing of other important substrates,
in this case glutamate. Electrodes were constructed by immobilising glutamate
oxidase within an electropolymerised film of p(pd) and the response of the
Au/p(pd)/GLOX sensor to glutamate in the range 0 -~ 25 mmol dm™ was observed. A

typical calibration plot for these sensors is shown in Figure 2.8.
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Figure 2.8 - Electrochemical current response for Au/p(pd)/GLOx electrode (prepared as described
in section 2.1.2) in response to glutamate in the range 0 - 25 mmol dm” Fitting performed to
Equation (2.2) for enzymes immobilised within thin polymer films.

The data points displayed in Figure 2.8 show the response of the sensor to glutamate
and the broken curve is a best-fit curve for the data using the complex fit Equation
(2.2) for enzymes immobilised within thin polymer films, which describes the
current not only in terms of the enzyme kinetic parameters and substrate
concentrations but also involves more advanced parameters such as diffusion
coefficients. The values of the kinetic parameters obtained from the analysis i.e.

Kskwez and kme

K, a1+ k‘%x,a,,)

, were found to be 45.89 s' and 60.17 mol cm’ s’
respectively, and can be compared with those in Table 2.1 for the enzyme glucose
oxidase. This analysis provides a K, equivalent term of 1.31m mol cm™ which can
be compared to the value obtained, using a Michaelis-Menten kinetic model, of 0.7
mmol dm? for the K, of the enzyme which agrees with the range quoted in the
references32] (depending upon the sensor configuration). The important

characteristic to extract from this result is simply that various enzymes, including

glutamate oxidase, are able to be immobilised within p(pd) films without any loss of
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function and can operatc successfully as biosensors capable of detecting their

particular analyte of interest.

2.3  Summary

To summarise the work completed in this chapter, glucose sensors have been
successfully designed which maximise the sensor response and combine the size
exclusion properties of the p(pd) films with the polarising effect of lipid layers in
order to increase the signal to noise ratio. The method of preparing the polymer-
enzyme layer which produced the greatest signal to noisc ratio was that of
copolymerisation from a solution containing both enzyme and monomer.
Additionally, it was found that the relationship between enzyme solution and surface
concentration was such that a greater solution concentration produced a larger
clectrode responsc. However, this relationship reached a point where increased
enzyme loading produced a reduction in current response, most probably due to

restriction of the analyte diffusion pathway.

By preparation on platinum snbstrates in this manner, the investigation of the sensors
under aerobic conditions showed that they were able to operate efficiently under low
oxygen conditions, allowing them to be considered for use in the development of ir

ViVO Sensors,

Finally, it has also been shown that such a sensor construction can be used for

detection of other important analytes such as glutamate.
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CHAPTER 3 - SPECTROSCOPIC ANALYSIS OF
POLY(0o-PHENYLENEDIAMINE) BASED GLUCOSE
SENSORS

Previously, three different strategies have been used to imumobilise enzymes within
polymers for electrochemical biosensing interfaces; (a) preadsorption of the enzyme
onto the transducer surface followed by electrodeposition of a layer of polymer {or
other binding matrix)l'%; (b} copolymerisation from a solution containing enzyme
and polymer(32]; (¢) postadsorption of the enzyme on top of the polymer layer(185],
In the literature the performance of electrodes prepared using these methods has been
assessed solely by looking at their electrochemical response to the analyte of
nterest.[*7]1  Although this can indicate which method is best for maximising the
current response of the sensor it does not provide any information on the
biomolecular composition of the polymer-enzyme interface. Thercforc, this chapter
illustrates the use of two different spectroscopic techniques to analyse the
composition of the polymer/enzyme layer of glucose biosensors prepared under

different conditions.

In this respect, the techniques used were X-ray photoelectron spectroscopy (XPS)141]
and Fourier Transform Infra-Red Spectroscopy (FT-iR)I1521 which provide surface
and bulk elemental analysis of the semsing interface respectively. The resulting
spectra can supply both qualitative and quantitative information on the sensor
configuration and can be correlated with electrochemical assay results (Chapter 2) in

order to ascertain detail on the structure and composition of the sensor interface.

In this chapter both techniques are used to provide both quantitative and qualitative
analysis of the distribution of enzyme and polymer within the sensing layer.
Although both techniques have a broader potential for quantitative analysis, the
results presented in this chapter are limited because of our inability to distinguish
spectroscopically between the polymer and enzyme spectra. In contrast, the system

described in Chapter 4 which uses the polymer film polyfluorophenol is analysed in
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more detail using a more advanced fitting technique to arrive at the percentage of
both enzyme and polymer on the surface. This can be confidently performed
because the polymer spectra can be easily differentiated from the enzyme specira by

its fluorine content.

3.1 Experimental

In this chapter glucose enzyme-electrodes, prepared by the immobilisation of glucose
oxidase within a film of poly-o-phenylenediamine, were examined using the
techniques of XPS and FT-iR. Chapter 2, section 2.1.1, describes the materials
required in the preparation of the samples whilst the methods section, 2.1.2,
describes the procedures required for their production. The experimental section of
this chapter provides an overview of the procedures required in performing both the

analytical techniques described above.

3.1.1 Methods:

3.1.1.1 Sample Preparation:

The sume samples were used for both the XPS and FT-iR analyses and werc of area
1 em®* which was sufficienily large enough to obtain relevant information on the
surface composition. To keep the amount of surface contamination to a minimum,
all samples were stored under phosphate buffer (50 mmol dm™) immediately after
preparation and analyses were obtained as quickly as possible (usually < 1 day). In
addition to the polymer-enzyme combination samples being analysed, reference
samples for both the polymer and enzyme alone were prepared. The p(pd) reference
samples were prepared by electropolymerisation at a potential of +700 mV vs.
AglAgCl from a solution containing 300 mmol dm™ phenylenediamine for 10
minutes. The enzyme reference samples were prepared by adsorption of protein,

whilst cycling the electrode between 0 ~ 700 mV vs. Ag|AgCl for 30 minutes in a
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solution containing 10 mg ml™ glucose oxidase (prepared in 50 mmol dm™ phosphate
buffer}. Previous tests indicated that electrosorption of the enzyme reference sample

was found to yield the greatest amount of enzyme on the clectrode surface.

3.1.1.2 XPS Analysis:

All the XPS spectra were collected using the high-resolution SCIENTA ESCA 300
spectrometer located at RUSTI, Daresbury Laboratories (Warrington, U.K.). The
instrument consists of an AlKa rotating anode source producing radiation of energy
1487 eV which is then monochromated before being projected onto the sample. The
photoelectrons are then collected at the detector, after being separated according to
their energy using an electrostatic hemispherical electron energy analyser. The slit
width of the source was maintained at 0.8 mm to obtain a consistent sampling area
and the take of angle was varied from 10° to 90° for each sample measured. Prior to
measurement, each sample was rinsed in RO water, blown dry and immediately
loaded into the sample chamber of the instrument. All measurements were

performed with a pressure of ca. 10 Torr in the main vacuum chamber.

Analysis of each samiple was performed by first taking a wide survey scan spectrum
covering a wide range of approximately 1300 eV (between 0 and 1300 V) and then
collecting high resolution spectra over smaller ranges (20 eV) at specific
features/regions found in the survey spectrum. As the samples were insulated from
the analyser due to their glass substrate, flood-gun energyl!4ll was required to
compensate for the build up of positive charge from photoelectron emission.
Therefore, before analysis, the individual spectra obtained had to be corrected for the
offset due to the flood-gun electron kinetic energy using the Au(4f) energy as a

reference.

3.1.1.3 Quantification and Curve Fitting of XPS Peaks:
As discussed in previous sections, the ESCA spectra contain peaks which can be
associated with particular ¢lements, the area under which is related to the amount of

element present. By measuring the peak areas and correcting them for instrumental
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factors, such as dotector sensitivity, the percentage of each element can be
determined.[150]

The spectra obtained from the samples were prepared for analysis by firstly shifting
in the x-axis to compensate for flood-gun charging effects and then by subtraction of
a linear baseline. The curve fitting procedure for the samples in this chapter is
simplistic since there are no distinguishing features to discriminate between enzyme
and polymer on the carbon C(lIs) spectra (although more ‘effective’ fitting of
polymer-enzyme compositions can be seen in Chapter 4). By manually varying the
percentages of both the reference polymer C(1s) and enzyme C(1s) spectra, adding
them together and filting them to the sample C(1s) spectrum, it is possible to achieve
the ‘best-fit’ spectrum and hence an estimate of the percentage of both components
in the sample. The fit used features characteristic of energies at the high end of the
carbon spectra (>285 eV) in order to eliminate the effect of hydrocarbon
contamination!'43] which is visible at the lower energies (ca. 285 eV). Fitting was

performed using the SigmaPlot package.

3.1.1.4 FT-iR Analysis:

The insirument used to collect the spectra was a BOMEM MB-102 FT-iR
spectrometer with a mercury cadmium telenide (MCT) detector running BOMEM
GRAMS/32 (Version 4.04) software (Gallactic Industries Corporation). Specular
reflectance model152 1861 yging p-polarised light at an incident angle of 80° (grazing
angle) was employed and spectra were recorded at a 4 em™ resolution with an iris

aperture of 8 mm,

Nitrogen purging was maintained throughout the experiments to flush the
atmosphere of any water molecules which produce strong adsorption bands at 3300
cm’ and 1600 cm™.[187] The spectrometer output data is rccorded as transmission
spectra and converted into absorbance data before analysis. As for the XPS
technique, reference spectra were also collected for samples comprising of pure

polymer and enzyme only.
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3.1.1L.5 Quantification and Curve Fitting of FT-iR Spectra:

Before the composite spectra could be deconvoluted into their component polymer
and enzyme parts, the data was processed into a form which allowed reliable
comparison between samples. The first step involved conversion of the transmission

data into percentage absorbance using the relationship in Equation (3.1).
abs = —1og(lmm 4 oo)- Equation (3.2)

Subsequently a cubic baseline was subtracted from the data (providing an
approximation of the sloping background)157). The final stage of data manipulation
involved a normalisation routine for differences in sample area, carried out using an
absorbance value at a non-absorbing wavenumber (i.e. 2000 cm™) and multiplication

of the data by this correction factor.

Having obtained the data in a processable format, spectra in the range 1400 - 1750
em’' were examined in order to investigate thc polymer and enzyme features in
closer detuil. As with the XPS spectra fitting, SigmaPlot was used to vary estimates
of the percentage of each component in the sample until a ‘best fit’ to the sample
spectra was obtained. This type of analysis was performed for each sample and the

percentages compared for the different electrode preparations.
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3.2 Results and Discussion

This section contains information obtained on the construction of the sensing
interface of glucose biosensors using the two spectroscopic techniques of XPS and
FT-iR. The results compliment each other and provide an informative picture of the
distribution within the polymer-enzyme structure. This analysis can be used
qualitatively to compare similar samples and quantitatively, with respect to
references, to provide numerical solutions for individual samples. This is similar to
the study performed by Griffiths ef l.'%Y examining GOx immobilised within over-
oxidised polypyrrole (p(py)) films.

3.2.1 - XPS Analysis

The method of enzyme immobilisation within p{pd) films was varied and the effect
on the composition of the sensing layer examined using XPS. The three
immobilisation methods were investigated, as described in Chapter 2, which were

* preadsorption of enzyme onto the gold electrode followed by polymerisation

e copolymersiation from a solution containing both enzyme and polymer

e polymerisation followed by postadsorption of enzyme.

Samples were prepared using each of the threc methods for enzyme solution

concentrations of 10 mg ml™” and 1 mg ml™,

The results are presented in sections, each dealing with particular aspects of the

polymer/enzyme interface highlighted by the XPS technique (the first two deal with

specific experimental practicalities whilst the latter two concern results):

o the effect of the take-off angle i.e. observed spectral differences as a function of
depth

e the role of surface contamination in fitting data

o the effect of variation of enzyme solution concentration

o the effect of variation of the method of enzyme immobilisation.
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3.2.1.1 - Effect of Take-off Angle on Surface Composition:

The data for each sample was acquired at two take-off angles of 10° and 90° from
the surface, and results used to demonstrate how the polymer-enzyme composition
varies as a function of sample depth.[14] Qualitatively, the shape of the response
curves, with respect to TOA, can reveal much about the compositional organisation
of the surface. For these experiments the gold Au(4f) spectra were used as reference
spectra against which the C(1s) and N(1s) spectra could be corrected for flood-gun
shift in the x-direction (i.e. binding energy). As the samples are all thin organic
films, the Au(4f) spectra can also act as a guide to the proportion of the gold
substrate that can be observed through the polymer and, therefore, give an indication
as to the structure of the immobilised enzyme within the polymer. (Sce diagram in
Figure 1.15)

Figure 3.1 shows the Au(4f) spectra obtained at take off angles of both 10° and 90°
for the sample prepared by copolymerisation from a solution of 10 mg ml? GOx.
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Figute 3.1 - The XPS spectral etfect of varying the take-off angle for the example of a
Awp(pd)/GOx sample (prepared as described in section 3.1.1.). At a shallow TOA very little gold is
seen, whilst at an angle which allows the full depth of the sample to be examined, the gold substrate
can be seen.
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1t can be seen in Figure 3.1 that as the take-off angle is varied from 10° to 90° the
amount of gold visible through the polymer-enzyme layer is greatly increased. This
illustrates the variation in the sample depth which can be probed using this
technique. At a shallow TOA of 10° only the gold energies visible in the top layer
of the sample surface are counted. If the polymer-enzyme film is relatively wmiform
(in thickness and, hence, surface coverage) then the insulating layer that it forms on
the surface should prevent any signal from the gold substrate being recorded.
However, a small gold signal is observed which may be indicative of the fact that the

polymer film is thin, or that the surface coverage is uneven,

When the TOA is changed to 90° the gold signal is much stronger, a result
explained by the fact that X-rays are able to penetrate through the entire depth of the
sample, allowing photoelectrons to be counted from the underlying gold. Therefore,
this atiribute of XPS can provide valuable information about the molecular
positioning of the individual components of the sample under examination.
(Radhakrishnan et @/, have similarly shown the dependence of molecular positioning
with respect to TOA)I88]

3.2.1.2 - Surface Contamination:

One of the major disadvantages of using XPS as an analytical technique for samples
prepared using thin polymer films is the adventitious (and variable) peaks that appear
on the spectra caused by contamination on the sample surface. All efforts were
made to cnsure that the samples were kept as clean as possible, but inevitably there
will be an unavoidable component of *dirt’ from their surroundings. This ‘dirt’
normally takes the form of hydrocarbon adsorption onto the surface and can be seen
at the low energy end of the C(1s) spectra but once the sample is in the spectrometer
further contamination can occur by the adsorption of residual gases. Interestingly,
the contamination has very little nitrogen, as evidenced by the lack of the N(1s)
spectrum, which helps to enable it to be distinguished from the enzyme (see Chapter
4),
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In order to illustrate this problem with respect to the work performed in this chapter,
the carbon C(1s) spectra for one sample at TOA’s of 10° and 90° were examined at
lower energies where the contamination is most likely to be visible. The
representative sample chosen to demonstrate the presence of contamination was
prepared by copolymerisation from a solution containing 10 mg ml"' GOx and 300
mmol dm™ p(pd). The spectra at TOA’s of 10° and 90° are shown in Figure 3.2.
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Figure 3.2 - (a) The C(1s) spectra for the Au/p(pd) (300 mmol dm>)/GOx (10 mg ml" ) sample at
TOA’s of 10° and 90° and (b) the same spectra but with the 90° spectrum multiplied by a scaling
factor in order to align the peak at 287 eV, corresponding to the amount of enzyme present within
the whole sample. The spectra in (b) show that there is an increased amount of low energy
contamination when the sample is analysed at an angle of 90° i.e. the whole depth of the sample is
probed, perhaps incorporating contamination from the electrode surface.

By examining firstly the spectra in Figure 3.2(a) it can be seen that at a TOA of 10°
there appears to be more GOx present than in the spectrum at a TOA of 90°. This is
indicated by a higher number of counts at the peak located around 287.0 eV which is
representative of the amount of carbonyl groups of the enzyme. One possible
explanation for this would be that the enzyme protrudes from the surface of the
polymer and, therefore, at a shallow take-off angle, where only the outermost surface
is analysed, all the carbonyl groups on the enzyme can be freely counted. At 90°,
where the incident X-rays are perpendicular to the sample, only the carbonyl groups
on the top of the enzyme are counted thus misrepresenting the proportion of enzyme

within the sample.
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In order to obtain a fair assessment of the proportion of contamination within the
sample, the 90° TOA spectrum was scaled by an appropriate factor (in this case
1.22) to allow overlaying of the carbonyl pecak at 288.0 eV. This indicates that the
total amount of enzyme within the sample should remain constant irrespective of the
angle at which it is analysed. The scaled spectrum is shown in Figure 3.2 (b)
together with the 10° spectrum for the same sample. By looking at both specira in
the low energy region i.e. approximately 284.8 eV as quoted by Briggs and Seahl!45]
it is obvious that there is a higher number of counts and, therefore, more ‘dirt’
observable when the full depth of the sample is analysed at a TOA of 90°. This
could be explained by the fact that the films used in these studies are thin which
therefore allows any material i.e. contamination directly on the electrode surface to
be counted. This result is not what perhaps would have been expected since at a
TOA of 10° it would be reasonable to observe more contamination from ‘dirt’ on the

surface. Therefore, contamination of the elecirode surface is a very real possibility.

This effect is observed for each sample probed and highlights the importance of
maintaining as clean an environment as possible for the samples both during

preparation and analysis.

3.2.1.3 - Effect of Variation of Enzyme Scolution Concentration:

This section investigates the ability of XPS to identify samples prepared with
different solution enzyme concentrations by examination of the individual carbon
C(1s) spectra. By overlaying the spectra of the samples prepared from solutions
containing 10 mg mi" and 1 mg ml" GOx it is possible to see the effect that altering
the enzyme solution concentration has on thec amount of both polymer and enzyme
retained at the electrode surface (the assumption is made that the enzyme
concentration is eguivalent to the number of C=0 counts). This is shown

diagrammatically in Figure 3.3.
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Figure 3.3 - The effect of variation of the enzyme polymerisation solution concentration on the
amount of enzyme retained within the polymer film. This is shown in both (a) and (b) for
concentrations of 10 mg ml” and 1 mg ml”'. Also shown is the variation in the enzyme quantity
with take-off angle at angles of (a) 10° and (b) 90° to provide an additional analytical perspective.

The attractive feature of the XPS technique that is of significance within these
studies is its ability to identify particular functional groups on the sample being
analysed. In this case the functional group of interest is the carbonyl (C=0) group
which is characteristic to the enzyme within the polymer film (which has no such
group). These features are visible at binding energies of approximately 287.0 eV on
the C(1s) spectral'4l] of the composite samples and can be used to indicate the
variation of the enzyme content within the polymer film.

On examination of this region of the spectra in Figure 3.3(a) and (b) it can be seen
that the carbonyl peak height decreases as the sample solution enzyme concentration
is decreased from 10 mg ml"' to 1 mg ml" suggesting that the concentration of GOx
entrapped within the polymer film i.e. surface enzyme concentration is subsequently
reduced. This effect is independent of the take-off angle at which the sample is

measured.

This preliminary study uses only two enzyme concentrations, although a more
detailed analysis of the effect of enzyme solution concentration on enzyme surface

73




Chapter 3. Spectroscopic Analysis of Poly{c-phenylenediamine) Based Glucose Sensors.

concentration is described in Chapter 4 where a wider range of concentrations are

examined using the same technique but with a different polymer.

It would be informative to take this work forward and transform the qualitative
results obtained from looking at the C(1s) spectra into guantitative numerical results,
and thus provide an indication of the proportion of polymer and enzyme within the
sensing layer. However, due to the difficulty in distinguishing between individual
enzyme and polymer peaks on the composite sample C(1s) spectra, quantification
could only be performed using the simplest of protocols. Additionally, the presence
of ‘defects’ and “impurities’ within the sample can present a problem in consistent

quantitative analysis.

As stated, the fitting protocol involved manually altering the proportions of both the
individual enzyme and polymer spectra until a ‘best-fit’ to the composite sample
specira was obtained. Estimated values for the proportions of both polymer and
enzyme were determined for samples polymerised from a solution containing 300
mmol dm™ p(pd) and either 10 mg ml” or 1 mg m1" GOx. Ideally the proportions of
both should total 100% but due to the sumplicity of the fitting process and
unavoidable experimental error this is not the case. Therefore, the proportions have
been normalised in order to allow clearer extraction of information from the data.
Figure 3.4 uses the sample prepared by copolvmerisation from a solution containing
300 mmol dm™ p(pd) and 10 mg ml" GOx and analysed at a take-off angle of 90° to
illustrate the fitting procedure.
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Figure 3.4 shows the simple fitting technique used to establish the percentages of both polymer and
enzyme contained within samples: (a) shows the C(1s) spectrum for the p(pd) only sample, (b)
shows the C(1s) spectrum for the GOx only sample and (c) shows the sample data for the composite
sample (prepared by copolymerisation from a solution containing 300 mmol dm™ p(pd) and 10 mg
ml' GOx at +700 mV vs. Ag|AgCl and measured at a TOA = 90°) and the fitted curve obtained
using the procedure of manually adjusting the percentage of (a) & (b), adding them together and
fitting to the sample data.

This fitting procedure was performed on samples, analysed at take-off angles of both
10° and 90°, which were prepared from solutions containing both 10 and 1 mg ml™.
The breakdown of the composite samples into their polymer and enzyme component
percentages provides a good indication of the likelihood of there being more enzyme
in the sample when the polymerisation solution contains a higher enzyme

concentration, as shown in Table 3.1.
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SAMPLE % DAB % GOX
10 mg ml” , TOA = 10° 3 97
10 mg ml' , TOA = 90° 11 89
1 mgml', TOA =10° 19 81
1 mg ml™?, TOA = 90° 23 77

Table 3.1 - The relative percentages of polymer and cnzyme that comprise each sample (prepared
as described in section 3.1.1.) as mcasured by manually fitting the C(1s) polymer and enzyme
spectra to the sample C{Is) spectra.

The figures in Table 3.1 show that for a shallow take-off angle of 10°, when the
GOx solution concentration is decreased from 10 mg ml” to 1 mg ml" there is a
corresponding drop from 97% to 81% in the quantity of protein (as determined by
the amount of C=0) within the polymer-enzyme film. As a consequence, there is an
increase in the percentage of polymer present in the layer from 3% to 19%.
Similarly, for a sharper take-off angle of 90° the percentages follow the same trend
i.e. the GOx film content falls from 89% to 77% and the p(pd) film content rises

from 11% to 23% as the solution enzyme concentration is decreased.

Normalisation in this manner makes the assumption that the volume of the film
remains constant. This raises the question: does the increase in enzyme surface
concentration decrease the polymerisation efficiency and, hence, amount of polymer
on the electrode surface? Observation of the XPS spectra and the corresponding iR
spectra indicate that this is not the case i.e. the film volume varies as a function of
the preparation conditions. The ability to know the amount of material on an
electrode surface and subsequently control it, is extremely advantageous when

considering the preparation and reliability of enzyme-electrodes.

The capability of the XPS technique to look at samples at varied angles enables
information on the structure of the polymer-enzyme profile (with respect to depth) to
be obtained, as discussed previousty in Section 3.2.1.1. By using a take-off angle of
10° it is possible to obtain information on the outermost layer of the film and by

changing the angle to 90° information is acquired on the structure of the whaole film,
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Using this data it can be shown that since there is a higher percentage of GOx when
using a TOA of 10°, that the enzyme is protruding through the polymer film. This
possesses advantages when considering the ability of the enzyme-electrode to
produce an electrochemical current in response to the analyte of interest. Also, this
has particular relevance for constructing interference-free sensors based upon the
polymer charge exclusion properties.[*3] As the most predominant interferents are
charged, if the polymer possesses an opposite charge and the polymer-enzyme layer
construction is as suggested above (i.e. enzyme protruding from the film), then
charged analytes, e.g. glutamate, can access the enzyme easily whilst the polymer
excludes any interfering species from being measured at the electrode surfuce. This

is discussed in more detail in Chapter 4.

3.2.1.4 - Effect of Variation of the Method of Enzyme Immobilisation:

Having established that the concentration of the enzyme in the polymerisation

solution plays a key role in the composition of the polymer-enzyme sensing layer,

the next step in the optimisation process is to consider different methods of

immobilising the enzyme within the film. The three methods investigated were as

follows:

s 10 minute adsorption of the GOx onto the electrode surface followed by a 10
minute polymerisation of p(pd)

e 10 minute copolymerisation from a solution containing both GOx and p(pd)

e 10 minute p(pd) film growth followed by a 10 minute adsorption of the GOx

Once again, the relevant information was obtained from the carbon C(1s) specira,
using data from experiments with enzyme solution concentrations of both 10 mg ml™

and 1 mg ml™.

Figure 3.5 shows the C(1s) spectra acquired from samples prepared using all three
immobilisation methods with enzyme solution concentrations of (a) & (¢} 10 mg m}”
and (b) & (d) 1 mg ml"'. The spectra shown in this figure were measured at take-oft
angles of both 10° ((a) & (b)) and 90° {(¢) & (d)).
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Figure 3.5 - Carbon C(ls) spectra obtained using the three immobilisation techniques (detailed in
the text), enzyme solution concentrations and takc-oll angles. By examining the region of the
spectra corresponding to the GOx in the sample at a TOA of 90° for both concentrations (¢} 10 mg
ml” and (d) 1 mg ml” it can be seen that the copolymerisation technigue yields a higher amount of
enzyme. When the TOA is changed to 10° the same effect is obscrved for (2) 10 mg mi” enzyme

but not for (b) 1 mg mi™. The set of spectra shown in (b) indicates that the postadsorption technique
yields a higher GOx content. See text for details.

The results shown in Figure 3.5 are displayed by measurement angle to allow clearer
presentation. By inspecting initially those obtained at a TOA of 90° i.e. Figure 3.5
(c) and (d), and by expanding the region where the carbonyl groups are to be found,
it is seen that irrespective of enzyme solution concentration the immobilisation
method which yields the highest amount of GOx in the sample is that involving

copolymerisation of the enzyme and the polymer. The method involving
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postadsorption of enzyme also contains a relatively large proportion of enzyme,
while the least ‘successful’ method of entrapping enzyme within the biosensor was
that of preadsorption of enzyme onto the electrode surface. For all three methods the
number of counts decreased when the enzyme solution concentration was decreased
(as expected), although the reduction of the amount of enzyme in the polymcr was
not as substantial as would have initially been expected from the
electrochemistry.(See Chapter 2)

In considering the results in Figure 3.5 (a) and (b) where TOA of 10° was used, the
results differ from the trend observed at 90°, For a solution enzyme concentration of
10 mg ml"' the highest number of carbonyl counts appear in the copolymerised
sample followed by the postadsorbed sample and finally the preadsorbed sample; the
same trend that was observed for the 90° analysis. However, for the samples
prepared with an enzyme solution concentration of 1 mg ml”, the maximum amount
of enzyme (carbonyl counts) appear to be from the postadsorbed sample. This can
be explained since at a 10° angle only the fop surface of the sample is measured,
which is where the GOx is located for the postadsorbed samples., Also when
considering the copolymerised sample in Figure 3.5(b), by decreasing the solution
enzyme concentration there will be less GOx on the surface. Therefore, although it
can be limitedly seen at 10° the sample will produce a large electrochemical response
(as seen in Chapter 2) since the enzyme is distributed throughout the depth of the
film,

3.2.1.5 - Summary of the XPS Results:

The results presented in Sections 3.2.1.3 - 3.2.1.4 use the spectroscopic XPS analysis
of various different samples to discover the optimum polymer-enzyme preparation
conditions and, hence, achieve maximum sensor response (see Chapter 2). The
outcome of this analysis can be summarised best with the aid of histograms, as

shown in Figure 3.6 (a) and (b).
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Figure 3.6 - Histograms showing the percentage composition of the polymer-enzyme films as a
function of the preparation conditions, obtained using XPS. The graphs are separated by take-off
angle i.e. (a) shows a TOA = 10° while (b) shows a TOA = 90°. The important point to notice from
both is that the maximum percentage of enzyme retained within the polymer-enzyme layer is
achieved when the sample is polymerised from a solution containing both polymer and enzyme i.e.
copolymerisation. Also of interest is the expected observation that the percentage of enzyme in the
film decreases with decreasing enzyme solution concentration.

The set of experimental results obtained using XPS, as shown in Figure 3.6 (a) and
(b), indicate that the most efficient method of enzyme immobilisation is to prepare

the sample by polymerisation from a solution containing both enzyme and monomer.

This is best illustrated in Figure 3.6(b) where the samples are analysed at a take-off
angle of 90° i.e. more of the depth of the polymer-enzyme film is sampled, not just

80




Chapter 3. Spectroscopic Analysis of Poly(e-phenylenediamine) Based Glucose Sensors.

the surface composition. Samples prepared using the copolymerisation technique
with different enzyme solution concentrations gave the highest percentage of enzyme

within the sensing layer.

The information contained in this section correlates well with the electrochemical
results obtained for Au/p(pd)/GOx sensors as presented in Chapter 2 (and those of
FT-iR experimentation, detailed in the following sections). Therefore, electrode
preparation by the method of copolymerisation from a solution containing both
moenomer and enzyme not only produces the highest electrochemical response but
the samples are also shown to contain the highest percentage of enzyme within the
sensing layer. This method has been used by many others to optimise the

electrochemical response of various types of sensors.[%7)

3.2.2 - FT-iR Analysis

As a complementary technique to the XPS studies, analysis using FT-iR was
performed to examine the samples prepared as described previously in this Chapter.
Once again the effect of variation of enzyme solution concentration and
immobilisation technigque on the proportions of polymer and enzyme within the films
was investigated, FT-iR analysis isolates the charucteristic group and bond
frequencies of particular functional groups contained within the bulk film thereby
making it possible to determine the relative proportions of polymer and enzyme
contained within it. The technique contrasts with XPS in that there is an increase in
the depth of penetration such that information on the composition of the entire layer

can be determined.

3.2.2.1 - Collection of the Raw Transmission Data:
Initially each sample was scanned over a wide region from 1000 to 4000 ¢m™ to
examine the position of all the absorbance peaks and also the size and shape of the

background signal. An example of the raw transmission data obtained from such
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experiments is shown in Figure 3.7 which illustrates the FT-iR specira for the sample
prepared by copolymerisation from a solution containing 300 mmol dm™ p(pd) and
10 mg ml"' GOx.
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Figure 3.7 - The raw FT-iR transmission data collected for a sample prepared by copolymerisation
from a solution containing 300 mmol dm™ p(pd) and 10 mg ml" GOx. Nate the distinct peaks
around the arca 1400 - 1750 cm™ corresponding to the amide groups of the enzyme

The raw transmission data collected from cach sample was subjected to a degree of
data processing which involved conversion from transmission into absorbance values
and subsequently normalised by correcting for variation in sample area. Once the
data was in this form it was possible to compare the peaks on the spectra from the

differently prepared samples.

The major problem with FT-iR analysis is the presence of water vapour in the
sample chamber which is highly absorbent of iR radiation and thus provides large
interfering background contributions to the analysis spectra.  Before either
qualitative or quantitative analysis can be performed it is essential to carry out an

accurate background subtraction, A ‘best-fit’ cubic baseline was subtracted from the
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data between 1400 and 1750 cm™ using PeakFit. More advanced methods have been

incorporated into quantification and curve-fit algorithms.[161. 189]

3.2.2.2 - Analysis of the p(pd) and GOx Reference Spectra:

The area of interest for these studies encompasses the region where the amide I and
IT groups of the GOx are found i.e. 1400 - 1750 cm™. This region, however, also
contains peaks of significant interest for the p(pd) polymer. Therefore, both
qualitative and quantitative analyses were performed with the data restricted purely

to this region. The reference spectra for pure p(pd) and GOx are shown in Figure
3.8.

Absorbance / 10°

1400 1450 1500 1550 1600 1650 1700 1750
Wavenumber / cm’’

Figure 3.8 - Reference spectra for pure p(pd) (300 mmol dm? , 10 min @ 700 mV vs. Ag|AgCl)
and pure GOx (10 mg ml" , 30 min cycle over range 0 - 700 mV vs. Ag|AgCl). The region of
interest expanded from 1400 - 1750 ¢cm™ to cover the amide I and II bands of the GOx and
characteristic ring-breathing and secondary amine bands of the p(pd).

Educated assumptions can be made as to the origination of the peaks shown in the
spectrum for pure p(pd) in Figure 3.8. (The structure of the p(pd) polymer is shown
in Figure 1.7, Introduction). The peak around 1500 cm™ is characteristic of the three
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aromatic ring-breathing modes of the benzene on the polymer chain while the peak
around 1650 cm™ could be attributable to the secondary amines of the polymer. A
similar analysis was performed by Lin ef a/. which investigated p(pd) films coated
on platinum electrodes and corroborates the iR band assignment illustrated

above.l165]

The peaks in the pure GOx spectrum in Figure 3.8 can be more confidently assigned
since there are many previous reports that have used FT-iR spectroscopy to study
enzymes and proteins.[13% 161, 163, 167, 1891 In general, proteins have broad, strong
bands which, due to considerable overlap, are difficult to differentiate. However, the
amide bands that arise from the vibration of the peptide groups provide information
on the secondary structure of the protein and are, therefore, characteristic of the
protein. The different amide stretches most commonly used in protein analysis are
the amide I (1600 - 1700 cm™), amide II (1500 - 1600 em™) and amide III (1200 -
1300 cm™) bands. The amide III band is usuaily very weak (due to the nature of the
vibrations associated with it) and so the analysis in this chapter concentrates only on
the amide I and II bands, characteristic of the C=0 stretching vibration and N-H
bending vibrations respectively, as can be seen in Figure 3.8. A more detailed
description of the origination of amide bands in proteins can be found in many

reports in the literature,[152, 155]

3.2.2.3 - Fitting of FI'-iR Data:

As is the case for the corresponding XPS analysis of the samplcs, it was considered
unrealistic to try to predict accurately the percentage composition of the polymer-
enzyme sensing layer since FT-iR spectroscopy has the potential to measure many of
the polymer functional groups and bonds corresponding to unknown peaks at various
frequencies. The polymer and hence composite samples examined in these studies
provide a complex interactive system which produces spectra that contain a
convoluted series of peaks which could be affected by the method of sample
preparation. The spectra collected for composite samples prepared under varied

immabilisation conditions exhibit inconsistent peaks due to the fact that unlike XPS
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where the core electrons are counted, FT-iR concentrates on the outer electrons of
the molecules which could easily be altered by, for example, polarisation due to
postadsorption of enzyme. Therefore a simplistic fitting procedure was adopted (in
preference to more complicated Gaussian fitting techniques!'89 for quantitative

interpretation of this data).

Thus, the fitting technique was identical to that performed on the XPS data in that
the proportions of p(pd) and GOx reference spectra were altered manually to provide
a ‘best-fit’ to the sample spectra. One example of the technique is shown in Figure
3.9 for the sample prepared by copolymerisation from a solution of p(pd) and 10 mg
ml"' GOx.

— sample curve
— fit curve

Absorbance / 1000

[ | | |
1400 1450 1500 1550 1600 1650 1700 1750
Wavenumber / cm™'

Figure 3.9 - Example of the fitting procedure used for the FT-iR sample analysis. The percentages
of pure p(pd) and GOx reference spectra were multiplied and summed in order to provide a *best-fit’
curve to the sample spectrum. This spectrum was obtained for the sample prepared by
copolymerisation from a solution of 300 mmol dm™ p(pd) and 10 mg ml" GOx. The most
successful fit parameters indicated a film composition of 64% GOx and 36% p(pd).

This fitting procedure was performed for all the samples analysed using both
electrochemical methods (Chapter 2) and XPS (Chapter 3) i.e. prepared by either
preadsorption, copolymerisation or postadsorption of either 10 mg ml" or 1 mg ml’'
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enzyme. The percentage composition of the films prepared for each of the samples

mentioned above is best represented in graphical format as shown in Figure 3.10.
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Figure 3.10 - Histogram showing the variation in percentage composition of polymer and enzyme
contained (determined from numerical curve-fitting analysis) within the different samples prepared
(as described in section 3.1.1).

The values in Figure 3.10 show that for samples prepared with solution
concentrations of both 10 mg ml' and 1 mg ml' GOx, the surface GOx
concentration is at a maximum when the sample is prepared using the
copolymersiation technique. The sequence continues with postadsorption being the

next most successful method followed by preadsorption.

When this sequence is correlated with both the electrochemical results from Chapter
2 and the XPS results from this chapter, it is possible to predict that the most
effective method for enzyme immobilisation within polymer-enzyme sensing layers

is that of copolymerisation from a solution containing both monomer and enzyme.
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3.3 Summary

The work completed in this chapter uses the spectroscopic techniques of X-ray
Photoelectron Spectroscopy (XPS) and Fourier Transform Infra-red (F1-iR)
spectroscopy to analyse the composition of the polymer-enzyme film. This analysis
was performed on samples which varied not only in the method of immobilisation of

enzyme but also the concentration of the enzyme in the immobilisation solution.

The XPS results showed, through measurement at two different take-off angles, that
a maximum enzyme loading could be achieved by copolymerising from a solution
containing 300 mmol dm™ phenylene diamine monomer and either 10 mg ml” or 1
mg ml" glucose oxidase. Additionally, the XPS results highlighted that {(as expected)
by decreasing the concentration of enzyme within the preparation solution the
percentage of enzyme observed within the polymer-enzyme film was subsequently

decreased.

FT-iR allowed the bulk of the polymer-enzyme films to be investigated and the
results supported the views that copolymerisation produced a higher percentage of
enzyme within the film and that this percentage was reduced as the enzyme
concentration of the preparation solution was reduced. However, for both techniques
(XPS and FT-iR} it would be advisable to expand the range of enzyme and polymer
concentrations further to see if the same effect is observed - such a study is

performed in the [ollowing chapter, Chapter 4.

The results of this chapter can be substantiated with those from the electrochemical
analysis of the samples in Chapter 2 to confidently state that the most effective
method of enzyme immobilisation is that of copolymerisation from a solution of

both monomer and enzyme.
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CHAPTER 4 - ELECTROCHEMICAL AND
SPECTROSCOPIC ANALYSIS OF POLY(m-FLUORO
PHENOL) BASED SENSORS

In this chapter the three complimentary techniques of electrochemical assay analysis,
X-ray Photoelectron Spectroscopy (XPS) and Fourier Transform Infra-Red
Spectroscopy (FT-iR) were used to characterise the bulk and surface composition of
glucose biosensors, prepared using electro-entrapped thin insulating films of
poly(fluorophenol) (p(fp)). These sensors are similar to those described in Chapters
2 and 3 in that they retain the enzyme glucose oxidase at a gold electrode surface
(Au/p(fp)/GOx) in a non-conducting polymer matrix. However, in this chapter we
are able to use the fluorine content of the p(fp) polymer to provide information on
the position and the relative amounts of both enzyme and polymer within the sensing

layer structure.

Although we have established in the preceding chapters that the most effective
method of enzyme immobilisation within films of poly(o-phenylenediamine) is that
of copolymerisation from a solution containing both monomer and enzyme, the
sensors described in this chapter were again prepared using three different
immobilisation techniques in order to confirm that the efficiency of a particular
copolymerisation method was not dependent upon the polymer. Additionally, as in
other chapters, the immobilisation procedure was explored in more detail by firstly
examining the effect of’ variation in the duration of polymerisation and finally by
altering the concentration of enzyme within the immobilisation solution over the

range 0.01 - 10.00 mg mi™.

As stated, in this chapter a more sophisticated method of analysis was adopted which
permitted quantification of the composition of the polymer-enzyme layer. The
electrochemical assay results obtained were fitted to the theoretical algorithm for
enzymes entrapped within thin films, as reported by Bartlett!!??), which enabled the

kinetic parameters of the biosensing system to be elucidated. Also, the fluorine and
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nitrogen in the enzyme and polymer, which are identified in both the XPS and FT-iR

spectra, can be used to apportion their relative amounts in the samples.

4.1 Experimental

The samples prepared for analysis in this chapter were similar to those constructed in
Chapter 2 with the exception of the type of polymer used. The preparation technique
is reiterated in this section illustrating the slight procedural differences for the
Au/p(fp)/GOx electrodes.

4.1.1 Matcerials

Meta-fluorophenol (F1,300-2) was purchased from Aldrich (Poole, England) and
was used without further purification. Phosphate buffer solutions (40 mmol dm™)
were prepared from stock solutions of disodium hydrogen phosphate and sodium
dihydrogen phosphate (Sigma). KCl was added to the buffers (50 mmol dm™) as the
supporting electrolyte, and the pH of the buffer was adjusted to pH 7.4. All
solutions were freshly prepared using reverse osmosis ultra-pure water (Millipore,
UK). Stock solutions of D-glucose (G-7528), also purchased from Sigma, were

prepared in appropriate buffers immediately prior to use. Glucose oxidase, GOx,

(EC 1.1.3.4, 245 U mg") from Aspergillus niger was a gift from MediSense

(Birmingham) and was prepared as a buffered solution and stored at -20°C.

Gold working electrodes of area 1 cm® were fabricated using standard
photolithographic techniques as described in Chapter 2, Section 2.1.2. The materials
used: titanium, palladium and gold were purchased from Goodfellows (Cambridge,
UK.). The AglAgCl reference electrode (MF-2063) was purchased from BAS
Technicol, Cheshire.
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4.1.2 Methods

4.1.2.1 - Polymer-Enzyme Layer Preparation:

Three different approaches to polymer-enzyme layer preparation were investigated
in which films of poly(m-fluorophenol) were grown in order to retain the enzyme
GOx at gold electrode surfaces. For each of these techniques, the concentration of
GOx in the immobilisation solution was 10 mg mi” and the polymer was grown by
cycling the electrode from 0 to +700 mV vs. Ag|/AgCl in a solution of 10 mmol dm™
fluoropheno! for a period of 5 minutes. The maximum peak current value on the
forward or oxidation sweep of the cyclic voltammogram decreased between the first
sweep and the final sweep indicating the growth of a non-conducting, self-limiting

film. The voltammogram is shown in Figure 4.1.
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Figure 4.1 shows the cyclic vollammogram obtained during the eclectropolymerisation of
poly(fluorophenol) films. The electrode is swept between 0 and +700 mV vs. AgiAgCl for a period
of 5 minutes to allow the insulating film to grow to a self-limiting thickness ol approximately 10
nm, as indicated by the fall in maximum current between the first and last scans.

The first immobilisation method involved a 5 minute preadsorption of 10 mg ml’
GOx (in PBS) onto the cleaned bare gold electrode followed by electrodeposition of

a layer of p(fp). The second, known as copolymerisation, consisted of a 5 minute
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polymerisation from a solution containing both 10 mmol dm™ monomer and 10 mg
ml” enzyme. Finally, in the third method a layer of p(fp) was grown directly onto
the electrode surface and then the enzyme was adsorbed on top of the polymer for 5
minutes. Subsequently, after later comparison of the three methods, the second
method was adopted to examine the effect of polymerisation time i.e. samples were

prepared by copolymerising as described above for a either 5, 15, 30 or 60 minutes.

Samples were also prepared to investigate the effect of enzyme solution
concentration using a 5 minute copolymerisation from solutions containing either

10.00, 1.00, 0.10 or 0.01 mg mi™" GOx and 10 mmol dm fluorophenol.

4.1.2.2 - Electrochemical Measurements:

A standard three-electrode electrochemical cell connecied to a PC-controlled PAR
273 potentiostat (EG&G Princeton Applied Research, UK.) was uscd to collect the
amperometric current profiles of the sensors in response to glucose. The electrodes
were maintained at a constant potential of +700 mV vs. Ag|AgCl and, after a steady-
state baseline had been achieved, the current response was monitored when additions
of glucose in the range 0 - 100 mmol dm™ were introduced into the solution. A
steady-state current value for each concentration was recorded before the next was

introduced.

The electrochemical assay results for the response of the electrodes to glucose were
fitted using SigmaPlot (Jandel Scicntific) to a theoretical cxpression for enzymes
entrapped within thin, non-conducting polymer membranes(!32. From such fits it is

subsequently possible to realisc and compare the kinetic parameters of the sensors.

4.1.2.3 - XPS and FT-iR Measurcments:

The XPS and FT-iR spectra were collected using the same spectrometer settings as
described for the analyses in Chapter 3, using the high-resolution SCIENTA ESCA
300 spectrometer and software located at RUSTI, Daresbury Laboratorics
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(Warrington, U.K.). The slit width of the source was maintained at 0.8 mm to obtain
a consistent sampling area and the take of angle was varied from 10° to 90° for each
interface measured. Prior to analysis, each sample was rinsed in RO water, blown
dry and immediately loaded into the sample chamber of the instrument. All
measurements were performed with a pressure of ca. 10 Torr in the main sampling

chamber.

Analysis of each sample was performed by first taking a survey scan spectrum
covering a wide (1300 eV) range of energies. Subsequently, individual specira {(e.g.
C(1s), N(1s) etc.) were examined in more detail over smaller ranges (20 eV) at
specific features/regions of interest. As the samples were insulated from the analyser
(due to the underlying glass substrate) flood-gun energy was required to compensate
for the build up of positive charge [rom photoelectron emission. Therefore, before
analysis, the individual spectra obtained had to be corrected for the offset due to the
flood-gun electron kinetic energy, using the Au(4f) energy (85.00 €V) as a reference,

The instrument used to collect the FT-iR spectra was a BOMEM MB-102 FT-iR
spectrometer with a mercury cadmium telenide (MCT) detector runming BOMEM
GRAMS/32 (Version 4.04) software (Gallactic Industries Corporation). Data were
recorded in specular reflectance mode using p-polarised light at an incident angle of

80°, with a 4 cm™ resolution and an iris aperture of 8 mm.

Nitrogen purging was maintained throughout the experiments to flush the
atmosphere of any water, which would produce strong adsorption bands at 3300 cm™
and 1600 cm™. The spectrometer output data was collected as transmission spectra

and converted into absorbaunce data before analysis.

4.1.2.4 - Quantification and Curve Fitting of XPS and FT-iR Spectra:
The raw data obtained from the XPS and FT-iR experiments was manipulated in the
same manner as is described in Chapter 3, Sections 3.1.1.3 and 3.1.1.5 in order to

obtain data in a processable format. However, the fitting procedure for the XPS
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spectra was varied slightly in light of the additional information that could be
extracted from the resulis.

The XPS data was initially referenced to compensate for the flood-gun charging
elfects and then a linear baseline was subtracted. By examining the peak heights of
both the nitrogen N(1s) and fluorine F(1s) spectra collected for each sample with
respect to the reference polymer and enzyme spectra, it is possible to estimate the
percentage of polymer and enzyme within the samples. These percentages were then
applied as multipliers of the polymer and enzyme C(1s) reference spectra using
SigmaPlot software in order to obtain a ‘best-fit” spectra for the sample C{1s)
spectra. This method nses the fluorine and nitrogen signals as distinguishing features
of the polymer and enzyme respectively, allowing educated quantification of the

content of polymer and enzyme within the sensing layer,

Unfortunately, the characteristic fluorine and nitrogen ‘labelling’ does not provide
any assistance for the fitting of the FT-iR sample spectra, since the principal crror in
this technique is attributable to the method of baseline/background subtraction.[!371
Thus, after the conversion from transmission to percentage absorbance using the
Equation (3.1), a cubic baseline was subtracted from the FT-iR spectra and then this
data was normalised for variations in the sample area. The data analysed was again
restricted to the region 1550 - 1750 ecm™ which contains the protein dependent amide
bands, and SigmaPlot was used to manually alter the perceniages of reference

polymer and enzyme spectra in order to obtain a ‘best-fit’ to each sample spectra.

4.2 Results and Discussion

The resulis obtained are described as the electrochemical assay analysis, the XPS
analysis and the FT-iR analysis. Within each area, the resuits for the individual
techniques have boen separated further according to the aspect of the polymer-
enzyme layer being examined.
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4.2.1 Electrochemical Assay Results

The aspects of glucose enzyme-electrode preparation in this chapter initially
investigated the effect on sensor response when the polymer-enzyme layer was
prepared using a variety of techniques. Having subsequently established the best
‘general’ preparation procedure, this was then optimised by varying both the
duration of the electropolymerisation and the concentration of enzyme in the
polymerisation solution, Although this has been previously accomplished for many
other polymer matricesl’s 77 103, 107 this work appears to be unique for

polyfluorophenot films,

4.2.1.1 - Effect of Variation of the Method of Enzyme Immobilisation:

As described previously in Chapter 3 for samples prepared with the thin, non-
conducting p(pd) polymer, the effect of the polymer-enzyme layer preparation on
sensor response was investigated. For the p(pd) films this effect was examined using
only XPS and FT-iR while this chapter additionally includes the variation in the

electrochemical response of the sensors.

The three preparation methods compared were (a) a 5 minute preadsorption of 10
mg ml” GOx onto the electrode surface followed by 5 minute electrodeposition of 10
mmol dm” p(fp), (b) a 5 minute copolymerisation of both 10 mg ml" GOx and 10
mmol dm” p(fp) simultaneously and (¢} a 5 minute deposition of 10 mmol dm™ p(fp)
onto the electrode surface followed by a 5 minute postadsorption of 10 mg ml’
GOx. Samples were prepared using the three techniques and the amperometric
current profiles measured in response to glucose over the range 0 - 100 mmol dm™.

The results are shown in Figure 4.2,
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Figure 4.2 - Variation of enzyme immobilisation method and the subsequent effect on sensor
response. The methods investigated all used 10 mmol dm™ p(fp) and a GOx solution concentration
of 10 mg ml" and were prepared as follows: (a) 5 minute preadsorption of GOx followed by a 5
minute polymerisation of p(fp), (b) 5 minute copolymerisation from a solution containing both
enzyme and polymer and (¢) 5 minute polymer growth followed by a 5 minute GOx postadsorption.
From these electrochemical assay results the most productive method i.e. the one which entraps
most enzyme at the electrode surface appears to be the copolymerisation technique.

The electrochemical current profiles observed in Figure 4.2 show that the
immobilisation procedure which yields the largest maximal sensor response (i,,,) is
that of copolymerisation from a solution containing both enzyme and monomer.
This also suggests that by simultaneously immobilising the enzyme and electro-
depositing the polymer it is possible to achieve the most favourable environment for
effective enzyme/analyte reaction. This hypothesis can be substantiated by the other
results in this chapter obtained from the XPS and FT-iR analyses and was found to
be true also for the poly(phenylenediamine) sensors described in Chapters 2 and 3.

The data in Figure 4.2 can also be used, to a limited extent, to predict the
composition and, hence, the sensitivity of the polymer-enzyme layer. When the
enzyme is absorbed onto an underlying polymer layer, unless there is a strong
adhesion between the two it is not unreasonable to suppose that there will be some

degree of desorption when the sensor is operated under aqueous conditions. This
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may be the reason for the substantial decrease in sensor response, Figure 4.2 (c),
when prepared in this manner. Alternatively, when the enzyme is preadsorbed onto
the bare gold electrode and covered by a layer of polymer, it is proposed that the
polymer layer will encapsulate the enzyme, making it increasingly difficult for the
analyte of interest, in this case glucose, to diffuse through the polymer and react with
the enzyme. This may account for the drop in electrochemical response for sensors

prepared using this technique i.e. Figure 4.2 (b).

The two situations described above can be supported by the concept behind the
copolymerisation technique. By including enzyme in the clectropolymerisation
solution (as a polycation to aid polymerisation) it is likely that as the polymer forms
it encases the enzyme molecules within it and fills up any gaps between enzyme
molecules. Such a configuration may allow the enzyme to protrude from the

polymer layer making it easy for reaction with glucose.

This concept of establishing the polymer-enzyme micro-environment in which the
enzyme is either ‘proud of” or ‘buried within® the entrapment matrix is of
considerable interest when considering sensor fabricaiion, particularly if the
membrane is permselective and/or the enzyme’s substrates arc charged. Therefore,
the composition of the polymer-enzyme matrix is examined in some detail within
this chapter using electrochemical assay responses and, in particular, XPS later in

this Chapter where the penetration depth into the laycr can be varied.

4.2.1.2 - Effect of Variation of Electropolymerisation Time:

Having established that the most effective method of sensor preparation is that of
copolymerisation of the enzyme and polymer, this section now explores the effect of
varying onc of the parameters of the technique. The electrochemical responses to
glucose were recorded when the electrodes were prepared by copolymerisation for
periods of 5, 15, 30 and 60 minutes. The cousequence of such variation is shown in

Figure 4.3.
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Figure 43 - The effect on sensor response caused by variation in the duration of
clectropolymerisation. By increasing the length of electrodeposition of the polymer-enzyme layer
from 5 minates to 1 hour, the corresponding clectrochemical response of the sensors does not appear
to follow an obvious trend. The choice of 5 minutes as the valuc for this parameter for subsequent
experiments was based upon it pessessing the best electrochemical profile.

The current profiles corresponding to an increase in the electrodeposition time from
5 minutes to 1 hour, represented in Figure 4.3, illustrate that no distinct trend
emerged as this polymerisation parameter was altered. Although each plot follows
an asymptotic curve i.c. a sharp initial jncrease followed by a kinetically saturated
response which is independent of substrate concentration, the calibration curve
formed by the 5 minute polymerisation best follows the expected response of an
ideal sensor. The operating characteristics of such an ideal sensor can be described
by Michaelis-Menten kinetics, as detailed in the Iniroduction, and cxhibit a relatively
large linear/dynamic range which eventually saturates as the system becomes mass

transfer or kinetically limited.

These results must be viewed in connection with those in Section 4.2.2.3 obtained
from XPS on the same samples which show very little variation in the percentage of
pelymer and enzyme present in each of the films (also the results in Section 4.2.3.2
obtained by FT-iR analysis should be considered.) Therefore, for this reason the
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method of 5 minute polymerisation was adopted for subsequent sensor preparations.
Several similar time-dependence studies have been performed for sensors prepared
with conducting polymer matrices. Fortier ef af varied the polymerisation time for
GOx immobilised within p(py) films and found that, since this polymer is not self-
limiting, the current response of the sensor diminished as the thickness of the
polymer layer increased. This is related to the fact that a large fraction of the
enzymatically produced H,O, is lost in solution and, therefore, unable to be
measured at the electrode surface. However, since the polymerisation of non-
conducting films show a degree of molecular self-assembly, i.e. the film grows only
thick enough to become an insulator, studies have never been performed that extend
the polymerisation beyond the point at which the current decreases to a minimum,

signalling complete surface coverage.

4,2.1.3 - Effect of Variation of Enzyme Solution Concentration:
The final and most important polymerisation parameter studied in this work was the
effect on amperometric sensor response due to variation of enzyme concentration in

the polymerisation solution and, hence, in the polymer-enzyme film.
Samples were prepared from polymerisation solutions containing 10.00, 1.00, 0.01

and 0.01 mg ml”’ GOx and their elecirochemical response to glucose observed. The

current profiles obtained are shown in Figure 4.4.
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Figure 4.4 - The GOx solution concentration dependence of the sensor response. The samples
were prepared by copelymerisation at 700 mV vs, Ag|AgCl from a solution containing 10 mmol dm”
? fluorophenol and either 10, I, 0.1 or 0.01 mg ml” GOx. The maximum current densities of the
sensors, at a given substrate concentration, decrease as the QOxX solution concentration is decreased,
indicating that there is less enzyme entrapped within the polymer-enzyme film.

By comparing the plots in Figure 4.4 it can be scen that as the concentration of GOx
is decreased from 10.00 mg ml” to 0.01 mg mI™ at a given glucose concentration, the
maximum cutrent density response decreases accordingly from 0.45 pA cm™ to 0.02
uA cm”. The decreasing response, as the current density, suggests that there is a
subsequent reduction in the concentration of GOx retained within the polymer-

enzyme layer during the copolymerisation procedure, a function of the amount of
GOx in the loading solution,

To provide a more in-depth picture of the sensor interface, the kinetics of the
immobilised enzyme at the electrode surface were established for each sample. This
was carried out in the same way as the p(pd) film analysis in Chapter 2, using
Equation (i.11) (Chapter 1) to describe the kinetic behaviour of enzymes
immobilised in thin films. As described in the Introduction, this equation can be

rearranged in order to extract parameters of kinetic interest. These are shown in
Table 4.1.
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Kk 05 __,k_fﬂEZ_“__. K,
[GOx],,, Conc. T a+ ku%K,,am) Kq(1+ k%K,,aw)
/ mg ml" /s / mol em™ s / mmol ¢cm™
10 523 1.85 x 10° 2.83
1 2.63 2.88 x 10° 0.91
0.1 7.48 1.30 x 10° 5.75
0.01 0.80 1.08x 10° 0.74

Table 4.1 - Kinetic parameters for Au/p(fp)/GOx electrodes (prepared as described in the text) as a
function of the concentration of GOx in the polymerisation solution,

The values in Table 4.1 draw together the gradients, intercepts and ratio of gradient
to intercept of the reciprocal plots obtained from the current/time profiles in Figure

Kk e
4.4. The term —>-“Z can be regarded as the first order rate constant of the system

m

(equivalent to the k., of Michaelis-Menten kinetics) and similarly the term

*_:ﬂﬂi___ represents the second order rate constant of the system. The third
G e o)
. K . . :
term in the table, T 2 , 18 considered as the K of the system which
YY"

changes as a function of the enzyme loading in the sensing layer. This indicates that
the physical nature and, hence, the mass transfer characteristics of the polymer-
enzyme layer also vary as a function of enzyme surface concentration, This is as
expected since at low enzyme concentrations the layer is predominantly composed of
polymer and hence less substrate partitions into it, resulting in an incrcase in the X,
of the system. Subsequently, when there is only a low concentration of enzyme
present the system may be expected to be less ‘enzymatically active’ as illustrated by
a drop in the first order rate constant, &, This reduction in &, is shown in the first

column of Table 4.].

The kinetic parameter values in Table 4.1 can be used to produce a ‘best fit’ curve

for each of the data sets. The data collected for the sample containing 10 mg ml”’
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GOx is used in Figure 4.5 to illusirate the ‘best-[it’ curves obtained by fitting using
the immobilised enzyme method of kinetic analysis and additionally the Michaelis-

Menten kinetic method which assumes the enzyme is in solution.

.2)

Current Density (uAcm

0.0 1 i r ] i

0 20 40 60 80 100

Glucose Concentration / mmol dm™

Figure 4.5 -The ‘best-fit’ curves obtained using the kinetic paramcters from the data analysis using
both the Michaelis-Menten and complex analysis equations. In this figure the sample with 10 mg
ml”? GOx is used as an example to illustrate the variation in curves due to the method of kinetic
analysis and fitting,

A similar method of fitting was carried out for each of the sample data sets and is

shown in Figure 4.6 (a) and (b) for the two methods of analysis respectively.
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Figure 4.6 - The ‘best-fit’ curves to the experimental data for the samples with varying enzyme
solution concentration. These were obtained using two different kinietic analysis models: (a) using
the complex model for enzymes immobilised within thin films, Equation (1.11) and (b) using the
simpler Michaelis-Menten maodel for enzyme kinetic activity, Equation (4.1).
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4.2.2 XPS Analysis

The XPS analysis of results addressed four important issues: (a) the problem of
analysing data for the biofilm in the presence of contamination; (b) differences in the
amount of enzyme immobilised in the polymer-enzyme film as a function of the
immobilisation method; (c) the time dependence of immobilisation; (d) the
dependence on the concentration of enzyme in the film on the concentration of the

enzyme in the solution (and subsequent comparison with electrochemical results).

4.2.2.1 - Effect of Sample Surface Contamination :

The need to maintain a ‘clean’ sample surface was highlighted in Section 3.2.1.1
where the amount of gold substrate visible through the polymer-enzyme layer was
examined at the two different take-off angles, 10° and 90° (see Figure 3.1). This can
be substantiated by looking at the polymer-enzyme surface layer after the sample has
been stored in a relatively ‘clean’ atmosphere for a period of two days. The C(1s)
spectra of the sample prepared by copolymerisation from a solution containing 10
mg ml" GOx and 10 mmol dm™ p(fp) were collected on two occasions, separated by
48 hours. The resulting spectra are shown in Figure 4.7.
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Figure 4.7 - Increased contamination at the low energy end of the spectra (~284 eV) due to sample
exposure to atmosphere over a period of 2 days. The C(1s) spectra were obtained for the sample
prepared by copolymerisation from a solution containing 10 mg ml”’" GOx and 10 mmol dm™ p(fp) at
a take-off angle of 10°.
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The graph in Figure 4.7 shows that after exposure of the samples to air for a period
of approximately 24 hours, the amount of contamination observed at the lower
energies on the spectra is increased by approximately 10% as a consequence of

hydrocarbon adsorption from the atmosphere.

Concurrently, there appears to be a reduction in the amount of polymer and enzyme
observed on the spectra collected on the second day i.e. the peak heights at 286.0 eV
and 287.5 eV corresponding to p(fp) and GOx respectively are both reduced. This
loss in amount of material from the sensor surface may be caused by any of the
following three factors: (a) hydrocarbon adsorption obscuring the polymer; (b)
bacterial degradation of the enzyme; (¢) sample damage by the bombardment of X-
rays in the XPS technique. The Au(4f) spectra, collected on the two occasions, are
shown in Figure 4.8. These spectra display a noticeable decrease in the amount of

material on the electrode surface which is consistent with reasons (b) and (c) above.
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Figure 4.8 - The Au(4f) spectra collected at a TOA = 10° for the Aw/p(fp)/GOx sample prepared by
5 minute copolymerisation from a solution containing 10 mg ml" GOx and 10 mmol dm™ p(fp).
The increase in gold observed on the second day illustrates that there appears to be a reduction in
the total amount of polymer and enzyme contained within the sensing layer. This can most likely be
attributed to damage caused by x-ray bombardment of the surface.
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The idea of a reduction in total mass of the polymecr-enzyme layer due to
bombardment of x-rays during thec XPS measurcments has been described by
Ratner{147] where he suggests that the damage may be due to the electrons emitted in
response to the x-rays. As the samples in these experiments were only measured
once, this was not, however, considered to be important in the analyses described in

this thesis.

4.2.2.2 - Effect of Variation in Enzyme Immobilisation Method :

The first parameter of the polymer-enzyme layer preparation to be examined with
the XPS technique was that of variation in the method of enzyme immobilisation in
order to maximise enzyme loading. As described in previous sections, the three
immobilisation methods investigated were (a) preadsorption of GOx followed by
electrodeposition of a p(Ip) layer, (b) copolymerisation from a solution containing
both GOx and p(fp) and (c) electrodeposition of the p(fp) layer proceeded by a
postadsorption of GOx. Samples were prepared using each of these methods and the
C(1s), N(1s) and F(1s) spectra were obtained at take-off angles of both 10° and 90°
in order to examine a depth profiling of the relative amounts of enzyme (C(1s) and

N(1s)) and polymer.

In order to extract quantitative information from the spectral results, the percentage
of both polymer and enzyme were estimated from the reference p(fp) F(1s) and GOx
N(1s) spectra which were subsequently used to find the ‘best fit’ to the individual
sample C(ls) spectra. By performing this fitting process, it is possible to obtain
values for the percentages of p(fp) and GOx contained within the polymer-enzyme

layer.

As stated, the initial step of the fitting process involved estimating the percentage of
p(fp) and GOx contained within the samples by measuring the ratio of F(ls) and
N(1s) in the sample spectra to that in the reference F(1s) and N(1s) spectra. These
ratios were calculated from the peak heights of the sample and reference spectra and

were used as initial estimates for the fitting parameters. The fitting was subsequently
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performed by multiplying the reference p(fp) and GOx C(1s) spectra by an
appropriate ratio and summing them to obtain a curve that best represented the C(1s)
spectra obtained for the sample. The multiplier values were then altered manually
until values which gave a ‘best fit’ were noted and used to indicate the percentage
composition of the sensing layer. This is shown diagrammatically in Figure 4.9 for a
TOA = 10° i.e. looking at the surface of the polymer-enzyme layer.
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Figure 4.9 illustrates the fitting technique used to establish the percentage composition of the
polymer-enzyme sensing layer. The plot in (a) shows the C(1s) reference spectrum for the sample
prepared by 5 minute polymerisation from a solution containing only 10 mmol dm™ p(fp), (b) shows
the C(1s) reference spectrum for the sample prepared by 5 minute electrosorption of 10 mg ml’
GOx at +700 mV vs. Ag|AgCl and (c) shows the C(1s) spectra obtained for the sample prepared by 5
minute copolymerisation from a solution containing 300 mmol dm™® and 10 mg ml' GOx. The
percentages of (a) and (b) were estimated by the ratio of fluorine in the sample to that in the
reference sample and similarly for nitrogen and the fit shown in (c). Also shown in (c) is the ‘best
fit’ obtained by manually varying the percentages of (a) and (b).
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The plots in Figure 4.9 (c) emphasises that the ‘best fit’ to the sample data is best
achieved by manually altering the fitting parameters rather than using the calculated
percentages of polymer and enzyme. Percentage compositions were obtained at
TOAs of both 10° and 90° for samples prepared using the three possible
immeobilisation methods and an enzyme solution concentration of 10 mg ml"'. These

are best represented in tabular form as in Tablc 4.3.

SAMPLE % p(fp) % GOX
10 mg ml”, PRE, TOA = 10° 92 8
10 mg ml”’, CO, TOA = 10° 35 65
10 mg ml”, POST, TOA = 10° 50 50
10 mg ml”, PRE, TOA = 90° 66 34
10 mgml’', CO, TOA =90° 21 79
10 mg mi”, POST, TOA = 90° 51 49

Table 4.3 - The relative percentages of polymer and enzyme that are contained within each sample
as obtained by manually fitting the reference polymer and enzyme C(18) spectra to the sample C(1s)
spectra.

The values shown in both Table 4.3 and Figure 4.10 (where values are shown only
for an enzyme solution concentration of 10 mg mi") indicate that the method of
immobilisation which yields the greatest percentage of enzyme within the polymer-
enzyme sensing layer is that involving the copolymerisation of 10 mg ml” GOx and

10 mmol dm™ fluorophenol.
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(a) TOA = 10° (b) TOA = 90°
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Figure 4.10 - The variation in percentage composition of samples prepared using different sensing
layer preparation techniques as tabulated in Table 4.3. The three methods investigated were (a)
preadsorption of GOx followed by electrodeposition of p(fp), (b) copolymerisation from a solution
containing both enzyme and polymer and (c) electrodeposition of p(fp) followed by postadsorption of
GOx. The results are shown for 1 cm’ samples prepared as described in Section 4.1.2.1 for enzyme
solution concentration of 10 mg ml™.

By initially examining the samples at a low TOA (10°) to place an emphasis on the
analysis of the surface of the layer, the copolymerisation method results in the
entrapment of 30% more enzyme than the next most successful method of
postadsorption. When the TOA is changed to 90°, where more of the depth of the
film is being examined, this percentage increase rises to 61%. The hypothesis that
the preadsorption method produces a low GOx percentage due to insufficient XPS
penetration depth at both angles is not supported by electrochemical experimentation
in Section 4.2.1.1. Therefore, as was the case with the p(pd) polymer system, the
immobilisation of enzymes was performed henceforth by copolymerisation from a
solution containing both enzyme and p(fp).

4.2.2.3 - Effect of Variation of Electropolymerisation Time:

XPS was used to investigate the effect of varying the duration of copolymerisation
on the polymer-enzyme sensing layer composition. The electrochemical results
obtained from the same set of experiments, as shown in Section 4.2.1.2, showed that
there was a poor correlation between electropolymerisation time and maximum
current densities at saturated substrate concentrations, results which are corroborated

by XPS analysis, Figure 4.11.

107




Chapter 4. Electrochemical and Spectroscopic Analysis of Poly(m-fluorophenol) Based Sensors.
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Figure 4.11 - The time independence property of the copolymerisation immobilisation process.
The plots are taken for measurements made on the sample prepared by copolymerisation from a
solution containing 10 mg mI" GOx and 10 mmol dm™ p(fp) for 5, 15, 30 and 60 minute durations.
The samples were measured at TOAs of both 10° and 90° as shown in (a) and (b) respectively. The
variation in the GOx percentage composition of samples does not appear to rely on any particular
length of polymerisation. Therefore, 5 minute preparations were subsequently used.

Indeed, examination of Figure 4.11 reveals that the peak heights in neither plot (a)
nor (b) exhibit any particular trend to suggest an optimum duration for the
polymerisation procedure. The percentage composition of GOx is maintained within
the ranges 65 - 77 % for a TOA of 10° and 79 - 84 % when the angle is changed to
90°. Correspondingly, the polymer percentage composition varies only within the
ranges 23 - 35 % and 16 - 21 % for the same angles. The values obtained when the
TOA is at 90° show a higher percentage of enzyme within the film due to the entire
depth of the sample being probed.

As a consequence, a 5 minute polymerisation duration was adopted for all

subsequent assays, for the ease of preparation.

Further testing on the p(fp) sensors with extended polymerisation times should be
performed in the future to establish if longer electrodepositions provide the
advantage of increased elimination of electro-active interferents that was shown to be

the case for the p(pd) sensors described in Chapter 2.
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4.2.2.3 - Effect of Variation of Enzyme Solution Concentration:

The most significant parameter of the polymer-enzyme preparation procedure to be
examined is that of variation in the concentration of enzyme contained within the
polymerisation solution and the subsequent effect this has on the sensor response. In
this work four concentrations of enzyme were investigated i.e. 10.00, 1.00, 0.10 &
0.01 mg ml"' and the percentage of each contained in the sample after preparation

was estimated by spectral decomposition of data obtained using XPS.

In the analysis of these data sets the fluorine on the p(fp) chain acts as a marker for
the polymer, allowing the measured F(1s) spectra to represent the amount of polymer
contained within the sample. In contrast with the analyses of the p(pd) samples, the
polymer contains no nitrogen, and thus the N(1s) spectra collected from the sample
1s representative of the enzyme content of the sample. As the enzyme concentration
of the polymerisation solution is reduced, if the concentration of enzyme in the film
also decreases then there should be a decrease in the peak height of the N(1s) spectra
and a corresponding increase in the peak height of the F(1s) spectra. This was found
to be the case and is shown in Figure 4.12. Also illustrated in Figure 4.12 is the
C(1s) sample spectra showing a decrease in the peak height at ~ 287 eV which
corresponds to a decreasing enzyme concentration. The plots in this figure show
only the spectra obtained at a TOA of 90° but a similar picture was observed at a
shallower TOA of 10°.
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Figure 4.12 - The (a) F(1s), (b) N(1s) and (c) C(1s) XPS spectra, measured at a TOA = 90°, of the
samples prepared as Aw/p(fp)(10 mmol dm?)/GOx where the GOx solution concentration was varied
between 10 and 0.01 mg ml” (as described in Section 4.1.2.1). As the GOx concentration is
decreased the peak heights in (a) and (b) increase and decrease respectively, indicating a rise in the
polymer content of the film and a drop in the enzyme content. The plot in (c) shows the peak at ~
287 eV, corresponding to the enzyme, decreases with decreasing GOx concentration.
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The results presented in Figure 4.12 provide qualitative information confirming an
increase in the amount of GOx immobilised within the polymer-enzyme layer as the
GOx concentration in the polymerisation solution is increased. However, it is
advantageous to have a measure of the true amount of GOx (and p(fp)) within the
film of each sample. Quantification of the polymer-enzyme interface for each
sample was, therefore, performed by fitting the C(1s) GOx and p(fp) reference
spectra to that of the experimental data. The fitting procedure was identical to that
explained earlier in this chapter where initial estimates for the percentage of both
GOx and p(fp) contained within the sample were extracted from the N(1s) and F(1s)
ratios and then altered until a ‘best fit* was obtained. The spectra were fitted for data
collected at TOAs of 10° and 90°. The ‘best fit’ percentages of polymer and enzyme
are shown in Figure 4.13.
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Figure 4.13 - The effect that varying the concentration of GOx in solution has on the percentage
composition of the samples. The values are collected for samples prepared as described in section
4.1.2.1 and at TOAs of (a) 10° and (b) 90° using GOx solution concentrations of 10, 1, 0.1 and 0.01
mg ml” for each angle. In both (a) and (b) it is clear to see that the percentage of enzyme contained
within the sample increases as the GOx solution concentration is increased. Correspondingly the
polymer content of the films is reduced with increasing enzyme solution concentration.

By examining the plots in Figure 4.13 it is clear that there is an obvious trend in the
percentage composition of the polymer-enzyme layer. The values obtained from
Figure 4.13 show that at a TOA of 10° there is a 55% increase in the amount of GOx
contained within the polymer-enzyme at 10.00 mg ml"' when compared to that at

0.01 mg ml". This is supported by a similar decrease in the amount of polymer in
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the film. The value of this percentage increase rises to 67% when the TOA is 90°,
indicating that the surface composition (at 10° TOA) is not the same as that in the

bulk of the polymer (at 90° TOA).

The advantage of using the p(fp) polymer becomes more apparent at this stage of the
polymer-enzyme film analysis. The presence of the fluorine in the polymer enables

estimates to be made for the percentage composition of the polymer and, hence, GOx

in the samples. This provides a method for obtaining a value for ¢y within Equation

(1.11).

Using the assumption that the coverage of GOx on the electrode surface is onc

enzyme layer thick and equivalent to 1.3 x 107" mol em™”

and assuming the
polymer-enzyme layers are sufficiently thin that this single enzyme layer assumption
is realistic, the GOx percentages obtained from XPS analysis can be used to estimate
es, as shown in Table 4.3 for the different enzyme solution concentrations

investigated.

[ GOX]sptution XPS Best Fit ex
/ mg ml’! GOx % / mol em™
10 79 1.03 x 10T
1 76 0.99 x 10"
0.1 36 0.47 x 10"
0.01 12 0.16 x 10

Table 4.3 - Estimates of the amount of GOx immobilised within the polynier-enzyme films as
predicted by the percentage composition of GOx obtaincd by XPS analysis, The samples were
prepared as described in section 4.1.2.1 using GOx solution concentrations of 10, 1, 0.1 and 0.01 mg
ml" and examined at a TOA of 90°. These values are based upon the assumption that a single
enzyme layer coverage of GOx on the bare electrode surface is equivalent to 1.3 x 107" mol cm™.

The values in Table 4.3 display the trend that the GOx surface concentration
decreases with decreasing GOx solution concentration when measured at a TOA of

90°. The values of GOx surface concentration can then be used with the XPS results
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to predict the distribution of enzyme within the sensing layer film. Figure 4.14
shows the plot of the ratio of polymer to enzyme i.e. N(1s):F(1s) against surface

GOx concentration for samples measured at TOAs of 10° and 90°.
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Figure 4.14 - The plot of the ratio of enzyme to polymer content in the films against the
concentration of GOx retained at the electrode surface for TOAs of both 10° and 90°. Samples were
prepared as described in section 4.1.2.1 for GOx solution concentrations of 10.00, 1.00 0.10 and
0.01 mg ml" and the surface concentrations were determined by using the XPS resulting percentage
compositions and assuming a monolayer coverage of 1.3 x 10" mol cm™. Note that the plot at TOA
= 90° is greater than that at TOA = 10° providing information on the construction of the polymer-

enzyme layer.

The data in Figure 4.14 illustrates that at a TOA of 90° the N(1s):F(1s) ratio is
greater than that at a TOA of 10° suggesting that by examining the samples at a steep
angle there is more enzyme than polymer detected. Similarly, shallow angle analysis
yields a ratio which implies a greater amount of polymer than enzyme in the film.
This becomes more apparent as the concentration of enzyme within the film, ey,
increases. These results suggest that the enzyme is entrapped within in the film as
described in Figure 1.15 where the enzyme is ‘buried’ within the polymer film. This
effect is most obvious at high surface GOx concentrations which would substantiate

the hypothesis that there is an outer covering of polymer over the top of the enzyme
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(at 10° and a high surface loading of enzyme, the same outer layer of polymer is
measured whilst at 90° the enzyme contained throughout the entire penetration depth

of the film is measured).

Additional information on the micro-environment of the sensing layer can be
extracted from the data by looking at the method of enzyme adsorption within the
polymer.[138,140, By plotting the ratio of GOx concentration in solution to that at the
electrode surface against the GOx concentration in solution, it is possible to diagnose
whether GOx is entrapped within the p(fp) film as a Langmuir adsorption isotherm,
see Figure 4.15.
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Figure 4.15 - Plot showing that by immobilising the GOx in the p(fp) film using the method of 5
minute copolymerisation from a solution containing 10 mmol dm™ p(fp) and a range of either 10, 1,
0,1 or 0.01 mg mF"' GOx the enzyme is adsorbed within the film as a Langmuir adsorption isotherm.

The concept of the adsorption isotherms is one which relates the amount of substance
adsorbed per unit area to the concentration of adsorbate in the bulk solution and the
free energy of adsorption. There are many isotherms (e.g. Frumkin, Gibbs and

Temkin)*49 the difference between which can be attributed to their method and
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extent of taking into account lateral interactions between adjacent adsorbed species.
The Langmuir isotherm assumes that the adsorption process is reversible and that
there are no lateral interactions and, hence, the energy of adsorption is not a function
of surface coverage. However, although enzyme adsorption on surfaces cannot be
regarded as an irreversible process and it is unlikely that there will not be any
interactions between adjacent enzyme molecules, the Langmuir isotherm can still
provide a more reliable model for the method of adsorption than the other possible
isotherms. (Examples of other systcms where Langmuir isotherms have been used as
a good approximation for adsorption can be found in the literature.)%0 1911 The
linearity of the plot in Figure 4.15, measured using a regression coefficient (r* =
0.99), illustrates that irrespective of the concentration of GOx in the polymerisation
solution, there is an equal likelihood of any molecule of GOx being adsorbed into the
polymer film. Similarly, because of the assumptions made for Langmuir isotherms,

this holds true for the desorption of GOx from the polymer-enzyme layer.

Using this information it is possible to display the electrochemical results, as shown
in Figure 4.6 (b), which were obtaincd by fitting the experimental data to the
algorithm in Equation 1.11, as a function of the enzyme surface concentration and,
hence, enable the further elucidation of the kinetic parameters. The plot in Figure
4.16 shows the responses of the samples prepared with different enzyme surface
concentrations to a concentration of glucose in the saturated region i.e. 100 mmol

dm™ glucose.
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Figure 4.16 - Plot illustrating the trend in electrode response to 106 mmol dm?® glucose as the
concentration of GOx entrapped within the polymer-enzyme layer is increased in the range 0 ~ 1 mol
cm?. This enzyme surface concentration range is equivalent to an enzyme polymerisation solution
concentration range of 0 - 10 mmol dm™ assuming that 2 one-enzyme layer thick coverage of GOx
is equivalent to 1.3 x 10™" mol cm™. The samples examined were prepared as described in section
4.1.2.1 and electrochemical measurements were collected at a potential of - 700 mV vs. AglAgCl in
response 10 glucose aliguots in the range 0 - 100 mmol dm®,

It is obvious from the trend in Figure 4.16 that, as the concentration of GOx in the
polymerisation solution and, thercfore, the concentration of GOx entrapped by the
p(Ip) at the electrode surface, is increased, there is an increase in the current response
of the sensors. Therefore, the elementary factor in obtaining higher sensor response
is to increase the concentration of enzyme within the electropolymerisation solution

during sensor preparation.

As described previously, the fitting equation, Equation (1.11), provides a kinetic
description of the sensors using a more complex algorithm than that of the
Michaelis-Menten and incorporates a wide range of kinetic parameters, the

measurement of some of which is outwith the scope of this work. However, having

obtained an estimate of the surface concentration of enzyme, ey from the
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experimental results, the final piece of analysis performed in this section is to
elucidate the relationship between the remaining parameters of Equation (1.11) and

the surfuce enzyme concentration.

[deally, the sensor response should be modelled using known values for each term in
the algorithm but by plotting the parameters » and ¢, as shown in Equations 4.2 (a)
and {(b), (See Introduction, Section 1.1.7) as a function of the sample surface enzyme
concentration, the simplistic assumption can be made of the existence of a linear

relationship as described by the equation of a straight line,

K 1+ k%K a
m=—7"t— ¢ =—r"a—t Equation 4.2 (a) & (b)
oK k. e5! ok, esl

The plots showing such a relationship are shown in Figure 4.17.
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Figure 4.17 - Plots showing the relationship between the kinetic parameters (a) m and (b) ¢ with
enzyme surface concentration as described by linear analysis of Equation 4.2 (a) & (b).

The plots are clearly not linear and can be used only to suggest a trend for the
variation in enzyme surface concentration with varying terms m and ¢. More data
points are required before any further information can be extracted. They may also

be used in this context to provide estimates for the remaining terms of the fit
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equation, namely K, K,, k... k, K, and a, which as yet are unable to be measured
for this type of experiment because the physical properties of the polymer are not yet

known.

4.2.3 FT-iR Analysis

The electrochemical and XPS analyses of the samples under examination in this
chapter were augmented with results obtained by FT-iR investigation. There is,
however, little advantage of using the p(fp) polymer for this technique because ol the
difficulty in assigning fluorine signals on the FT-iR spectra. The information from
FT-iR analysis is collected as transmission data and the reference spectra for the
GOx and p(fp) are shown in Figure 4,18, These can be used to identify the specific
peak profiles atiributable entirely to polymer or enzyme.
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Figure 4.18 - The raw transmission data as obtained from the FT-iR analysis of the reference GOx
sample prepared by 30 minute electrosorption of 10 mg ml? GOx and the reference p(fp) sample
prepared by 5 minute polymerisation from a solution containing 10 mmol dm® fluorophenol
monomer. Both spectra show individual peaks corresponding to the functional groups of their
structure.

By looking at the reference spectra individually, the main peaks of interest on the

GOx spectra are, as described in Chapter 3, those corresponding to the amide groups
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on the enzyme. As before, the amide 1 and II peaks can be used to identify the
presence of enzyme in the samples.

When considering the spectra of the p(fp) refercnce sample (and that of the
fluorophenol monomer, not shown herel!%8l) there are a variety of distinct peaks
which can be attributed to different bonds within the polymer structure. The peaks
at 1600 ¢m™ are characteristic of the C-H and C=C stretching vibrations, whilst the
peaks between 1400 and 1500 cm”’ can be attributed to the ring breathing modes of
the benzene-like ring within the phenol. The peak at approximately 1300 cim™ arises
from the phenyl ether (C-O-C) bond stretching between the monomers.

Additionally, there are numerous peaks below 1100 em’ which can be attributed to
the C-F stretching vibrations of the p(fp) chain which, theoretically, are able io
provide information on the content of polymer within the samples. However, at such
low wavenumbers, the transmission data values will incur large errors, due to the
background subtraction function of the spectrometer {(errors are exaggerated greatly
by the differential between the collected sample spectrum and the background). Asa
consequence of the uncertainty in the low wavenumber data, the sample spectra

cannot be compared reliably using the peaks below 1100 cm™.

For the purpose of the analysis in this chapter the data of quantitative interest was
confined to the region containing the most analytically significant peaks, seen in

both reference spectra i.e. 1550 - 1750 cm™.

The samples investigated with the FT-iR technique looked at the factors of the
preparation process previously examined with both electrochemical assays and XPS.
For example, the three enzyme immobilisation methods were tested together with
variation in the duration of polymecrisation and the concentration of enzyme

contained within the polymerisation solution.

119




Chapter 4. Electrochemical and Spectroscopic Analysis of Poly(m-fluorophenol) Based Sensors.

4.2.3.1 - Effect of Variation of Method of Enzyme Immobilisation:

Initially samples were prepared, as described in Section 4.1.2.1, using the three
techniques. Data were collected over the range 1000 - 2000 cm” from samples
prepared using each of these methods and with a GOx solution concentration of 10

mg ml". The resulting spectra were restricted to the region of interest and plotted in
Figure 4.19.
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Figure 4.19 - The effect of variation of method of enzyme immobilisation using FT-iR spectral
analysis. The samples were prepared as described in Section 4.1.2.1 using the three techniques: (a)
preadsorption of GOx followed by electrodeposition of p(fp), (b) copolymerisation from a solution
containing both GOx and p(fp) monomer and (c) postadsorption of GOx onto an electro-deposited
layer of p(fp). The range shown highlights the vibrations of the amide I band of the enzyme and the
C-C & C-H stretching vibrations of the p(fp).

By inspection of the three traces in Figure 4.19 it is clear that the immobilisation
technique which corresponds to the largest amide I peak height and, therefore, the
greatest amount of GOx within the sample is that of copolymerisation. Similarly,
although the postadsorption and preadsorption techniques yield similar amounts of
GOx, the technique which produces the largest C-H/C-C peak height is that of
preadsorption. This might suggest that the by having the enzyme on the surface of

the electrode the polymer has a larger surface area over which to grow. These
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results corroborate those obtained from both electrochemical assays and XPS and

indicate the optimum method of immobilisation for future biosensing interfaces.

4.2.3.2 - Effect of Variation of Length of Polymerisation Time:

In order to examine the importance of the length of polymerisation time, samples
were prepared by copolymerisation from a solution containing both GOx and
fluorophenol monomer for periods of 5, 15, 30 and 60 minutes and the effect of this
on the sensor composition measured by FT-iR spectral analysis. This variation is

illustrated with the spectra shown in Figure 4.20.

Absorbance / 10°
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Figure 4.20 - The effect of variation in electropolymerisation duration as observed from the FT-iR
spectra over the range 1550 - 1750 cm™. The samples were prepared by copolymerisation (see
section 4.1.2.1) for periods of 5, 15, 30 and 60 minutes cycling. The amide I peak and the C-C/C-H
peak from the GOx and p(fp) correspondingly are subject to change due to this variation.

By looking at the amide I peaks for the plots in Figure 4.20 it can be noticed that a
short polymerisation time does not produce as much GOx within the polymer-
enzyme layer as does a longer polymerisation. Also, as the polymerisation duration
is increased the amount of polymer, as indicated by the peaks at ~ 1630 cm™,
increases accordingly. This suggests that extended polymerisation should give a
more favourable method for sensor preparation. However, this increased time also

deposits a greater total amount of polymeric material on the surface. Thus, a scaling
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factor of 1.6 can be calculated from the ratio of both peaks at 5 minutes and 60
minutes indicating that in fact there appears to be no advantage of increased GOx

concentration within the film with increased polymerisation time.

4.2.3.3 - Effect of Variation of Enzyme Solution Concentration:

The final parameter of the polymer-enzyme layer preparation procedure examined
using FT-iR was the change in composition of the layer due to variation in the
concentration of GOx in the polymerisation solution. Samples were prepared (as
described in Section 4.1.2.1) from solutions containing 0.01, 0.10, 1.00 and 10.00
mg ml" GOx and FT-iR spectra collected over the range 1000 - 2000 cm™. For the
reasons stated earlier the range of interest was restricted to 1550 - 1750 cm™ and the
amount of enzyme and polymer contained within the film was qualitatively
measured from the change in peak heights. The spectra collected are plotted in

Figure 4.21.
5
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Figure 4.21 - The variation in peak heights for samples prepared (as described in Section 4.2) using
polymerisation GOx solution concentrations of 0.01, 0.1, 1 & 10 mg ml'. The FT-iR spectra
collected show that as the GOx solution concentration is increased the peak due to the stretching
vibrations of amide I increases while the C-C/C-H peak, indicative of the p(fp), decreases
correspondingly.
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As the concentration of GOx in the polymerisation solution is increased it is
presumed that the concentration immobilised within the polymer film will also
increase accordingly. The amide I peaks on the plots in Figure 4.21 suggest that the
samples follow this trend. Similarly, as the concentration of enzyme in the sample
increases, to maintain a constant sensing layer volume, there should be a decrease in
the amount of p(Ip) observed on the sample surface. The peaks corresponding to the
C-C/C-H stretching vibrations of the p(fp} show such a decrease with increasing
amide I peak heights. It is, however, unfortunate that in this sequence of peaks the
10 mg ml” value is greater than that for the | mg ml” sample. This may be due to
any number of reasons relating to, for example, experimental error or uneven film

growth.

It is possible to extract quantitative information concerning the polymer-enzyme
layer composition by using the reference p(fp) and GOx spectra to fit the data to that
of the sample spectra. This fitting procedure is an vnrefined method, identical to that
used for the XPS fitting in the previous chapter. By manually altering the
percentage components of the p(tp) and GOx reference spectra to obtain a ‘best-fit’
to the sample spectra, it is possible to obtain a measure of the amount of material
within the sensing layer. The plot in Figure 4.22 (a) shows (he reference p(fp)
spectra, (b) shows the GOx reference spectra and (c) shows the sample spectra for a

GOx solution concentration of 10 mg ml™.
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Figure 4.22 - The data fitting procedure for the FT-iR spectra obtained for samples prepared (see
section 4.1.2.1) by copolymerisation from solutions containing varying concenirations of GOx. The

percentages of p{fp) reference spectrum (a) and GOx reference spectrum (b) are altered in order to
obtain a best fit curve to the sample data (c).

The fitting procedure was performed for the samples prepared from different GOx

solution concentrations and the values obtained used to indicate the relative amount

of material on the sensor surfuce. As in previous sections, the percentage

composition of each sample is digplayed using a bar chart in Figure 4.23 (a) and
diagrammatically in Figure 4.23 (b).
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Figure 4.23 --The percentage composition of the polymer-enzyme layer as deduced from the best-
fit curves to the sample FT-iR spectra for samples prepared from varying GOx solution
concentrations. The plot in (a) shows the percentage values of p(fp) and GOx for each sample while
(b) shows the data as ratios of enzyme to polymer, and fitted using a second order regression
function with r* = 0.998.

The values from Figure 4.23 (a) and (b) show there is at least a 50% increase in the
percentage of GOx contained within the film when the solution enzyme
concentration is increased from low to high values. As is expected, there is a
simultaneous decrease of approximately 50% in the percentage of p(fp) within the
film. However, the values indicate that there is more enzyme in the film when the
solution concentration is 1 mg ml" than when it is 10 mg ml". Although this has
not been the case for the other analytical techniques used for this polymer-enzyme
combination and, therefore, may be due to experimental error of the FT-iR
technique, it does agree with the electrochemical data obtained for the p(pd) sensors
in Chapter 2. When considering only the data in this chapter, however, the same
trend is followed as predicted from the alternative techniques and so can be quoted

reliably.

The absence of error bars on the experimental data, which may show if this is an
artefact or not, was as a result of both long data collection times for some of the
techniques (XPS) and the difficulties in producing identical samples. Great care had

to be taken in producing standardised protocols for sensor preparation, for example,
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polymer growth conditions, in order to minimise any errors due to preparation

method.

4.3 Summary

The results presented in this chapter have been collected using a variety of different
analytical techniques, each of which has the abilily to analyse a different aspect of
the polymer-enzyme sensing layer. The preparation conditions of the polymer-
enzyme film were altered by varying the method and duration of enzyme
immobilisation and the concentration of enzyme within the polymerisation solution
and the effect of such alterations was monitored using three different analytical tools.
Initially electrochemical assays were performed which provided information on the
sensor response as a function of the pelymerisation parameters. Analysis was
subsequently performed using the spectroscopic techniques of XPS and FT-iR where
the surface and bulk composition of the samples were examined for the amount of

polymer and enzyme entrapped within the sensing layer.

The samples which generated the best sensor response were those prepared by
copolymerisation from a solution containing both enzyme and monomer. This
response was maximised by increasing the concentration of enzyme contained in the
polymerisation solution which effectively increases the amount of enzyme retained
within the film. There appeared to be no obvious trend in the effect of increased

polymerisation time.

In detail, using XPS analysis there was found to be a greater amount of GOx
contained within the polymer-enzyme layer when the samples were prepared by
copolymerisation from a solution containing the largest concentration of enzyme.
Similarly, as the amount of GOx increased the corresponding amount of p(fp) in the
scnsing layer decreased accordingly. Data was collected at TOAs of 10° and 90° and
the results suggest that since there is a smaller ratio of enzyme to polymer at a
shallow angle i.e. when the surface of the sample is analysed, the film forms with the
enzyme ‘buried within” the polymer film. This case appears to be contrary to the

situation described in Chapters 2 and 3 with sensors prepared using
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polyphenylenediamine where the ratios suggest that the enzyme ‘stands proud’ of the
polymer. This may be due to any of many possible factors but the most conceivable
hypothesis could be that the individual polymers have different statcs of hydration
when placed in solution which may cause one to swell more than the other, allowing

the enzyme to protrude rather than be cncased.

The presence of the fluorine in the polymer structure allowed kinetic analysis of the
system to be performed. Using the assumption of monolayer coverage of enzyme,
the enzyme surface concentration was able to be calculated which subsequently
allowed the conclusion that the enzyme is entrapped within the film as a Langmuir
isotherm. Also, the kinetics of the sensor were able to be elucidated from Equation

(1.11) and their dependence on enzyme surface concentration illustrated.

The final technique applied to the sensors was that of FT-iR. The results obtained
from this set of experiments illustrated also that copolymerisation from a solution
containing monomer and a maximum amount of enzyme yielded the highest
proportions of GOx and p(fp) within the samples. As this technique samples the
entire volume of the sensor it also highlighted that the amount of material on the
surface of the electrode is subject to variation in the preparation procedure. This was
illustrated best by the experiments where the polymerisation time was increased.
Although there appeared to be an increase in the amount of enzyme and polymer in
the film as the duration was increased, the ratio of polymer to enzyme remained
constant irrespective of the length of time polymerised. Therefore, there is no

advantage to be achieved by polymerising for longer periods of time.

In summary of the results contained in this chapter, using the three complimentary
techniques it has been possible to determine the following information on the
polymer-enzyme film:

» the concentration of enzyme (e$) within the polymer entrapment matrix

e the micro-environment of e$ within the filns

e the mechanism of enzyme entrapment

s the dependence of kinetic parameters on e§.
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CHAPTER 5 - OSMIUM BASED GLUTAMATE
SENSORS

This chapter describes the development of a glutamate microsensor employing the
technigue of enzyme wiring within osmium based polymers.[94 1161 [Initially, assays
were performed on macroelectrodes due to the ease of polymer deposition and
electrode characterisation. The initial aim of this work involved wiring the enzyme
directly to a glassy carbon electrode surface using a polymer of poly(vinylpyridine)-
containing Os(dimethylbipyridine),Cl,, known ags POs-EA. The development of this
system hereafter led to the development of a bienzyme electrode prepared by the co-
immobilisation of GLOx with soybean peroxidase (SBP) in the same redox-hypoxy
network of POs-EA, as described in Section 1.1.6 and Figure 1.10 of Chapter 1. As
described in Chapter 1, the advantage of the bichzyme system is that a cathodic
current (as opposed to anodic current for the single enzyme system) is measured as
the Os™ is reduced to Os”, thus allowing the electrode potential to be maintained at
values where clectro-active interference need not be a problem. This sensor was
further developed for use on microelectrodes and their ability to block interfering

substances investigated.

5.1 Experimental

5.1.3} Materials:

Poly(ethylene glycol) diglycidy! ether (Polysciences, PEGDGE 400, catalog No
08210), ascorbic acid (Aldrich Cat # 25,556-4), glutamic acid (Cat # G-1626),
glucose (Cat # G-7528), uric acid (Cat # U-2625) and cellulose acetate, prepared in
hexaquinone, (Cat # C-3782) were purchased from Sigma. Soybean peroxidase,
SBP, was purchased from Enzymo! International Inc. (HP grade, 130 pyrogallol
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Units mg™"). Glutamate oxidase, GL.Ox, (EC 1.4.3.11., from Strepfomyces species, 30
Units mg™”) was a gift from Yamasa Shoyu (Chiba, Japan). Glucose oxidase, GOx,
(EC 1.1.3.4., from Aspergillus niger, 245 Units mg') was a gift from MediSense
{Birmingham, U.K.). The redox polymer, poly(vinylpyridine)-containing
Os(dimethylbipyridine) Cl, (POs-EA) was prepared as reported.’l: 1221 All other

chemicals were purchased from Sigma.

The structures of both the POs-EA polymer and the PEGDGE 400 crosslinker are

shown in Figure 5.1,
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Figure 5.1 - (a) The chemical structure of the osmium-containing redox polymer backbone,
Poly(vinyl pyridine) containing Os(dimethy! bipyridine),Cl,, (b) The chemical structure of
the di-epoxide crosslinking agent Poly(ethylenc glycol) diclycidly ether (PEGDGE 400)
and (c) The general reaction scheme of an cpoxide with an amine.
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SI 1 -2 - Meth(lds

5.1.2.1 Electrode Preparation:

Rotating disk electrodes were prepared by embedding vitreous carbon rods (3 mm
diameter, V10 Atomergic) in a Teflon shroud using a low viscosity epoxy resin
(Polyscience, catalog No 01916). Electrodes were cleaned and successively polished
using two grades of alumina slurry (1 and 0.3 um) with 5 minute sonication and
rinsing with RO water after each grade. Before use, electrodes were cycled in buffer
between 0 and 600 mV vs. AglAgCl at a scan rate of 100 mV s (featureless
clectrochemistry with a low non-Faradaic background current being both desirable as

well as indicative of a clean operational surface),

Microelectrodes were prepared by inserting 8 pm diameter carbon fibres in
polypropylene micropipette tips. The pipette tip was melted allowing the
protruding fibre to be sealed. The tip was then cut perpendicularly to the fibre to
obtain a flat working surface with an outside diameter of approximately 1 mm.
Electrical contact was established with the carbon fibre by filling the tip with a (2:1)
mixture of carbon powder and mineral oil and inserting a copper wire. A layer of
cellulose acetate was added on top of the sensing layer by dropping 0.5 ul of 0.05%
cellulose acetate, prepared in hexaquinone, onto the surface of the dry sensor and

left to cure ovcrnight.

Also used were 8 jun glassy carbon electrodes encased within glass to give an outer
diameter of 2 mm (purchased from Cypress Systems Inc.). The cleaning procedure

was the same as for the macroelectrodes described above.

All direct-wired enzyme electrodes were prepared by mixing the POs-EA polymer
(5 mg ml” in reverse osmosis (RQ) water), glutamate oxidase (6.7 mg ml" in 20
mmol dm® phosphate buffer containing 0.14 mol dm® NaCl, pH=7.4) and
PEGDGE crosslinker (2.5 mg ml’ in water) and then applying 5 pl of the mixture
to the electrode surface The electrodes were allowed to cure slowly for at least 24

hours in air at room temperature before use.
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Preparation of the bienzyme electrodes was performed in a similar manner to the
direct-wired electrodes. A 5 ul drop of the following mixture was applied to the
electrode surface: POs-EA polymer (5 mg mi™” in RO water), glutamate oxidase (6.7
mg ml”’ in phosphatc buffer containing 0.14 mol dm™ NaCl, pH=7.4), soybean
peraxidase (20 mg ml” in water) and PEGDGE crosslinker (2.5 mg ml” in water).
The electrodes were allowed to dry slowly for at least 24 hours in air at room

temperature before use.

Wircd SBP glutamate microclectrodes were prepared on both the 8 pm glassy
carbon fibres and graphite carbon fibre electrodes. The 2 pl drop of solution
applied to the electrode surface contained 0.9 jd POs-EA (1 mg ml™), 0.45 ul SBP
(2 mg ml™), 0.15 pl GLOx (0.67 mg ml") and 0.5 yl PEGDGE (0.25 mg ml™),
giving a percentage weight distribution of 45%:45%:5%:5% respectively.

5.1.2.2 Measurement of Enzyme Activity:

The activities of both GLOx and GOx were tested by detection of their ability to
produce H,0,, on reaction with their appropriate substrate, using a QUANTOFIX
Peroxide 100 strip test (EM Science, New Jersey, USA) which contains a peroxidase
enzyme. Known concentrations of both GOx and GLOx were prepared and a drop
added to individual test strips. On the introduction of either glucose or glutamate,
the H,O, produced by the reaction tumed the test strips a discrete shade of blue.
Visual comparison of the colour of each strip and consideration of their
corresponding enzyme concentrations meant it was possible to estimate the ratio of

glucose oxidase activity and turnover and relate it to that of glutamate oxidase.

5.1.2.3 Electrochemical Measurements:

Initial tests were performed on the single enzyme system, using cyclic voltammetry
(at 100 mV s") between -300 to +600 mV vs. AglAgCl, to establish the sensing
potential at which to poise the electrode. All experiments were carried out in 20

mmol dm” phosphate buffer using a standard three electrode cell, with a glassy
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carbon working elecirode of area 0.07 cm?, Ag)AgCl reference electrode (BAS, 3
mol dm™ NaCl) and a platinum counter electrode.

Both voltammetric and amperomeiric responses were recorded using a BAS Model
CV-1 B potentiostat and the signal was recorded on a BAS x-y recorder. Rotating
disk electrode experiments were also performed, using a speed of 1000 rpm with a

Pine Instruments AFMSRX rotator with an MSRS speed controller.

For the amperometric experiments on the direct-wired enzyme electrodes the
potential of the working electrode, with respect to the reference electrode, was
maintained at +415 mV vs. Ag|AgCl and the corresponding anodic current profile
recorded for varying glutamate concentrations. A stock solution of 500 mmol dm™
glutamate was prepared and known aliquots were added to the buffer solution to
provide specific solution concentrations of glutamate. The current value was

allowed to stabilise after each addition,

Interference measurements were carried out in the same mamner. Amperometric
current (anodic) responses were measured as a result of additions of physiological
concentrations of ascorbic acid and uric acid (0.2 and 0.4 mmol dm™ respectively) at

a potential of +415 mV vs. Ag|AgCl.

For the bienzyme electrodes, amperometric measurements were carried out using an
identical approach except with a reducing working electrode potential of +50 mV vs.
AglAgCLI2]  The magnitude of the currents measured using the microelectrode
sensors required a much more sensitive detection system. Additionally, in order to
reduce the amount of electrical interference, the experiments were performed with
the three electrode cell inside a Faraday cage and the data was collected using a PC
controlled CH Instruments elcctrochemical detector Model 700.

In order to examinc the effect of oxygen on the elecirodes responses, the electrodes

were operated under air-saturated, nitrogen-saturated and oxygen-saturated

conditions. This was achieved by purging the cell with nitrogen or oxygen for a
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length of time between 20-30 minuies. A blanket of nitrogen or oxygen was
maintained over the solution surface whilst performing the experiments, as

appropriate.

5.1.2.4 Data Analysis:
All the amperometric data collected from the electrochemical experiments was
analysed using SigmaPlot (Jandel Scientific) and presented as current densities vs.

concentration profiles.

5.2 Results and Discussion

This section focuses on the electrochemical responses obtained using the two
different electrically wired GLOx sensors. The apparent advantage of the latter
system, based upon a bienzyme construction, is discussed and the subsequent

development of this for microelectrodes is described in section 5.2.3.

5.2.1 - Direct-Wired GLOx Electrodes

5.2.1.1 Enzyme Activities:
The work of Heller et gll®» 118, 118] on electrical wiring of GOx onto electrode
surfaces using osmium based hydrogels provided a model system for the glutamate

sensors described in the following seciions.

As little is known about the enzyme glutamaie oxidase, initial tests were carried out
to assess its ability to be ‘wired’. It’s enzymatic activity was compared to that of the
well characterised glucose oxidase model.[8] The activities of both enzymes (in
solution) were tested by detection of their hydrogen peroxide production using a
QUANTOFIX test strip as described in section 5.1.2. The peroxide-induced colour
change and the corresponding enzyme concentrations were considered and revealed
that the H,O, produced by GLOx was equivalent to that produced by a concentration
of GOx of an order of magnitude greater, suggesting the GI.OX activity appears to be
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an order of magnitude smaller than that of GOx. This is supported by the values
reported for GLOx of 30 Units mg™” (Kusakabef®”l) and for GOx of 300 Units mg™

(Sigmal1921),

These qualitative results suggested that GLOx could be successfully ‘wired’ using
hydrogels. On calibration of glutamate sensors prepared in such a manner, it was
found that the magnitude of the GLOx sensor response was smaller than that of
wired GOx sensors, which can most likely be attributed either to the lower enzyme
activity or to a different interaction between the hydrogel and the enzyme. Results

which address these two hypotheses are presented later in this section.

5.2.1.2 Electrochemical Response:
Electrochemical assays were performed for first glucose and then glutamate sensors
prepared using the direct~wired enzyme technique. As a model system, the glucose

response of GOx-Os elecirodes was first investigated.

e Glucoss: The steady state current response of a typical glucose sensor to
successive increments of glucose concentration in the range 0 to 100 mmol dm™ was
measured and the amperometric anodic current density response is shown in Figure
5.2 as a function of substrate concentration. A saturation current density of 600 pA
cm? was obtained and at low glucose concentrations the response followed a linear
trend. Although these results were lower than those obtained by Heller ef al [99, they
are within experimental limits of comparison, given that the two systems were

investigated using GOx from different sources.

o Glutamate: Using the same osmium polymer, glutamate electrodes were
prepared and their electrochemical responses monitored and compared to those of the
glucose sensors, A calibration plot of the response to various glutamate solution
concentration over the range 0 to S0 mmol dm™ was prepared and is shown in Figure
5.3. The response is linear at concentrations below 0.5 mmol dm™ with an average

sensitivity within this region of 8 pA cm™ (ool dm™)', The Michaelis-Menten
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kinetic parameter (K,,) was determined from the x-axis intercept of a Lineweaver-
Burke plot, shown in Figure 5.4, and has a value of 4.4 mmol dm?.

The linearity of the sensor in the range 0 - 0.5 mmol dm? justifies their suitability
for application in vivo since current estimates for the concentration of glutamate in
the extracellular space in the brain vary between 4 - 350 umol dm?, increasing by 20

- 30% during phases of increased brain activity,[193-195]
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Figure 5.2 - Dependence of the steady-state anodic current on the glucose concentration of a POs-
Ba/GOX/PEGDGE electrode. The electrode diameter was 3 mm, the sensing potential was

maintained at +415 mV vs. Ag|AgCl and the response was measured over a range of 0 to 100 mmol
dm” glucose.
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Figure 5.3 - Anodic current density profile of a POs-EA/GLOx/PEGDGE electrode. The electrode
was prepared with POs-EA/GLOX/PEGDGE. The electrode diameter was 3 mm, the sensing
potential was maintained at +415 mV vs. Ag|AgCl and the response was measured over a range of 0
to 50 mmol dm™ glutamate.

180

160 —

140 — x-axis intercept = -1/K . = -0.226

120 —
100 —

1/Current /mA™
(]
o
|

60 —

40 —

o T |l J ]

llIl]YTTTIIllI]ITTﬁ'Il‘Il]‘IIT

0 20 40 60 80 100 120

1/Glutamate Concentration / (mmoldm™) '

Figure 5.4 - Lineweaver-Burke plot for the POs-EA/GLOxXx/PEGDGE electrode. Regression
determined by least squares fit, =0.996. The x-axis intercept can be analysed to provide
information about the kinetic parameters of the electrode system.
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As expected, the K, of 4.42 mmol dm™ obtained experimentally is larger than the
value reported by Kusakabe's”) of 0,21 mmol dm™ for glutamate oxidase in solution;
a fact that can be atiributed to mass transfer limitation. A recent review paperl32],
which analyses alternative glutamate electrode configurations developed in previous
years shows that the biosensor characteristics, including the apparent K, value, are
highly dependent on the electrode material and the composition of the sensing layer.
The values range from 28 pmol dm™” to 9.1 mmol dm™ (135, Whilst Lineweaver-
Burke plots are of considerable value to characterising enzyme kinetics, one
weakness of the analysis is that the linear regression is skewed by kinetic
measurements madc at low concentrations (which are the most sensitive to error).
For example, if the point on Figure 5.4 at 100 (mmol dm™)", which corresponds to a
glutamate concentration of 0.1 mmol dm™ , is not considered then the estimated K.
value is reduced to 0.5 mmol dm?. Tt is feasible to temove this point because the
low glutamate concentration signals are most likely to contribute the largest errors

into the response.

The saturation current density of 19 uA cm™ obtained for the glutamate electrodes
can be compared to the value of 600 pA cm™ for glucose oxidase wired in the same
hydrogel. This variation in magnitude may be due to the lower specific activity of
the GLOx or to a poorer wiring of the enzyme to the polymer. The resulis do
however demonstrate that GLOx can successfully be wired within an osmium-based

hydrogel matrix.

5.2.1.3 Oxygen Dependence of the GLOx-Osmium Electrodes:

For in vivo glutamate concentration measurements, it is desirable that the electrode
be insensitive to changes in dissolved oxygen concentration. Oxygen is a natural co-
substrate for glutamate oxidasc and will, therefore, compete effectively with the
oxidised osmium sites, Os", to re-oxidise the substrate-reduced active site of the

enzyme. The competition scheme is shown in Equations (5.1) - (5.3).
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glutamate + O, + H,0—*%— g — ketoglutaric acid + H,0, + NH, (5.1)
GLOx — FADH, + 205" ——> GLOx - FAD +20s" +2H* (5.2)
GLOx - FADH, +0, ———>GLOx - FAD + H,0, 5.3)

If the electrode is characterised under oxygen-rich conditions then the steady-state
response current is substantially lowered since there is a direct competition between
the oxygen and the Os™ to act as an electron acceptor. The steady-state glutamate
response is shown in Figure 5.5 for a wired electrode under air, N, and O, saturated

conditions.
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Figure 5.5 - Effect of low oxygen conditions on the glutamate saturation current density. Electrodes
were prepared with POs-EA/GOx/PEGDGE sensing layers. Solutions were deareated with pure N,,
O, and air for 20 - 30 minutes and a blanket of gas maintained over the cell while measurements
were made. A sensing potential of +415 mV vs. Ag|AgCl was maintained.

At a glutamate concentration of 50 mmol dm™ the electro-oxidation current response
decreased by 2.7% when the bubbled gas was changed from air to N, and then by a
further 1.8% when the bubbled gas was changed from N, to O,. At 0.05 mmol dm"
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glutamatc the corresponding decreases were 12.3% then 63.8% from air to N, to Q.
This can be explained as follows: the maximum current densities under all three
gaseous conditions (i.e. air, N, and O, saturated) remained approximately equal
when the concentration of glutamate was saturating, which suggests that the enzyme-
glutamate reaction is the limiting step and that there are sufficient electron acceptors,
as Os™, present in the vicinity of the enzyme to carry the current. At lower
glutamate concentrations the reaction between the enzyme and the Os™ becomes
limiting and the rate is dependent upon the availability of the Os™ sites (as well as its
competition with O,). For the same solution oxygen concentration, therc is a higher
probability that the oxygen will react with the reduced enzyme if the solution

concentration of glutamate is low rather than if the glutamate is in excess,

5.2.1.4 Electrode Selectivity:

Glutamate sensors are often insufficiently selective when operated at potentials
where ascorbate and urate can be electro-oxidised. The direct-wired giutamate
sensors discussed in this chapter have a sensing potential of +415 mV vs. AglAgCl
which is capable of oxidising these interfering substances and so the selectivity (i.c.
the equivalent glutamate response to a physiological amount of interferent) of these
sensors was tested against ascorbate and urate concentrations of (physiological
conditions) 0.2 and 0.4 mmol dm” respectively. In the presence of 5 mmol dm™
glutamate, the electrooxidation current density of which was 7 nA cm™, a known
concentration of 0.2 mmol dm™ ascorbate was introduced into the assay. The
electrooxidation current of the sensor increased to 146 pA cm? indicating a ca. 95%
rise in sensor response. Similarly, on addition of 0.4 mmol dm™ urate into a solution
of 5 mmol dm™ glutamate the sensor response increased to approximately 157 pA
cm?; another 95% enlargement. One possible explanation could be that the
negatively charged interferents are being actively partitioned into the positively
charged redox hydrogel and subsequently oxidised at the electrode surface. Clearly
it is unsatisfactory to have such a poor signal to noise ratios; therefore it is necessary
to find a method of reducing the electrode potential as low as possible. This is

discussed in the following section.
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5.2.2 - Single Layer, Bienzyme Glutamate Electrodes Based on Electrically
Wired Soybean Peroxidase

In order to reduce the electrochemical potential of the sensor and, therefore, enhance
the signal:noise ratio, electrodes were prepared where SBP was wired to a redox
polymer and GLOx immobilised within it.[2°)  With such a configuration the
electrode potential was able to be decreased to +50 mV vs. Ag|AgCl, producing a
electro-reductive current. This section presents the results obtained from such
sensors and highlights their advantages over the directly wired GLOx electrodes

discussed previously.

5.2.2.1 Electrochemical Response:

The steady-state cathodic current profile of electrodes constructed using the
combination of POs-EA/SBP/GLOx/PEGDGE were recorded in response to various
concentrations of glutamate. The calibration plot for one such sensor in response to

glutamate concentrations in the range 0 to 10 mmol dm™ is shown in Figure 5.6.
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Figure 5.6 The glutamate calibration plot for an electrode prepared by wiring SBP and immobilising
GLOx within an osmium-based hydrogel. The cathodic current response to glutamate in the
concentration range 0 to 50 mmol dm™ is presented along with the limit to which the linear range
extends. The electrode area had a diameter of 8 um and the potential it was held at was +50 mV vs.
Ag|AgCL

141




Chapter 5. Osmium Based Glutamate Sensory.

Maximum cathodic current densities of 80 pA cm™ were obtained, showing a ten-
fold increase over electrodes prepared by direct wiring of glutamate oxidase. The
maxinum current density is achieved at a much lower glutamate concentration and
the linear region is reduced to 0.1 mmol dm?. In this region there is a sensitivity of
400 pA cm? {mmol dm™)" and the Michaelis-Menten kinetic parameter K, has a
value of 0.17 mmol dm”, The Lineweaver-Burke plot for this data is shown in

Figure 5.7,
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Figure 5.7 - Lineweaver-Burke plot for GLOx electrode based on wired SBP. The regression was

based upon a least squarcs fit with r*=0.998. The x-axis intercept was examined 1o determine the
kinetic parameter K.

The K, value obtained is closer to that of 0.21 mmol dm™ reported for solution
GLOx38], indicating that responses arc closer to that for a diffusion limited model.
In the case of the SBP wired glutamate sensors the GLOx is not bound to the
polymer and the semsing principle relies on its physical entrapment, without
alteration of its surface composition. This theory could be supported by the
occurrence of a saturation current density greater than that for direct wired GLOx

Sensors.

142




Chapter 5. Osmium Based Glutamate Sensors.

5.2.2.2 Oxygen Dependence of the GLOx-SBP-Osmium Electrodes:

In contrast to the direct wired GLOx electrodes described in the previous section
which are relatively oxygen independent, the electrodes based on wired SBP require
an oxygen-rich environment in which to operate. Glutamate, in the presence of
oxygen, oxidises the substrate-reduced immobilised glutamate oxidase to form
hydrogen peroxide which is electro-reduced at the SBP-wired modified electrode
surface.

To illustrate this effect, Figure 5.8 shows the current density response when the

sensor is operated under air and nitrogen saturated conditions.
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Figure 5.8 - Dependence of the SBP wired glutamate sensor on oxygen. The electro-reductive
current response to glutamate over the range 0 - 1 mmol dm™ was measured under both air and
nitrogen saturated conditions. Solutions were deareated for 20 - 30 minutes and the responses were
measured at a potential of +50 mV vs. Ag|AgCl.

As expected, the electro-reduction current was observed to be much larger in aerated

solutions. This effect is most exaggerated at higher glutamate concentrations where
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the signal dropped by 53% (glutamate concentration = 1 mmal dm™®) when the
solution was bubbled first with air and then with nitrogen. At lower concentrations,
for example 0.05 mmol dm™, the sighal was subjected to only an 11% decrease.
This variation in percentage signal decrease could be attributed o a residual amount
of oxygen maintained within the polymer matrix after degassing which is sufficient
to oxidise low concentrations of glutamate but not abundant enough to oxidise larger

concentrations.

As the ultimate aim of this work is to obtain a sensor for reliable operation in vivo,
where there will be limited oxygen and typically glutamate concentrations in the
micromolar range, the system described above would appear to have a response

which is adequately reliable and unaffected by such conditions.

5.2.2.3 Electrode Selcctivity:

The most obvious advantage of the bienzyme, wired-SBP scnsors is the ability to
hold the electrode at a reducing potential of +50 mV vs. AglAgCl. At such a low
potential the common interferents, ascorbate and urate, should not be electro-
oxidised. There is, however, still an interfering signal observed with these sensors
but its magnitude (with respect to an appropriate glutamate concentration response)
is substantially lower than that for the direct-wired GLOx system. FExperimental
results showed that the signal due to the ascorbate is equivalent to 50% of the 5
mmol dm™ glutamate signal and the signal due to the urate is equivalent to 65% of
the glutamate signal. This corresponds to signal to noise ratios, for 0.2 mmol dm?
ascorbate and 0.4 mmol dm™ urate introduced into a 5 mmol dm? glutamate

solution, of 2.0 and 2.9 respectively.

Alternative methods are currently being investigated to reduce this electro-
interference by designing multi-layer electrodes which include barrier membranes,
An example of this is the recent work by Heller er al. where a four-layer sensing
structure is constructed(!2%l. This consists of a wired SBP layer, adjacent to the

electrode surface; a second insulating layer of cellulose acetate membrane, allowing
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hydrogen peroxide controlled transporl; a third layer of immobilised oxidase
enzyme, where the substrate is reacted with oxygen to produce hydrogen peroxide;
and a fourth layer of cellulose acetate to control the substrate transport. Such

systems appear to virtually eradicate responses due to interfering species.

5.2.3 - Glutamatec Microsensors Based Upon Wired Soybean Peroxidase

‘The development of miniaturised glutamate enzyme electrodes is essential for in vive
measutrements to provide spatially discrete measurements in defined positions within
tissue. In this section the single layer, bienzyme technique described in the previous
section for preparing glutamate sensors is applied to microelectrodes and their

performance discussed in comparison with that of macroelectrode sensors.

The microelectrodes prepared in this chapter consisted of a poly(vinylpyridine)
containing Os{dimethylbipyridine),Cl, polymer matrix containing wired SBP and
immobilised but not wired GLOx. In order to decrease the proportion of the current
due to interfering solution species, a transport controlling layer of celluiose acetate
was added to the electrodes on top of the sensing layer. This acts as a barrier to the
unwanted species, which are electro-oxidised at the electrode surface, and allows the

glutamate to diffuse readily through to the sensing layer.

5.2.3.1 Electrochemical Response:

Microelectrodes were prepared with POs-EA/SBP/GLOx/PEGDGE on two different
carbon electrode surfaces with working area 5x107 em’. The first were prepared on
glassy carbon electrodes, purchased encased in a 2 mm diameter glass coating, and
the second on carbon fibre clectrodes enclosed in plastic, fabricated within the
laboratory. This section reports not only the comparison between glutamate
responses at macro and microelectrodes with the same sensing layer composition but
also the variation of response at microelectrodes with respect to the type of electrode

surface.
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Figure 5.9 shows the calibration plois for both types of microelectrode in response to
different solution concentration of glutamate. Figure 5.9(a) shows the glutamate
electro-reduction current density variation for POs-EA/SBP/GLOX/PEGDGE for the
carbon fibre microelectrodes and Figure 5.9(b) shows a similar plot for the glassy

carbon based electrodes
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Figure 5.9 - (a) Glutamate cathodic current variation for POs-EA/GLOx/SBP/PEGDGE sensors
prepared upon carbon fibre microelectrodes. (b) Electrades prepared with the same sensing layer
but on plassy carbon microelectrodes. For both, the sensing area was 5.0 x 107 em? and the
electrode potential was maintained at +50 mV vs. Ag|AgCl. Responses were measured over the
range 0 to 10 mmol dm™ glutamate..

The limiting cathodic current densities achieved on both microelectrode sensors were
similar, both lying in the range 2 - 3 mA cm™. These values are higher than those
observed with the same polymer/enzyme network on macroelectrodes, which is
consistent with the theory that the current density increases at least ten-fold under

radial diffusion conditions at microelectrodes!!®?), when the response is diffusion

limited.

For both electrodes the linear region extends to 0.1 mmol dm™ and the sensitivities in
this region are 4.1 mA cm” (mmol dmy' and 15.31 mA cm™ (mmol dm?®)" for the

carbon fibre and glassy carbon microelectrodes respectively. The Michaelis-Menten
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kinetic parameter K,, was calculated for both systems by analysis of the Lineweaver-
Burke plots shown in Figure 5.10(a) and (b). Values of 0.81 mmol dm™? and 0.16
mmol dm® were obtained for the carbon fibre and glassy carbon sensors

respectively. These compare well with the reported value of 0.21 mmol dm™ for the

enzyme in solution. (88
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Figure 5.10 - (a) and (b) - Lineweaver-Burke plots for the carbon fibre and glassy carbon
microelectrode systems respectively. Regression was calculated by least squares fit with 1*=0,986
and 0,991 for the two systems. Values due 1o 0.01 mmol dm™ glutamate removed to reduce the
error in the kinetic parameter.

In order to assess the similarity of the two microelectrode systems, an unpaired
students t-test was performed (using SigmaPlot)'771 with a 95% confidence level.
The value of t obtained from comparison of the experimental data in Figure 5.10 (a)
& (b) was calculated to be 1.64 which is significantly lower than the theoretically
predicted figure of 2.31 (for 8 degrees of freedom)!!%8! | indicating that there is a
95% probability that there is no variation between the two systems. (For the same
statistical analysis, the valuc of P = 0.18 which is greater than 0.05 and hence the 95
% confidence level). Any differences that do exist can be attributed to the reliability
of producing carbon fibre clectrodes with a surface area of exactly 8 yum. Therefore,

the principal consideration in developing these sensors further is the ability to
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decrease the dimensions for use in in vive monitoring; restricted only by

photolithographic limitations.

5.2.3.2 Electrode Sclectivity:

The determination of neurotransmitters, such as glutamate, in vivo is dependent on a
high signal to noise ratio of the microsensor. Therefore, the elimination of
interfering species which can be electro-oxidised at the electrode surface is of prime
importance when designing the sensors. One of the most prevalent interferents is
ascorbate. The glutamate microelectrodes prepared and tested as described in the
previous section, i.e. POs-EA/SBP/GLOXx/PEGDGE modified by addition of a layer
of cellulose acetate, (see Figure 5.9(b)) were investigated for their response to

ascorbate.

The response to 0.2 mmol dm™ ascorbate was cquivalent to the response observed
for an approximate glutamate concentration of 0.08 mmol dm>. Although the
interfering current was still not totally eliminated, the signal to noise ratio was
increased to 3.15; a substantial improvement over the initial direct-wired GLOx
systems where the glutamate signal was completely ‘drowned out’ by the ascorbate
signal.  As mentioned previously, a quad-layer system i8 currently under

investigation to maximise interferent elimination.
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5.3 Summary

The work in this chapter focused on enzyme attachment and immobilisation within
osmium based polymers and has shown that by direct electrochemical contact, i.e.
wiring of the enzyme to the electtode surface, a substantial increase in the sensor
current response can be achieved over other previously reported electrochemical
glutamate sensors where the enzyme is immobilised within an electropolymerised

matrix.

By considering the maximisation of the current densities for wired systems on
macroelectrodes and transferring this to microelectrodes, a significant step has been

made towards the development of a highly sensitive in vivo glutamate sensor,

The most attractive system investigated consisted of a single layer, bienzyme
electrode where GLOx is incorporated within a wired POs-EA/SBP cross-linked
polymer layer. This enables the electrode to be poised at a lower, reducing potential
(e.g. +50 mV vs. AglAgCl) which diminishes the likelihood of interference from any
electro-active substance present in physiological fluids. Another advantage of this
system is that it is able to operate satisfactorily for low glutamate concentrations
under deoxygenated conditions. When considering operating conditions ir vive, the
concentration of oxygen is very low and so this system would appear to be suitable

for such purposes.

Finally, although the microelectrode system described has not been optimised fully,
it is hoped that the results presented within this chapter can provide a basis for ideas
for future improvements. These may include variation of the percentage
composition of polymer, enzyme, crosslinker and cellulose acetate within the sensing
layer and increasing the length of drying time once this layer has been applied to the
electrode surface. The most significant improvement, however, would be the
modification of design in order to totally eliminate the electrooxidation of interfering
species. As described in previous sections, the on-going development of a quad-

layer arrangement may be capable of achieving exactly this.
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CHAPTER 6 - ELECTROCHEMICAL AND
SPECTROSCOPIC ANALYSIS OF THE PREPARATION
AND OPERATION OF OSMIUM HYDROGEL BASED
GLUTAMATE SENSORS

In this chapter glutamate biosensors were prepared using osmium redox hydrogels®!:
114] and examined using electrochemical and spectroscopic techniques to probe the
effect of altering various sensor parameters {e.g. preparation methods, hydration
state of the binder). For example, as the hydrogels rely on their ability to swell for
efficient conduction, the effect of soaking the sensors in buffer for prolonged periods
of time was investigated using both electrochemical assay analysis and XPS[41],
Additionally, the percentage of crosslinking component of the sensor, polyethylene
glycol diglycidyl ether (PEGDGE), which binds the entire sensing layer together,

was varied and also studied using electrochemical assay analysis and XPS.

The sensors were prepared as the single layer, bienzyme electrodes described in
Chapter 5 using osmium based polymers to ‘wire’ the enzyme soybean peroxidase to
the electrode surface and simultaneously immobilise the enzyme glutamate oxidase
at the electrode swface. A polyethylene glycol diglycidyl ether (PEGDGE)
crosslinker was employed to entrap thc components together and to prevent the
polymer-enzyme layer from lifting off the surface of the electrode. The results
presented in previous chapters for non-conducting polymer sensors, prepared under
specific conditions, used electrochemical analysis to determine their response over a
range of glutamate concentrations, their operation under oxygen-saturated conditions
and the effect of interfering species on their response. This chapter examines the
consequence of vatrying the preparation conditions of hydrogel-based sensors using
electrochemical analysis to explore changes in sensor response and XPS to

investigate changes in polymer-enzyme layer composition.
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6.1 Experimental

The bienzyme clectrode systems examined in this chapter were prepared using the
same technique as described in Chapter 5, Section 5.1.2 with the exception of

variation in the percentage of crosslinker contained within the film,

6.1.1 Materials

Poly(ethylene glycol) diglycidyl ether (Polysciences, PEGDGE 400, catalog No
08210), ascorbic acid (Aldrich Cat # 25,556-4) and glutamic acid (Cat # G-1626)
were purchased from Sigma. Soybean peroxidase (SBP) was purchased from
Enzymol International Inc. (HP grade, 130 pyrogallol Units mg'). Glutamate
oxidase (GLOx) (EC 1.4.3.11,, from Streptomyces species, 30 Units mg') was a gift
from Yamasa Shoyu (Chiba, Japan). The redox polymer, poly(vinylpyridine)-
containing Os(dimethylbipyridine), Cl, (POs-EA) was prepared in Department of
Chemical Engineering, University of Texas at Austin, Texas as reported®!. 122, All
other chemicals were purchased from Sigma. Titanium, palladium and gold were
purchased from Goodfellows (Cambridge, U.K.). The Ag|AgCl reference electrode
(MF-2063) was purchased from BAS Technicol, Cheshire,

The structures of both the POs-EA polymer and the PEGDGE 400 crosslinker are
shown in Chapter 5, Figure 5.1,

6.1.2 Methods

6.1.2.1 FElectrode Preparation:
Unlike the carbon paste sensors prepared in Chapter 5, the analysis in this chapter
was performed on evaporated gold electrodes. Gold working electrodes of area 1

cm” were fabricated using standard photolithographic techniqucs as described in

Chapter 2, Section 2.1.2.
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Preparation of the bienzyme electrodes was performed as described in Chapter 5,
Section 5.1.2, To summarise the procedure, a 5 pl drop of the following mixture:
POs-Ea polymer (5 mg ml"' in RO water), glutamate oxidase (6.7 mg ml™"' in
phosphate buffer containing 0.14 mol dm™ NaCl, pH=7.4), soybcan peroxidase (20
mg ml" in water) and PEGDGE crosslinker (2.5 mg ml” in water) was applied to
the electrode surface. The ratio of each ‘component” of the mixture is 45%
polymer:45% SBP:5% GLOx:either 5% or 1% PEGDGE. The electrodes were

allowed to dry slowly for at least 24 hours in air at room temperature before use.

The experiments in this chapter investigated the sensors response immediately after
drying and then the effect of soaking the sensors in 20 mmol dm™ phosphate buffer
(containing 0.14 mel dm™ NaCl, pH=7.4) for periods of 1 hour and 10 hours was

also investigated, in both cases using electrochemistry and XPS.

6.1.2.2 Electrochemical Measurements:

The sensors were tested for their responsc to glutamate over the range 0 - 25 mmol
dm™ using a standard three electrode arrangement containing the working electrode,
a Ag|AgCl reference clectrode and a platinum counter electrode. The set-up was
conirolled by a PC and the cathodic current responses measured at a constant
potential of +50 mV ws. Ag|AgCl. Calibration plots were obtaincd for cach of the
sensors prepared using 1% or 5% PEGDGE and in different states of hydration.

Additionally, cyclic voltammograms were recorded for each of the sensors in
phosphate buffer by sweeping the potential from -100 mV up to +600 mV (vs.
Ag|AgCl) at scan rates of 1, 20 and 100 mV s™ to obtain information on the amount

of redox material (i.¢, the number of osmium centres) on the surface,

6.1.2.3 XPS Mcasurements:

As for the XPS analyses in preceding chapters, the XPS spectra were collected using
the high-resolution SCIENTA ESCA 300 spectrometer and softwarc located at
RUSTI, Daresbury Laboratories (Warrington, U.K.). The slit width of the source
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was maintained at 0.8 mm to obtain a consistent sampling area and the take of angle
was varied from 10° to 90° for each sumple measured. Prior to measurement, cach
sample was rinsed in RO water, blown dry and immediately loaded into the sample
chamber of the instrument. All measurements werce performed with a pressure of ca.

10” ‘Torr in the main analytical vacuum chamber.

Analysis of each sample was performed by first taking a survey scan spectrum
covering a wide range of approximately 1300 ¢V and then examining in more detail
scans over smaller ranges (20 eV) to investigate specific features/regions found in
the wide spectrum. As before, the samples were insulated from the analyser due to
their glass subsirate, and so flood-gun energy was required to compensate for the
build up of positive charge from photoelectron emission. Therefore, before analysis,
the individual spectra obtained had to be corrected for the offset due to the flood-gun
electron kinetic energy using the Au(4f) energy as a reference. Additionally, a cubic

baseline was subtracted from the spectra to allow for background correction.

As these sensors are multi-component systems i.e. they are comprised not simply of
polymer and enzyme, quantification of the XPS spectra by fitting the sample spectra
using the reference spectra would prove extremely complicated. Therefore, the
characteristic spectra (i.e. N(1s), $(2s) and Au(4f)) were used to provide quantitative
information of the amount of polymeric and enzymatic material on the electrode

surface.
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6.2 Results and Discussion

The results in this chapter are divided into three sections each of which use a
different analytical technique to obtain information about the structure and function
of the bienzyme sensing layer. The first two techniques, chroncamperometry and
cyclic voltammetry, are electrochemical methods which provide information on the
sensor response and the amount of redox material within the layer respectively. The
final tool is the spectroscopic technique of XPS which was used to examine the
surface composition of the sensors. Each of these techniques was used to examine

the sensors when the percentage of crosshinker and the hydration state were varied.

6.2.1 - Chronoamperometric Analysis

Different bienzyme glutamate sensors were prepared as described in Section 6.1.2.1;
three containing 5% PEGDGE and three containing 1% PEGDGE. One sample
representing each percentage was measured for their amperometric cathodic current
responses to glutamate over the range 0 - 25 mmol dm™ immediately after
preparation (i.e. dry) and the others measured afier soaking in phosphate buffer for
periods of 1 hour and 10 hours. These assays allow the strength of the crosslinker

and the effect of hydrogel swelling on the sensor response to be explored.

The amperometric current profiles for each sensor were recorded for samples
prepared using 1 % and 5% PEGDGE crosslinker and are shown in Figure 6.1 (a) for
‘as prepared’ samples, (b) for samples soaked in phosphate buffer for 1 hour and (c)

for samples soaked for 10 hours,

154




Chapter 6. Electrochemical and Spectroscopic Analysis of the Preparation and Operation of Osmium Based Glutamate Sensors.

(a) As prepared
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Figure 6.1 - Comparison of the sensor cathodic current responses to glutamate in the range 0 - 25
mmol dm™ for samples prepared with either a 1% or 5% PEGDGE crosslinking solution. The plots
in (a) show the trend for the sensors tested immediately after preparation i.e. dry while those in (b)
illustrate the trend for sensors soaked in PBS for 1 hour and (c) for sensors soaked for a period of 10
hours. All the electrodes were prepared as described in Section 6.1.2.1 and their responses
measured amperometrically at +50 mV vs. Ag|AgCI.
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The amperometric current profiles were compared as a function of the percentage of
PEGDGE used during preparation and the duration of immersion in phosphate
buffer. When the sensors were prepared with 5% PEGDGE the maximum current
densities obtained from the ‘as prepared’ and hydrated sensors all lie within the
relatively narrow range of 11.5 - 14 pA cm™ However, with a 1% PEGDGE
composition, the sensor responses are far less consistent, lying within the wide range
of 6 - 18 pA cm™ This suggests that by using a higher proportion of crosstinker
during preparation there is a greater stability in the wiring of the enzyme to the
hydrogel nectwork even under conditions of prolonged hydration i.e. when the
hydrogel is greatly swollen.

Additionally, it is noticeable that the maximum sensor response for an unsoaked 5%
PEGDGE sample is at least 10% larger than those obtained after immersion for
either 1 hour or 10 hours. It appears inevitable that when placed in solution and the

hydrogel swells, a small but possibly negligible amount of enzyme is lost to solution.

6.2.2 - Cyclic Voltammetric Analysis

Cyclic voltammetry at various scan rates was employed to determine the effect of
crosslinking and hydration statc variation on the electrochemical behaviour of the
sensors. This set of experiments illustrates the usefulness of cyclic voltammetry as a
tool for estimating the amount of electrochemically active material present on the

electrode surface.

Cyclic voltammograms covering the range -100 mV to +600 mV wy. Ag|AgCl were
recorded for samplcs prepared using both 1% and 5% PEGDGE which were ‘as
prepared’, or had been immersed in buffer for periods of 1 or 10 hows. The plots in
Figure 6.2 show representative examples of these voltammograms for the samples

prepared with 5% PEGDGE and examined ‘as prepared’.
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Figure 6.2 - Cyclic voltammograms of the sample prepared with 5% PEGDGE, analysed as
prepared and recorded at scan rates of 1, 20 and 100 mV s'. The scan rate dependence of the
current/potential plots are representative of the trend shown for all the samples measured i.e. 5%
PEGDGE after soaking for 1 and 10 hours and 1% PEGDGE as prepared and after 1 and 10 hour
soaks in phosphate buffer. The oxidative and reductive peak heights are used to obtain quantitative
information on the content of osmium hydrogel material present on the surface composition.

By examining the voltammograms in Figure 6.2 it is obvious that the scan rate has a
significant effect on the peak oxidation and reduction currents. This variation in
peak current can be used to compare the number of osmium centres on the surface of
the samples as a function of the percentage of crosslinker and hydration state of the

sensor.

At low scan rates the voltammograms exhibit the classic symmetric shape, showing
reversible oxidation and reduction of a surface bound species with an approximate
standard potential (AE) of +350 mV vs. Ag|AgCl (ideally the AE should equal zero
for an immobilised species but the potential of the redox polymer ensures that this is
not the case here). As the scan rate is increased the voltammograms illustrate an
increase in the redox peak separation and assume the shape characteristic of a
diffusion-limited process!!3l. Information on the amount of electro-active material

on the electrode surface i.e. the number of osmium redox sites within the polymer
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can be obtained by analysis of the parameters extracted from the cyclic

voltammograms.

The values in Table 6.1 show representative oxidation and

reduction peak current values (L. ox) and L.y ) Obtained from the whole range of

samples at scan rates of 1, 20 and 100 mV s

1 mVs' 20 mVs'! 100 mVs'
SAMPLIL L —— Lk oty Tyenk o) Lieak cea) | P— Toouk ey
[ pA [ uA ! uA / A ! uA / uA
1%, 0 hr 0.70 0.55 20.00 12.10 117.50 75.00
1%, 1 hr 1.45 0.80 20.00 20.70 75.00 57.50
1%, 10 hr | 3.00 1.80 30.70 21.40 100.00 67.50
5%, 0hr | 2.35 2.25 48.60 31.40 157.50 140.00
5%, 1 hr 3.10 2.30 25.00 18.60 117.50 92.50
5%, 10 hr § 2.10 1.35 25.00 20.70 112,50 85.00
Table 6.1 -~ Peak cwrent values for the oxidation and reduction of the bienzyme glutamate

electrodes prepared as described in Section 6.1.2,1 and scanned over a 700 mV range at rates of 1,
20 and 100 mV s”'. The difference between the sumples preparcd with 1% and 5% PEGDGE were
examined as were those in various states of hydration. The T, o) 81d T gy ey values can be used to
indicate the numbet of osmium centres present in the samples.

The variation in peak responses obtained in Table 6.1 due to increasing scan rate can
be explained as follows. The electrochemistry of the swollen osmium hydrogel is
slow which implies that at high scan rates only the layers of the polymer film
directly adjacent to the electrode will be oxidised and reduced. Therefore, by
decreasing the scan rate, material from the entire potymer depth has the opportunity
to participate in the interfacial redox reaction. In order to illustrate this relationship
belween scan rate and amount of osmium polymer on the electrode surface, the
oxidation peak current values (I, .} obtained for the ‘as prepared’ 5% PEGDGE
sample at the three different scan rates were investigated. Table 6.2 shows the

values of interest.
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Scan Rate Leax (on/Scan Rate
/ mV s /puA s mv’!
1 2.35
20 2.43
100 1.58

Table 6.2 - Relationship between the peak oxidation currents and the scan rate using as an example
the values obtained for the sample prepared using 5% PEGDGE and with 0 hour PBS soak.

Theory would dictate that there is a proportionality between the scan rate and the
height of the oxidation/reduction peak currcnts of a sample where the electron
transfer process is slowl6? 70, 138 This suggests that the ratio of peak height to scan
rate should remain as a constant value. From the values in Table 6.2, at lower scan
rates this value is consistently 2.4 £ 2% but decreases by approximately 30% when
the scan rate is increased to 100 mV s, This decrease indicates that not all the
osmium redox sites within the polymer layer are able to react at such high scan rates.
Additionally, since th@ ratio in Table 6.2 is constant for lower scan rates, it is
possible that at 20 mV s all the sites are able to react and no further information
would be gained by dropping the rate to 1 mV s, However, for the purpose of this
work the values obtained at the slowest scan rate, 1 mV s, were used for subsequent

analysis.

The values in Table 6.1 which correspond to those collected at a scan rate of 1 mV s°
' were used to investigate the effect of variation in PEGDGE composition of the
sensor and hydration state of the polymer. It is possible to estimate the surface
coverage of cach sample by representing their maximum current responses to
glatamate (I, which is attributable to both the amount of polymer and GLOx
present in the sample) as a function of the number of osmium redox siics in the

polymer layer (obtained from the L, (., values), as shown in Table 6.3,
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SAMPLE | . L

/pA Lok

1% PEGDGE, 0 hr 10.44 14.92
1% PEGDGE, 1 hr 17.78 12.26
1% PEGDGE, 1¢ hr 6.15 2.05
5% PEGDGE, 0 ht 14,00 5.96
5% PEGDGE, 1 hr 11.77 3.80
5% PEGDGE, 10 hr 12.39 5.90

Table 6.3 - Comparison of the ratio between maximum sensor current in response to 100 mmol dm-
* glutamate (I,,,,) and oxidation current peak height (Lyg, o) at @ scan rate of 1 mV s, Such a ratio
indicates the number of osmium redox sites available on the electrode surface and how this value
changes when the percentage ol crosslinker is varied from 1% to 5% and also when the sensors have
been soaked in buffer for periods of 0, 1 and 10 hours.

Inspection of the values in Table 6.3 for the samples prepared with a 1% PEGDGE
crosslinking composition, reveals a decreasing ratio of maximum current response to
oxidation peak height with an increased soak time in phosphate buffer. This
indicates that after a prolonged period of immersion the number of active osmium
redox sites on the electrode is reduced, suggesting that there is a detachment of
polymeric material from the electrode surface. In contrast, the number of osmium
sites calculated for the 5% PEGDGE samplcs appears to fluctuate very little with

increased immersion time, implying minimal loss of polymer into solution.

These results, therefore, indicate that the use of 5% PEGDGE when preparing the
bienzyme glutamate electrodes employing the POs-EA osmium hydrogel produces a
more consistent/stablc number of active redox sites than sensors prepared with a 1%
PEGDGE crosslinking composition, especially if the sensots are to be operated for
prolonged periods of time in aqueous solutions.  This corroborates the
chronoamperometric results of Section 6.2.1 which illustrate that a 5% PEGDGE
composition is more effective at providing a strongly wired osmium hydrogel,

glutamate oxidase and soybcan peroxidase layer on the electrode surface. Sensors
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bound with 5% crosslinker obtain their strength from an increased structural integrity
of the polymer film which subsequently allows increased electrical connection of the

enzyme entrapped within it.

Similar ecxperiments have been performed by Heller ef all%2! using cyclic
voltammetry to estimate the amount of material on the surface when the percentage
of PEGDGE was varied between 1.6% and 18.5%. The results, which were obtained
from different enzyme systems on carbon paste electrodes, indicated that there was
no discernible effect on the electrochemical properties of the sensors over this range.
However, such carbon electrodes are reported to have excellent adherence to redox
hydrogelsliiél, The electrodes used in this set of experiments were prepared by
electro-depositing gold onto glass and may possess different hydrogel adherence

properties when immersed in solution i.e. when the hydrogel is swollen.

6.2.3 - XPS Analysis

The final technique employed to investigate the surface composition of osmium
hydrogcl schsors prepared with different percentages of crosslinker and after
increased periods of immersion in phosphate buffer was that of XPS. As in previous
chapters, individual elemental spectra, C(1s), N(1s), S(2p), Os(4f) and Au(4f), were
collected and compared with each other to provide information on the sensing layer
composition. All measurements were performed at a take-off angle of 90° to

maximise the volume being sampled.

Initially the gold Au(4f) spectra were examined for both sets of samples, i.e. using
1% and 5% PEGDGE, in order to quantify the amount of underlying gold clectrode
which can be observed. Experiments were performed as a function of increased time
of incubation in PBS. The background subtracted spectra for each crosslinking

percentage are shown in Figure 6.3.
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Figure 6.3 - Comparison of the Au(4f) spectra for samples prepared using (a) 1% and (b) 5%
PEGDGE crosslinker which have been soaked in phosphate buffer for periods of 0, 1 and 10 hours.
The spectra were collected as described in section 6.1.2.3. Note the decrease in scales and increase
in noise levels from (a) to (b) as a function of increased sensitivity of the lower measurement

Examination of the spectra in Figure 6.3 show clearly that for both crosslinker
percentages there is a marked increase in the amount of gold detected as the samples
are soaked for longer periods of time. The implication, corroborated by
electrochemistry, is that material is lost from the surface when the electrodes are

immersed for extended periods in aqueous solutions. This effect is observed to a

162




Chapter 6. Electrochemical and Spectroscopic Analysis of the Preparation and Operation of Osminm Based Glutamate Sensars.

greater extent for those samples prepared with a 1% PEGDGE composition, as

compared with those at 5% PEGDGE.

In comparison with the effectively zero amount of gold detected in the ‘as prepared’
samples, the values obtained for the 1% samples show a 700% increase, with respect
to peak height, whereas those obtained from the 5% samples rise only by 35%, with
respect to peak height. Therefore, it appears that as the polymer swells in solution a
higher percentage of crosslinker is required in order to minimise the amount of

material (enzyme and/or polymer) being lost from the sensing layer.

This result can be substantiated by comparing the background values obtaincd for the
measured sample spectra for each element. For example, the C(1s) spectra obtained
for each sample (both 1% and 5% PEGDGE) are shown in Figure 6.4 (a) and (b)
before baseline subtraction was performed. The background measured from the as
prepared samples are considerably lower than those for the soaked samples at the
low PEGDGE percentage. Such a diflerence in background can be accounted for by
a difference in sample density i.e. higher background values are produced by thinner
or less dense films. This too can, therefore, be used as an indication that there is less
material on the surface after a long soak time and this becomes increasingly less if

the samples are prepared using a low percentage of crosslinker.
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Figure 6.4 - Comparison of the carbon C(1s) spectra obtained by XPS (as described in section
6.1.2.3) for samples prepared with (a) 1% and (b) 5% PEGDGE crosslinker. Each set of plots shows
the spectra for samples under various stages of hydration i.e. soaked in buffer for 0, 1 and 10 hours.
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'T'he peaks in the C(1s) spectra in Figure 6.4 can also be used to observe this ‘falling
off’/desorption of material from the electrode surface. The peak that occurs around
286 eV corresponds to the C-O and C-N bonding within the polymer layer and its
height can be seen to be reduced substantially as the immersion time is increased,
indicating a reduction in the amount of polymer on the electrode. The extent of the
polymer detachment t.e. the 286 eV peak height decrease, is reduced when the
percentage of crosslinker is increased to 5%. Also, the peak that occurs at 288 eV,
which can be used as a marker for the enzyme content of the film, implies a
substantially reduced detachment of material. This has consequence when
considering the ratio of maximum sensor response current, 7,,, 10 CV peak
oxidation current, /.., as in Table 6.3, and, therefore, the volume of polymer and
enzyme within the sensing layer. The values of 7, are affected by the amount of
both enzyme and polymer whereas the 7., values arc affected only by the polymer.
By examining the XPS carbon specira it is possible to observe the change in amount

of both polymer and enzyme which are responsible for the variation in this ratio.

Similarly, the osmium Os(4f), nitrogen N(1s) and sulphur S(2p) specira, as shown in
Figure 6.5, were examined by eye, to provide information on the amount of polymer
and enzyme contained within the films before and after soaking. Once again, as
mentioned above, increasing background values for each set of spectra followed an
increasing soak time. The spectra were also examined after background subtraction

had been performed (data not shown here) to ascertain the peak height variation.

By considering the sets of Os(4f) spectra corresponding to 1% and 5% PEGDGE it
can be seen that the peuks corresponding to different osmium bond groups vary
notably in height as a function of immersion time. Tor both the 1% and 5%
PEGDGE samples, an increase in the height of the two main peaks at 50 and 53 ¢V
is observed as the samples are soaked for longer periods of time. The peak present at
56 eV, which is seen to increase greatly with soak time, can be attributed not to
osmium but to electrons in a different energy level in the underlying gold, Au(5p).
The growth of this signal with increasing soak time is in agreement with the result

obtained from the Au(4f) spectra, as described previously.
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(a) 1% PEGDGE, Os (4f) spectra (b) 5% PEGDGE, Os (4f) spectra
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Figure 6.5 - XPS spectra obtained for various elements: (a) osmium, characteristic purely of
polymer, Os(4f) for samples prepared with 1% PEGDGE, (b) as for (a) but with a 5% PEGDGE, (c)
nitrogen, characteristic of enzyme, N(1s) for 1% PEGDGE, (d) N(1s) for 5% PEGDGE, (e) sulphur,
characteristic of amino acids in the enzyme, S(2p) for 1% PEGDGE and (f) S(2p) for 5% PEGDGE.

The peak heights of the N(1s) spectra from both sets of samples do not show any
considerable variation and, therefore, do not provide a great deal of information on
the sensing layer configuration. However, as this is a bienzyme system the nitrogen
spectra contain counts obtained for both glutamate oxidase and soybean peroxidase.

It is essential for optimisation of the sensors that the amount of the analyte-specific
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enzyme, GLOX, can be determined. This may be possible by examining the XPS
spectra for the sulphur S(2p) present in the enzymes.

Two of the most common amino acids which contain sulphur groups are cysteine,
recognisable by a (-SH) group and mecthionine which possesses a (-S-CH;) group.
By examining the amino acid structure of both the enzymes, GLOx and SBP, it may
be possible to identify the number of cysteines and methionincs in each. Although it
is difficult to resolve from Figure 6.5 (¢) and (f), the sulphur spectra can be
decomposed into two sulphur environments corresponding to each of these amino
acid end groups. The heights of these peaks could be used with the ratio of cysteine
to methionine for each enzyme to provide estimates of the amount of each enzyme
within the sensing layer. Unifortunately, the amino acid structures of both enzymes

were unavailable and so this theory was not able to be tested.

In general, the spectra obtained from the 5% PEGDGE samples appeared to be more
visually consistent than those from the 1% samples indicating a more strongly wired

system.

The final piece of analysis performed on the XPS data used the arca under the
spectra to provide a quantitative estimate of the amount of material on the electrode
surface. The number of counts under the peaks were measured over a 10 eV energy
range for the Au(4f), Os(4f), N(1s) and S(2Zp) spectra and compared for each sample.

These results are shown in Figure 6.6.
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Figure 6.6 - Comparison of area under the peaks i.e. amount of material on the surface of samples
prepared with 1% and 5% PEGDGE. Plots are shown for the values obtained from (a) Au(4f), (b)
Os(41), (c) N(1s) and (d} S(2p) spectra.

By looking separately at each of the plots in Figure 6.6 it is possible to obtain an idea
of the amount of cach material on the sample surface as a function of both
crosslinker concentration and soak time. The data for the gold spectra integrations in
Figure 6.6 (a) show that although when the samples are measured ‘as prepared’ there
is little variation between the 1% and 5% samples in the amount of gold surface
exposed; but the increase in variation is considerably larger as a result of increased
immersion time. After a 10 hour soak in buffer both samples show a considerable
increase in the amount of gold electrode detected, however, the sample prepared with

1% PEGDGE shows a 95% increase over that for the sample prepared with 5%
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PEGDGE. This corroborates well with the electrochemical results obtained for the
samples.

Examination of the Os(4f) spectra values in Figure 6.6 (b) shows that after a 10 hour
soak in buffer there appears to be more polymeric material on the surface of the 1%
PEGDGE sample than the 5% sample. This is most likely to be an effect of the
swelling properties of the osmium hydrogel increasing the density of sites within the

interfacial region.

The amount of enzymatic material on the surfuce was provided by the plots in Figure
6.6 {c) and (d). The nitrogen N{ls) values indicated that there was a consistent
amount of enzyme on the surface irrespective of crosslinker percentage. However,
the sulphut S(2p) values showed a 34% and 42% drop between the ‘as prepared’ and
10 hour soak for the 5% and 1% PEGDGE samples respectively, (with respect to
scales on the other graphs in the figure) showing that there is in fact a decrease in the

amount of enzyme wired within the hydrogel as it swells in solution,

6.3 Summary

The work completed in this chapter compliments that of Chapter 5 by examining the
effect of varying the proportion of PEGDGE crosslinker that holds the enzymes
within the osmium hydrogel. Additionally the sensors were immersed in phosphate
buffer for periods of up to 10 hours and the effect of this on their response and
composition assessed. This analysis was performed using three techniques:

chronoamperometry, cyclic voltammetry and X-ray photoelectron spectroscopy.

The electrochemical responses of the sensors to glutamate over the range 0 - 25
mmol dm? was determined by chronoamperometry. The results showed that the
electrochemical responses to glutamate were lower for those sensors prepared with a

1% PEGDGE crosslinker procedure and also decreased when left soaking for
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prolonged periods of time, suggesting that a higher concentration of crosslinker is

required to achieve a strongly bound hydrogel sensor.

Cyclic voltammetric experimental results showed that the number of active osmium
sites on the surface is reduced when the proportion of crosslinker in the sensors is
decreased from 5% to 1%. This reduction in active sites was also found when the
sensors were immersed in buffer for long periods of time indicating that there is a

‘falling off’/desorption of material from the electrode surface.

Finally, the technique of XPS looked at the amount of cach individual component of
the sensing layer. As the crosslinker percentage in the hydrogel film is decreased
and the soak time increased there is a substantial rise in the amount of gold electrode
observed through the sensing layer. This indicates that polymeric and/or enzymatic
material is becoming detached from the clectrode surface. By examining the amount
of nitrogen and sulphur in the samples, corresponding to the amount of enzyme
present, a decrcase was observed with increasing soak time for both 1% and 5%
samples but the size of this decrease was substantially larger for the 1% samples,
The amount of osmium observed in both 1% and 5% samples appeared to rise with
increased soak time which is attributable to the swelling effects of the hydrogel.
Therefore, the results in this chapter suggest that samples prepared with a 5%
PEGDGE crosslinker composition will provide a much more stable and strongly

wired hydrogel sensor.
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CHAPTER 7 - CONCLUSIONS

The work completed in the course of this thesis investigated the composition of
glucose biosensor interfaces using the novel combination of electrochemical and
spectroscopic techniques in order to generate a ‘model’ system upon which to base

the development of glutamate biosensors.

Initially glucose sensors were prepared by electro-entrapment of the enzyme glucose
oxidase (GOx) within thin, non-conducting films of poly(o-phenylenediamine})
(p(pd)). Their electrochemical responses to glucose over the range 0 - 100 mmol
dm” were examined as a function of electrode material, method of enzyme
entrapment, enzyme solution concentration and solution oxygen concentration. The
method of preparation which produced optimal electrochemical response and
maximal enzyme loading within the film, for both gold and platinum electrode-based
sensors, was that of copolymerisation from a solution containing both enzyme and
monomer. However, it was found that although the use of higher concentrations of
enzyme in the polymerisation solution produced larger current responses, this was
only true up to a point, after which the current response was reduced by increasing
enzyme soluiion concentration. Investigation of the dependence of the platinum-
based sensors on solution oxygen was performed, as the result of a European
Fellowship, in the Department of Chemistry, University College Dublin, Dublin
{(Eire) under the supervision of Dr. R. O’Neill who has looked extensively at the
operation of p(pd) glucoso' sensors under anaerobic conditionsl'!’l. This work
highlighted the interesting feature of such sensors to operate under anaerobic

conditions.

Additionally, the specificity of the sensors was examined by determination of their
ability to successfully cxclude electro-active interferents such as ascorbate. This has
particular application when considering their operation in vivo, where the sensing
fluid is a complex matrix such as blood or extra~cellular fluid. Sensors were

prepared with a lipid layer (phosphatidylcholine) below the polymer-enzyme sensing
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layer to complement the size exclusion properties of the p(pd) films and, hence,
minimise further the proportion of the current response due to interfering electro-
active species such as ascorbate. Preliminary investigations were performed which
involved extending the duration of polymerisation in order to fill in any ‘gaps’ in the

polymer layer and further reduce the signal duc to electro-active interferents.

X-ray photoelectron spectroscopic (XPS) and Fourier Transform infra-red (FT-iR)
spectroscopic analysis of the same samples (prepared on gold clectrodes) at two
different take-off angles (i.e. a shallow 10° and a steeper 90°), not only corroborated
the electrochemical results, but also suggested the micro-environment of the polymer
and enzyme within the sensing layer, i.e. the enzyme may ‘stand proud’ of the

polymer matrix.

In order to quantify the XPS results, the polymer matrix was changed to
poly(fluorophenol), (p(fp)), which also forms a thin, non-conducting film but its
fluorine content has a higher intensity on the XPS spectra. Identical experiments to
those prepared with p(pd) films were performed and the results indicated that with
this polymer the enzyme appeared to be ‘buried’ within the film. Once again
electrochemical analysis of the sensors’ response indicated that by using the
procedure of copolymerisation of monomer and a high solution concentration of
enzyme, it was possible to maximise the sensor operation. Using an expression that
models the theoretical steady-state response of enzymes entrapped within thin
polymer films['32], estimates were able to be made for the kinetic parameters of the

system.

Finally, in order to overcome the problems associated with electropolymerised
sensors, i.c. the high operating potentials and corresponding large signals due to
electro-active interference, led o the development of hydrogel based systems which
operate at much lower potentials and have a preatly increased response to analyte.
Glutamate sensors were prepared wusing the osmium based hydrogel,
poly(vinylpyridine)-containing Os(dimethylbipyridine),Cl,, in both single and

bienzyme layer formats. The most effective method was the bienzyme system which
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containcd the polymer, both GOx and soybcan peroxidasc (SBP) and was held
together with a crosslinker of polyethyleneglycol diglycidyl ether (PEGDGE). This
method of enzyme immobilisation was transferred successfully to microclectrodes
(carbon fibre, 8 um diameter) and produced, consistently, current densities in the
order of 3 mA em™® The addition of a layer of cellulose acetate enhanced the
selectivity of the sensor such that a 60% increase in the signal to noise ratio was
observed. This hydrogel work was performed, as a result of a Foreign Exchange
programme, in the Department of Chemical Engineering, University of Texas at
Austin, Austin, Texas under the supervision of Professor Adam Heller. Additional
spectroscopic analyses were performed using XPS (Daresbury Laboratories) and FT-
iR (in-house) facilities to examiune the effect that variation of the preparation
parameters had on the sensor composition. The result of such analyses supgested
that a crosslinker percentage of 5% PEGDGE was required to ensure the stability of
the wiring of the sensor, especially if it is to be operated in aqueous solution for

prolonged periods of time.

7.1 Suggestions for Further Work

In order to obtain highly sensitive and selective glutamate microsensors for
applications in vivo, future developments should concentrate on the improved
development of the hydrogel based microelectrodes. This would involve varying the
percentage composition of the components in the bienzyme construction {(GLOx,
SBP, PEGDGE & POs-EA) as well as investigations into the length of drying/curing
time of the sensing layer in order to maximise the sensor response. However, the
most substantial improvement that could be achieved for this type of sensor, and for
every construction of sensor, is the elimination of the interfering signal, due to
oxidation of electro-active species present in the physiotogical fluids, which reduces
the signal to noise ratio of the sensors. Therefore, this effect should be investigated
in morc detail, perhaps vsing the quad layer construction suggested by Heller er

alll?%,  This was based on carbon macroelectrodes using a sandwich type
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construction containing two layers of cellulose acetate and was found to be relatively
insensitive to interferents. The application of such a construction to microelectrodes

would have to be considered.

Further investigations into the non-conducting polymer based sensors would also be
advantageous as the information on the positioning of the enzyme within the
polymer layer has great application for enzyme immobilisation and characterisation
of biosensor interfaces. Although the XPS and FT-iR studies provided the basis for
the extraction of information on the relationship between enzyme solution and
surface concentration, more extensive quantitative analysis of the XPS and FT-iR
data is required involving the discovery and usc of superior fitting routines and

baseline subtraction/correction methods.

Additionaily, the technique of iodination of the enzyme in the sensing layer, initial
investigations into which were performed during this project, for the purpose of XPS
measurements is worth exploring further. In a similar manner to the use of the
fluorine in the polyfluorophenol polymer, iodination of the enzyme glucose oxidase
was performed which provided a label for the enzyme in the sensing layer, Like
fluorine, iodine produces a strong signal on the XPS specira, allowing the distinction
of polymer and enzyme by the fluorine and iodine spectra as opposed to the nitrogen
or carbon spectra, Although the preliminary XPS results obtained for iodinated GOx
in a p(fp) polymer matrix produced an unidentified secondary peak in the iodine
spectra which may have been caused by insufficient dialysis of the enzyme, the
electroactivity of the enzyme did not seem to be altered. However, others have
success[ully iodinated enzymes and so further progression of this technique would be
encouraged as it has prospect of providing detailed information on enzyme

entrapment within thin polymer films.
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7.2 Publications and Conference Contributions Arising from this
Work

¢ ‘Glutamate oxidase enzyme electrodes: microsensors for neurotransmitter
determination using electrochemically polymerised permselective films’,
Cooper, J.M., Foreman, P.L., Glidle, A., Ling, T.W. & Pritchard, D.J.,
Journal of Electroanalytical Chemisiry (388):143-149, 1995.

e ‘Probing Thin Layer Enzyme-Polymer Matrices Using XPS’,
Foreman, P.L., Cooper, JM. & Glidle, A.,
Presented as a poster at Electrochem 96 Conference: Bath, England 14 -
17th September 1996

e ‘XPS and FT-iR to Probe Thin Layer Riosensor Interfaces’,
Foreman, P.L., Cooper, JIM. & Ghidle, A.,
Presented as a poster at Artificial Biosensor Interfaces, European Union

Network Conference at Tubingen, Germany 10 - 12th October 1996.

e ‘Characterisation of Biosensor Interfaces Using Spectroscopic
Techniques’, Foreman, P.L., Cooper, J.M. & Glidle, A.,
Presented as a poster at Artificial Biosensor Interfaces, European Union

Network Conference Sitges, Barcelona, Spain 23 - 25th October 1997.

e ‘Spectroscopic Characterisation of Biosensor Interfaces: The Applications

of XPS and FT-iR to the Determination of Enzymes in Polymer Films,
Foreman, P.L., Cooper, J.M., Glidle, A., and Beamson, G,
To be submitted to Lengmuir, 1998.
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