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ABSTRACT

Conducting organic salt electrodes have been shown to oxidise both flavin-linked
oxidoreductases and NAD-dependent dehydrogenases. However the precise nature of the
mechanism involved is controversial. Three alternative mechanisms have been proposed:
homogeneous mediation, heterogeneous redox catalysis and a modified enzyme process.
This thesis is concerned with the elucidation of the mechanism by which these enzyme

electrodes operate.

A variety of electroanalytical techniques were employed including a.c. impedance
spectroscopy and rotating disk and ring-disk methods. The a.c. studies showed that TTF-
TCNQ electrodes fabricated using silicone oil followed a homogeneous pathway whilst
those made with polystyrene as a binder primarily operated via a heterogeneous
mechanism. The experiments using a rotating Pt-ring TTF-TCNQ disk suggested that
pressed pellet electrodes also follow a homogeneous mechanism. Due to some anomalous
results seen in these experiments, an investigation of the nucleation properties of various

flavoenzymes was undertaken.

A conducting organic salt enzyme electrode using invertase, mutarotase and
glucose oxidase trapped behind a cellulose acetate membrane was developed and was
shown to be capable of determining sucrose in soft drinks. The sensor had a linear
response from 25 uM up to 11 mM sucrose. A kinetic model for this three enzyme system
was devised using the theory for membrane electrodes developed by Albery and Bartlett (
J. Electroanal. Chem., 194, 211, (1985) ). By varying the ratio of the respective enzymes,

the rate determining step was shown to be the hydrolysis of sucrose by invertase.

A preliminary investigation into developing a sensor to monitor creatine levels in
urine using creatinase and sarcosine oxidase was undertaken. In-vitro studies showed that
the sensor had a linear range from 25 to 400 M creatine. A nitrate sensor using NAD-
linked nitrate reductase was also developed. It gave a linear response from 30 uM up to

3mM nitrate. Kinetic models were designed and used to analyse the experimental data.
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The woods are lovely, dark, and deep,
But I have promises 1o keep,
And miles to go before I sleep,

And miles to go before I sleep.

Stopping by Woods on a Snowy Evening

Robert Frost
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CHAPTER 1
INTRODUCTION

This thesis is concerned with the development of electrochemical sensors using
conducting organic salt enzyme electrodes. These systems combine the high selectivity of
enzymes with the ease of control of electrochemistry. The chapter begins with a brief
description of the properties of some of the flavoenzymes used in this work. This is
followed by a section on protein electrochemistry. The chapter concludes with an outline

of the rest of the thesis.

1.1 FLAVOENZYMES

Many processes of fundamental importance in nature depend on the transfer of
electrons between redox proteins and the utilisation of the energy yielded by such a
mechanism. Flavoenzymes form an important family of redox proteins whose name
derives from their containing either riboflavin (RF), flavin mononucleotide (FMN) or
flavin adenine dinucleotide (FAD) as a redox-active prosthetic group. Flavoenzymes can
be further subdivided into two categories depending on whether or not they contain a

metal centre, usually iron or molybdenum.

The central isoalloxazine system is composed of a fused three-ring structure
containing benzene, pyrazine and pyrimidine (Figure 1.1). The tricyclic flavins serve as
two-electron oxidants with the final product being a 1,5-dihydroflavin (hydroquinone
form). One-electron reduction of flavins yields a radical anion (semiquinone). The
electrons accepted by the flavin are rapidly transferred to a more powerful oxidant,

usually oxygen.

The equilibrium constant for the dissociation of the holoenzyme into cofactor and
apoenzyme is of the order of 108 or 10"° M. However reduction of the isoalloxazine

system results in the loss of aromaticity and is accompanied by a change from a planar to
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a puckered geometry. This leads to the apoenzyme having a different affinity for the

oxidised and reduced forms of the prosthetic group.

The properties of some of the flavoenzymes used will be outlined in the following

sections.
1.1.1 Glucose Oxidase

The enzyme obtained from Aspergillus niger is a dimer (M,y=160000) consisting
of two monomers (M;=79000). It has a hydrodynamic radius of 4.3nm (1). The enzyme
has a polysaccharide coat which provides rigidity and in addition, serves to increase its

solubility. The enzyme catalyses the oxidation of glucose

B-D-glucose + glucose oxidase-FAD ——
6-D-gluconolactone + glucose oxidase-FADH,

The reduced enzyme is then reoxidised by molecular oxygen.

glucose oxidase-FADH, + O, —

glucose oxidase-FAD + H,0, +2e"

There are two tightly bound FAD groups per dimer. O’Malley and Weaver (2)
proposed that the dimer was held together by a disulphide linkage, but Tsuge (3) and
Jones (4) have suggested that non covalent interactions are responsible for maintaining
structural integrity. Swoboda (5) showed that binding of FAD caused a marked
conformational change, the holoenzyme assuming a far more compact rigid structure than

the flexible apoenzyme.

Glucose oxidase has been the subject of extensive study and its kinetic
parameters have been determined (6,7). The enzyme shows a high specificity for the -
anomer of D-glucose. Apart from the glucose anomers numerous other potential
substrates have been tried (8). These results led Keilin and Hartree (9) to suggest that
substitution in the 1-, 2- or 3-OH groups of glucose removed glucose oxidase activity

entirely whereas substitution in the 4- or 6- positions reduced the activity to 1 or 2% of
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that for f-D-glucose. However more recent work (10-12) showed that both D-glucosone
and 2-Deoxy-D-glucose showed considerable activity, far more than other possible

substrates, indicating that, modification of the C-2 position was permissible.
1.1.2 Xanthine Oxidase

Xanthine oxidase (M, = 283000) is an example of a flavoenzyme which contains
metal atoms in addition to the flavin moiety. It was the first mammalian enzyme found
to contain molybdenum (13). Although it is commonly found, its exact function appears
to depend on the complexity of the organism. In lower organisms, xan;hine may be the
sole nitrogen source and thus the conversion of xanthine to uric acid may be the first step
in nitrogen uptake. In mammals it catalyses the oxidation of hypoxanthine to xanthine
and that of the latter to uric acid, thus playing an integral part in purine catabolism. The

reactions it catalyses are of the form
RH + OH- — ROH + H* + 2¢

It is now accepted that milk xanthine oxidase contains FAD, molybdenum, iron
and acid-labile sulphur in the ratio 1:1:4:4. The subunit structure has not yet been
entirely resolved. Denaturation studies using thiols and guanidine (8M) failed to reduce
the molecular weight to less than 100000 (14). Thus it appears that there is a stable
subunit of approximately half the molecular weight of the native enzyme. Evidence from
inhibition studies using alloxanthine indicates that there are two active sites since 1 mole
of xanthine oxidase binds 2 moles of alloxanthine, presumably one per molybdenum

centre.
1.1.3 D-Sarcosine Oxidase
This enzyme catalyses the oxidative demethylation of sarcosine

CH3NHCH,COOH + O, + H,0 —— HCHO + NH,CH,COOH + H,0,
It has been obtained from a variety of sources, namely, Arthrobacter, Pseudomonas and

Corynebacterium species. The enzyme obtained from the latter source has been shown to
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contain 1 mole of covalently bound FAD[8a-( N3-histidyl )-FAD] together with 1 mole of
non-covalently bound FAD per mole of enzyme (M,=174000). The enzyme consists of
four non-equivalent subunits: A, M,=110000; B, M,=44000; C, M;=21000; D, M,=10000.
Hayashi (15,16) and Suzuki (17) showed that the covalently bound flavin was attached to

subunit B.

Elegant work by Jorns (18) involving a spectrophotometric study of the effect of
sulphite on the flavin absorbance at 450nm showed that although only 50% of the flavin
was reduced by the sulphite, all catalytic activity was lost. Since the sulphite-unreactive
flavin was still able to oxidise sarcosine it was proposed that one flavin moiety accepted
reducing equivalents from the substrate and passed the electrons onto the second flavin
which reduced oxygen to hydrogen peroxide. The sulphite inhibited the enzyme by
reducing the second flavin thus preventing the reoxidation step. The study also showed
that on removal of the non-covalently bound FAD, the resulting semiapoprotein lost 98%
of its activity towards the substrate. Sarcosine was unable to reduce the covalent FAD
whereas sulphite did react with the semiapoprotein. This showed that the substrate was
oxidised by the non-covalently bound FAD which was then oxidised by the covalently

bound FAD moiety which in turn reduced molecular oxygen.

1.2 ELECTROCHEMISTRY OF PROTEINS
1.2.1 Direct Electron Transfer

Electrochemical techiques should be ideal for examining the properties of
flavoenzymes and redox proteins in general. However although proteins are generally
charged the problem lies in binding them in an orientation that facilitates electron
transfer. The high overpotentials required to drive electron transfer also tend to denature
the protein. The strong electrostatic field present near the electrode surface has an adverse

effect on the weak electrostatic interactions which maintain the native conformation of
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the protein with the net result often being the irreversible adsorption of the protein onto

the electrode surface itself.

A second factor is that the active site is usually buried deep within the enzyme,
thus the distance between the redox active centre and the electrode may be such that the
rate of electron transfer is too slow to be measured (1). The distance dependehce and
consequently the rate of electron transfer in biological systems follows an exponential
relationship, k « exp(-ad). In proteins, doubling the separation from 0.8 to 1.7 nm leads
to the transfer rate falling by ~10%. A further drawback with these high overpotentials is

that any impurity will also be turned over by the electrode.

Thus either the electrode surface has to be modified so as to ensure that the
orientation of the protein with respect to the surface is optimised or a mediator is used

which can shuttle electrons to the electrode, removing the requirement for close approach.
1.2.2 Mediated Electron Transfer

A mediator serves as a shuttle between the redox centre of the protein and the

electrode surface. Its reactions can be summarised
E°x+s——’Ered+P
Ereq + Mox = Eox + M4

Ml'ed 4 L’on + e

Szentrimay (19) lists the following requirements for an ideal mediator:
1. Well defined electron stoichiometry
2. Known formal electrode potential
3. Both homogeneous and heterogeneous electron transfer need to
be fast
4. To study biological systems it must be soluble in aqueous media

near pH 7
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5. Both oxidised and reduced forms should be stable
6. Interactions with the redox protein should not affect the redox

potential of the mediator
Organic molecules commonly used as mediators include viologens, quinones, phenazines
and phenylenediamines (20). The most common inorganic mediators are ferrocene
derivatives. Substituents can readily be introduced into either or both cyclopentadienyl
rings. As this provides a means of modulating the redox potential, these systems possess

significant versatility.
1.2.3 Modified Electrodes

A promoter can be used to modify the surface of a metal electrode so as to bind
the protein in a more favourable orientation and thus enhance the rate of electron
transfer. A promoter is distinguished from a mediator by the fact that it is not

electroactive at the electrode potential employed.

Pioneering work in this field was carried out by Kuwana (21) and Hill (22) using
tin-doped indium oxide and 4,4-bipyridyl coated gold electrodes respectively. Albery, Hill
and co-workers (23) carried out a mechanistic rotating-ring disk study of the bipyridyl
modified gold electrode/cytochrome ¢ system. Their results showed that for
electrochemistry to be observed the protein must diffuse to the electrode surface and by
interacting with the surface modifier attain the most favourable orientation for electron
transfer. Following rapid electron transfer, the protein dissociates from the surface and
diffuses away into the bulk solution (Figure 1.2). A prerequisite for reversible kinetics was
rapid association of the incoming protein and surface modifying group. Since adsorption
complicates electroanalytical techniques, for instance cyclic voltammetry, it was
advantageous if modifiers prevented irreversible adsorption and subsequent denaturing of

reactant protein systems.
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Figure 1.2 Scheme depicting the mechanism of a protein redox

reaction at an electrode surface (52)
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1.2.4 Chemically Modified Enzymes

Instead of creating a more amenable electrode surface an alternative approach
was to modify the enzyme: if the mountain will not come to Mohammed then
Mohammed must go to the mountain. It was known that redox enzymes could transfer
electrons to small ions or molecules which served as homogeneous mediators shuttling
between the enzyme and a metal electrode but one question remained: could these relays
be covalently attached to the enzyme without loss of activity, thus enabling direct
electron transfer from the FAD/FADH, couple to the electrode? The answer came in
1987 when Heller (1) showed that if ferrocenecarboxylic acid was reacted with a
carbodiimide, the O-acylisourea product could acetylate available primary amine groups
on glucose oxidase to yield a covalently modified enzyme capable of transferring electrons
to a metal electrode (Figure 1.3). Since the relays reduced the effective distance between
the FAD units and the electrode, dgg, it followed that by increasing the number of
relays, thus reducing the inter-relay, dgg, and relay-electrode, dgg, separations, the rate

of electron transfer could be further enhanced.

Bartlett (24) showed that greater stability and longevity were obtained if
ferrocenecarboxylic acids with longer sidechains were used, namely, the acetic and
butanoic acid derivatives. More recently Bartlett (25) has shown that glucose oxidase can
be modified by tetrathiafulvalene (TTF), tetracyanoquinodimethane (TCNQ) or the
organic salt TTF-TCNQ. The implications this result has on the mechanism of electron

transfer at conducting organic salt electrodes are discussed in later chapters.
1.2.5 Flavoenzyme Electrochemistry
1.2.5.1 Electrochemistry of Glucose Oxidase

Bockris (26) has used differential pulse voltammetry to investigate the
electrochemical behaviour of GOD at graphite electrodes. His results showed that a

variety of electron transfer reactions were possible depending on the extent of protein
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adsorption and resulting conformational modifications. If extensive protein unfolding
occurred then electron transfer from FAD adsorbed directly on the surface was a
possibility. The peaks due to these strongly adsorbed moieties were unchanged on

addition of glucose.

The redox potential of GOD has been shown using potentiometric titration to lie
between -102 mV and -322 mV (vs. SCE pH = 6) (27,28). Bockris observed 3 peaks, at -
417, -302 and -222 mV (vs. SCE pH = 6). The first peak was attributed to a strongly
adsorbed state whose redox potential was shifted markedly from that of free GOD in
solution owing to the strength of the surface interaction. The peaks at -302 and -222 mV
were in the potential range expected for native GOD in solution; however this did not
preclude weak adsorption since if this were to occur it would do so without pronounced
conformational change thus one would not expect to observe a significant shift in redox

potential.

Bockris proposed four possible situations which could explain his results (Figure
1.4):
a. Direct through space electron transfer from a native GOD molecule in solution

near to the electrode surface.

b. Electron transfer from a weakly adsorbed GOD molecule which has retained

much of its conformational integrity.

c. Electron transfer from a strongly adsorbed GOD molecule which has been

partially denaturatured.

d. Direct electron transfer from a redox centre which has dissociated completely

from the enzyme owing to the severity of the interaction with the electrode surface.

In order to determine which peaks were due to free FAD irreversibly adsorbed on
the electrode (2§), Bockris recorded the electrochemical response of a 20 uM GOD

solution. The electrode was then washed and inserted into fresh enzyme-free buffer
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solution and differential pulse voltammograms of the electrode before and after washing
compared. It was found that the peaks at -417 and -222 mV were due to strongly
adsorbed species. The former peak was probably due to FAD which had become
completely dissociated from the enzyme owing to the extent of protein denaturation.
Bockris concluded that since different adsorption states were present, the reduction peaks
observed could not all be attributed to dissociated FAD. Moreover, it implied that GOD

could assume more than one configuration on the electrode surface.

In 3M urea GOD undergoes partial denaturation whereas in 6M urea the
holoenzyme breaks down yielding free FAD and the apoenzyme (1). Bockris found that at
the lower urea concentration the peak at -417 mV increased markedly with respect to
that at -222 mV, whilst at 6M urea the peak at -222 mV vanished completely and only
that at -417 mV remained. It was apparent that the peak observed at -222 mV was due

to strongly adsorbed holoenzyme whereas that at -417 mV was caused by free FAD.

Experiments carried out in the presence of glucose revealed that the magnitude of
the reduction peaks at -222 and -302 mV was decreased in the presence of substrate: the
implication being that these two peaks were from enzyme molecules which had retained
their catalytic activity. As the peak observed at -417 mV remained unchanged it was
either from dissociated FAD or from a catalyically inactive enzyme molecule. To account
for the small change in the size of the reduction peaks Bockris proposed that only a few
GOD molecules were of the weakly adsorbed yet catalytically active variety, the majority
being strongly adsorbed yet catalytically inactive. Alternatively it was suggested that
only one of the two FAD moieties per enzyme was available to interact with the incoming
glucose molecule, the other having dissociated, and this semiapoprotein had a reduced

catalytic efficiency.
1.2.5.2 Electrochemistry of Xanthine Oxidase

Early workers (30-34) had proposed that the mechanism of action of xanthine

oxidase involved intramolecular electron transfer in the sequence Mo — FAD — Fe/S.
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However Massey and co-workers (35) showed that the actual electron transfer sequence
was FAD — Mo . The Fe/S centres connect the reductive and oxidative pathways of the
reaction mechanism. In the reductive cycle they serve as electron sinks oxidising any
Mo(IV) and Mo(V) to Mo(VI) thus ensuring a rapid rate of reaction with an incoming
xanthine molecule. In the oxidative process where the final reaction step involved
oxidation of FADH, by molecular oxygen they regenerate reduced flavin. In later work,
Bray (36) determined the absolute values of the reduction potentials using potentiometric
titration and these showed good agreement with those found by Massey who had given

the reduction potentials of the various couples relative to that of Fe/S(II) (35).

1.3 CONDUCTING ORGANIC SALTS

The search for electronic devices with ever-faster response times led workers to
investigate the possibilities of creating synthetic or organic metals whose properties could
be modified by altering specific substituent groups present in the constituent molecules.

Several comprehensive reviews are available in the literature (37 and references therein).
1.3.1 Structural and Physical Properties

Tetrathiafulvalinium tetracyanodiquinomethanide TTF-TCNQ (38,39) is a
molecular solid whose structure consists of discrete stacks of TTF and TCNQ (Figure
1.5). Individual molecules are stacked face-to-face since this facilitates stabilising
intermolecular 7-m interactions which create a delocalised electronic system. From
molecular orbital theory, orbital overlap of N discrete molecules produces a band with N
states. The electrical conductivity is influenced by the degree of occupancy of the band,
the extent of interstack interactions and the presence of structural defects. In TTF-TCNQ
each molecule has a non-integral charge ie. TTF0‘59+TCNQ°'59' thus both components

contribute to charge-transfer processes which give rise to electrical conductivity.
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1.3.2 Electrochemical Properties

It is to be expected that rates of electron transfer at conducting organic salt
electrodes are different from those at, say, a platinum electrode, simply because of the
drastically different nature of the electrode surfaces. Organic salts could facilitate specific
adsorption processes which were not feasible on metallic surfaces. Also, #-7 interactions
with unsaturated reactants could enhance electron transfer, as could hydrogen-bonding or
other polar interactions of a similar nature (Figure 1.6). A detailed study of the
electrochemical properties of TTF-TCNQ was carried out by Jaeger and Bard (40). They
fabricated pressed-pellet electrodes and examined the effect of background electrolyte on
the nature of the cyclic voltammograms yielded by the system. They found that although
the electrode could be oxidised or reduced in all electrolytes, the presence of reverse peaks
was dependent on the solubility of the ion pairs formed during the forward sweep. Thus
in a LiAc solution, if the potential exceeds +0.65V (vs SCE) during the forward sweep
then since the acetate salts of TTF* and TTF2* are soluble, their reduction is not
observed in the reverse sweep, where the only peak present is due to the reduction of
TCNQP. Similarly, if the electrode is reduced then the only peak which is observed on the
subsequent anodic sweep is due to the oxidation of TTF® since the lithium salts of

TCNQ- and TCNQ? are soluble and consequently lost to the solution.
TTF-TCNQ (s) — TTF *(aq) + TTF?* (aq) + TCNQ® (s)
TTF-TCNQ (s) —» TTF® (s) + TCNQ- (aq) + TCNQ?" (aq)

However in a KBr solution where salts of both TTF and TCNQ are insoluble,

return peaks for all products are observable.

The stable range in lithium acetate observed by Jaeger and Bard surpassed that
predicted from inspection of the redox potentials of the individual constituents
TTF®/TTF* (40.30V) and TCNQ®/TCNQ- (+0.19V), by an amount corresponding to

the enthalpy of formation of the crystal lattice, which is reported as being 0.39eV (41).
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1.3.3 Redox Processes at TTF-TCNQ Electrodes

Three mechanistic routes are possible. First, the conducting salt can adopt true
metallic behaviour, in which case electron transfer between reactant and electrode
proceeds via states close to the Fermi level of the electrode. In TTF-TCNQ these states
are associated with the TCNQ constituent (Figure 1.7). Since the conduction band
associated with the TCNQ stacks is only partially full it can accept as well as donate
electrons thus facilitating redox processes. For direct electron transfer the evidence points
to a role for TCNQ, however this does not preclude the involvement of a lower TTF

subband.

Alternatively, if different oxidation states of TTF and TCNQ are present on the
electrode surface then pathways involving mediated electron transfer are possible (Figure
1.8). However since no lattice redox reactions are observed in the ideally polarisable

region this implies that the mediator concentrations must be small.

A third route involves, what has been termed, “retro charge-transfer” (37). This
involves electron transfer by reaction with neutral TTF® or TCNQ® present on the
electrode surface (Figure 1.9). These species may be created either by initial dissolution
of the TTF-TCNQ complex followed by precipitation of TTF® and TCNQ® or more
simply by direct formation on the electrode surface itself. This process would only be
energetically favourable if the solvation energy of the neutral species compensated for the
electrostatic lattice energy lost by their formation. In an oxidative process, the incoming
substrate molecule is oxidised by one of the neutral electrode species; this is followed by
oxidation of the other neutral species by the electrode, since both ionic forms have been
regenerated they can now recombine. Thus “retro-charge transfer” is synonymous with
the theory of heterogeneous redox catalysis, as proposed by Albery (42), concerning the

mechanism of electron transfer at these electrodes.
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1.3.4 Amperometric Enzyme Electrodes Using TTF-TCNQ

Biosensors (43) aim to measure the concentration of the desired metabolyte or
foodstuff in its natural environment with a minimum perturbation of the system. An
enzyme electrode is a biosensor which functions by using a redox enzyme to turn over the
substrate and then electrochemically reoxidises the reduced enzyme/cofactor thus using
the substrate-dependent biochemical reaction to produce a measurable current. Glucose
oxidase is the most comprehensively studied enzyme using this technique due in no small
part to its exceptional stability (44-46). The heterogeneous electrochemical rate constant
has been evaluated (46) and kinetic analysis of the experimental data has shown the rate
determining step to be transport of glucose through a dialysis membrane (Figure 1.10).
This property is a prerequisite for use of the electrode as a biosensor since its response will

be unaffected by changes in enzyme activity.

Other enzymes investigated using TTF-TCNQ electrodes include choline oxidase
(47) which oxidises choline and the subsequent reaction product betaine aldehyde and

xanthine oxidase which sequentially oxidises hypoxanthine and xanthine (48).

In-vivo studies using GOD adsorbed on TTF-TCNQ microelectrodes have been
used to measure glucose levels in the brains of live freely moving rats (47,49). A linear
response was obtained with only a marginal loss of enzyme activity over a period of 10

days. After 28 days the electrode response had fallen to half of its original value.

The mechanism of electron transfer at these electrodes has been the centre of
much debate. Initially it was proposed that glucose oxidase reacted by homogeneous
mediation (49,50). As mentioned above, Albery has suggested the reaction proceeds via
heterogeneous redox catalysis (42). Recent work in the laboratories of Bartlett (25) has
suggested that a modified enzyme might be involved though it is unclear whether the
enzyme would remain on the electrode surface in its modified state or would return to the

bulk solution.
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1.4 ORGANISATION OF THESIS

The next two chapters deal with the development of a series of electrochemical
sensors using enzyme electrodes. Chapter 2 deals mainly with preliminary investigations
of sensors for determining nitrate and creatine and an analysis of the
xanthine/hypoxanthine system. Kinetic models for each system are devised using the
theory developed by Albery and Bartlett (51). Chapter 3 is concerned with the
development of a sucrose sensor using invertase, mutarotase and GOD. A kinetic model is
used to explain the behaviour of this three enzyme system. Chapter 4 details the results
of pressed pellet rotating TTF-TCNQ disk Pt-ring experiments including an investigation
of nucleation phenomena observed on the Pt-ring. It also includes use of Nicholson/Shain
(52) analysis to determine the second order rate constant for the oxidation of reduced
glucose oxidase by TTF*. Chapter 5 is concerned with the use of a.c. impedance

spectroscopy to elucidate the mechanism operating at these electrodes.
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CHAPTER 2
KINETIC MODELLING OF
ENYZME ELECTRODES

This chapter details the initial development of enzyme electrodes for monitoring
creatine and nitrate together with an investigation of the mechanism of the
hypoxanthine/xanthine system (1,2). The kinetics of the three systems are different and
theoretical models are proposed to explain the action of each sensor. The creatine sensor
uses a two enzyme system in which only the second enzyme, sarcosine oxidase, is
electroactive. In the case of hypoxanthine/xanthine a single electroactive flavoenzyme,
xanthine oxidase, turns over the substrate, hypoxanthine, and the primary product

xanthine. The nitrate sensor utilises a NADH-dependent enzyme, nitrate reductase.

Although the kinetics of the three systems are different, the underlying principles
for the operation of each sensor are the same. The enzyme is trapped near to the electrode
surface behind a semi-permeable cellulose acetate membrane. The substrate diffuses
through the membrane and is turned over by the enzyme which is reduced. The reduced
enzyme, or cofactor, is then oxidised by the electrode producing a current which is related

to the substrate concentration.

The electrode response is governed by one of three processes: transport of
substrate across the membrane, the kinetics of the enzyme reaction, or if electron transfer
between the reduced enzyme and the electrode is slow the electrode kinetics. Complex
behaviour where the response depends on the interplay between different factors is also
possible. In order to use an enzyme electrode as a sensor it is desirable for the response to

be governed solely by transport kinetics.
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2.1 EXPERIMENTAL
2.1.1 Chemicals and Solutions

TTF-TCNQ was prepared according to the method of Ferraris (3). All solutions
were freshly made up each day using a stock pH 7.4 buffer containing 0.1M Na,HPO,
and 0.15M NaCl, the pH of the buffer having been adjusted to 7.4 using conc. HCl. All
solutions were made using doubly deionised water (DDW) which had been purified by
passage through an ion-exchange resin (Houseman) followed by circulation through a
Milli-Q system (Millipore). All solutions were degassed using argon prior to and during
electrochemical measurements. Creatinase [E.C. 3.5.3.3], sarcosine oxidase [E.C. 1.5.3.1],
xanthine oxidase [E.C. 1.1.3.22] and nitrate reductase [E.C. 1.9.6.1] were obtained from
Sigma and used as supplied (Table 2.1). The enzyme concentrations used were as follows :
1000 U/ml creatinase and 7 U/ml sarcosine oxidase, 4.5 U/ml xanthine oxidase and 3

U/ml nitrate reductase.
2.1.2 Membranes

Spectra/Por 2 dialysis membrane with a molecular weight cut-off (MWCO) of
12000-14000 was used for the creatine and nitrate sensors. Spectra/Por 4, which has the
same molecular cutoff as Spectra/Por 2, but is thicker and thus has a longer dialysis time
was used for the xanthine/hypoxanthine system. The membranes were pretreated to
remove impurities by soaking in a 10g dm™ aqueous solution of Na,COj; for 10 minutes.
Membranes were stored in 10 mmol dm™ Tris solution containing 1 mmol dm™® EDTA

at 4°C.
2.1.3 Electrodes

Working electrodes were fabricated in-house by Mr. M. Pritchard. A platinum
disk connected to a brass contact was press-fitted into teflon with a recess (depth 1mm)
to produce a cavity electrode. A 9:1 (w/w) mixture of TTF-TCNQ and polystyrene,

acting as a binder, was packed into the cavity and left to air dry. The area of the
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TABLE 2.1

Commercially avaliable enzyme preparations

ENZYME EC NUMBER SIGMA SOURCE
Creatinase 3.5.3.3 C 7024 Flavobacterium
Sarcosine Arthobacter
Oxidase 1.5.3.1 S 8764 species
Xanthine Buttermilk
Oxidase 1.1.3.22 X 4500 suspension
Nitrate Aspergillus

Reductase 1.9.6.1 N 7265 species
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electrode used for the creatine and nitrate sensors was 0.0314 cm?. A larger electrode of
area 0.3848 cm? was used for the xanthine/hypoxanthine system. The electrode was
pretreated by cycling overnight between -150 and +350 mV (vs. SCE). Saturated calomel
electrodes made in-house were used as reference electrodes. Counter electrodes were made

of platinum gauze.
2.1.4 Apparatus

Experiments were carried out using a modular electronics system designed in-
house by Mr. J. Hooper. Bryans 60000 or Gould 273 chart recorders were used to record

experimental results.
2.1.5 Experimental Procedures

A drop of enzyme solution was placed on the electrode and trapped behind a
membrane which was secured by an “o”-ring (Figure 2.1). Care was taken to avoid
trapping air bubbles. Excess enzyme was removed by copious washing with DDW. The
electrode was poised at +250 mV for creatine and nitrate and +300 mV for xanthine /
hypoxanthine and allowed to settle until a steady backgound current was reached before

any substrate was added.

Experiments were performed using standard procedures (4,5).

2.2 CREATINE ELECTRODE

Creatine and phosphocreatine play significant roles in the storage and transport
of phospate-bond energy (6). Phosphocreatine has a regulatory role as it maintains a
steady ATP/ADP ratio, fluctuations of which would be harmful to the functioning of
myofibrils, cation pumps and other ATP-dependent systems. Creatine is synthesised from
arginine, glycine and methionine (7). It is eliminated from the kidneys in the glomerular
filtrate but is reabsorbed in the renal tubules. Healthy individuals excrete very little

creatine in their urine; creatinuria being indicative of kidney dysfunction and certain
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Figure 2.1 Diagram of a cavity electrode
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muscle disorders (7,8). If an individual is suffering from such a condition the plasma

creatine level exceeds that which can be reabsorbed by the kidneys.

The food industry is also interested in determining creatine levels since results

appear to show that its concentration is directly related to the muscle protein content (8).

Two methods of analysis are currently in use. The first entails conversion of
creatine to creatinine which is determined by the Jaffe reaction using sodium picrate (9).
This has been criticised on the grounds that it lacks specificity. The second method is

based on the reaction of creatine and 1-napthol and diacetyl (10,11).

Here a two-enzyme system was used in which creatinase (E.C. 3.5.3.3) hydrolysed
creatine, producing sarcosine which was oxidised by sarcosine oxidase (E.C. 1.5.3.1), an

electroactive flavoenzyme (5). The overall process can be summarised as follows:
creatine + H,0 — sarcosine + urea
sarcosine + H,0O + O, — glycine + formaldehyde + H,0,

This system, in conjunction with creatininase (E.C. 3.5.2.10), has been used in

the diagnostic analysis of serum and urine creatinine levels (12).
2.2.1 Theory

The kinetic model (Figure 2.2) used is based on the theory of the steady state

operation of an amperometric enzyme electrode as derived by Albery and Bartlett (13).

In analysing the enzyme kinetics it is assumed that a one substrate one product
enzyme, E,, in this case creatinase, converts the first substrate creatine, P, to the
intermediate product sarcosine, Q. This is oxidised to R by the second enzyme, sarcosine
oxidase E,, which is simultaneously reduced to E} . The overall reaction scheme is given

by
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P = creatine

Q = sarcosine
R = formaldehyde + glycine
E, = creatinase

E, = sarcosine oxidase

Figure 2.2 Kinetic scheme for the creatine electrode
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K4 Ks Ks
Q+E2: ! E2Q: ! E2Ro-—- E’£’+R

For each step it is possible to write an equilibrium constant of the form

Kn = kn\ k_n 2.1

and the overall equilibrium between a given reactant and product can be described by

K+pp where
Kp; = KKK, 2.2
a.nd KTD2 = I{4K51{6 2.3

The transport of molecules through the membrane is governed by the mass

transfer rate constants k{;, k’Q and kil? where

ki = Dy Ky / Ly 2.4
Dy = diffusion coefficient of P, Q or R
Ky = partition coefficient of P, Q or R

Ly = thickness of the membrane

The reduced enzyme E'2 is oxidised on the electrode at a heterogeneous rate
constant k’. The subscripts oo and o are used to denote the concentrations of the various
species outside and inside the membrane respectively. The electrolyte layer is assumed to

have a thickness of the order of a few um, thus there is no concentration polarisation.

In the steady state the flux j can be written as

= L ( k+1 Po . El - k—lEIP ) 2.6

=1L ( k+3 E].Q - k_3Qo.E1 ) 2.8



Chapter 2: Kinetic Modelling of Enzyme Electrodes 56

Since EI =E,; + E,P + E,Q, then following substitution and rearrangement,

E{ _1[Km 1 1 ! !
= =1 {g} (P° — Q(Kypy )~ ) [1 + QK3)™ + Q(KoKg)™! | + (Lkeary)™
1

2.9
K
where { =M % — 1 + 1 + 1 2.10
{kcat}l kyp 0 Kikyp, T KKokys
1 1 1 1
and = = 4+ = + 2.11
kcatl k+2 K2k+3 k
Using a similar treatment for E,
j=L(k,4 QoE; — k4 EQ) 2.12
= L (k,g E;R — kg Ro.E}) 2.14
= k'( E})!/? 2.15
= kr(Ro — Reo ) 2.16
As above, E; = E, + E,Q + E;R + Elz’ then following rearrangement
E-zr 1 KM !
2 =M — — R k! k')?
: LQ{kcat o (k,),,[ o +i/(kR)] + 3 /(K"
+ o (k,)2 (1 + g )[Roo +3/(K'r)] 2.17
K
with M} = -1 4 L 1 2.18
{ cat}2 kia * Kgkys © KaKskyg
1 1 1 1
and = — 4+ —— 4 — 2.19
kcato ks Kgkig * kye

Now assuming there is no product inhibition, then,

El + EJ K
—1% = % {Eﬁ} (Po — Qo ( KTDl)-l)[l + Qo(K3)~! + Qo(K2K3)—1:I
1
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K .
+ (Lkege)™ + L(120 { ct:t} + (Lkeara)™' + ﬁ 2.20
2

However the probability that a molecule of Q on completion of reaction 1 will proceed

into phase 2 of the reaction scheme is given by

Lk+4EZ

Prob(Q—R) = =k 2.21
( ) Lk_3E; + kit Lk, 4E, '
where 0 < k¢ <1
Therefore substitution of eqn. 2.21 into eqn. 2.20 gives
T - - .
E + E = (kcatl) 1+ (kcatz) ' + J + 2.992

J L (kI)Z

ffegh oo (3 ) -l
1 2

If Eg = El + E2 then following more manipulation and substitution for P,

EE — (kcatl)_1 + (kcatz)ml i _ J
i - L + 2 1 [
J (k") kpPeo

4+ 1 KM + LJEm
LPoo (l—kf(KTD1) ) keat L kf kcat ”

. k K E
+ (1= f —M (1 + —1-) + = 2.23

This can be rearranged to give a Hanes-type equation of the form
Poo . 1 1+If°°(1_,3 ) 2.24
J k ME ME kPPOO

where k:\AEis a second order electrochemical rate constant for the enzyme electrode at low

substrate concentrations and is given by



Chapter 2: Kinetic Modelling of Enzyme Electrodes 58

1 1 1 Km 1) Knm 1
- Mty Liamb g L 2.25
kve LEg [ (1 — k(Ktpy)™) {kcat}1 kf{kcat}z:l kp

The constant Ky,gis the electrochemical equivalent of the Michaelis constant used
in homogeneous enzyme kinetics. At substrate concentrations smaller than K, the
enzyme electrode exhibits unsaturated kinetics with the current being determined by kl'\AE
For concentrations greater than Ky g the electrode is described as being saturated, its

response being governed by k._, = the electrochemical equivalent of keyy-

[
P
K =
e, AR (1)
L " LKz koot . K, (k)2 2.26

where A = 1 and B = (kgap1)™' + (keato) ™
1 — kf(KTDl)-l catl cat2

The second term in the denominator is a measure of the forward driving force or
irreversibility of the first enzymatic reaction. Hence if K,, K3 and by implication K+p,

are large, then K, reduces to

4
i) + 1l 37
_ \Cat , et ke

ME — (kcatl)_1 '*'(kcatz)_l ‘ J
L (k')2

2.27

+

Similarly, l/kll\AE is simplified to
1 _ 1 Km 1) Ku 1
1 1 fJoml o, 1)2m + 1 2.98
kme LEZ[{l‘cat}l l‘f{kcat ) kp

These kinetics are equivalent to a reaction mechanism in which the breakdown of
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the enzyme-substrate complex is sufficiently fast and energetically favourable so as to be

essentially irreversible. Thus the reaction scheme will be of the form

K, k
E, + P— E;P—29E, +Q

Ks3 k
E, + QT E,Q——E) +R

In this system

Prob(Q—R) = Lk, 3By

Lk,3E, + kj

Equation 2.24 can be further simplified by considering the limiting forms at high

and low substrate concentrations.

At low substrate concentrations since Po, tends to zero,

Peo

j = kyePoo=
1 1 Eml . 1/Eml [, 1
LEg| 1 — ke(K1py)~! | Keat . ke | Keat ) kb,

2.30

Now the flux will depend on either the transport of substrate through the membrane or
on the unsaturated enzyme kinetics. If mass transfer through the membrane is slow,

j = kpPoo 2.31
However if the converse is true and enzyme kinetics are rate limiting then since at low

substrate ke~1

LE5Poo

j:
Kml , JEm
kcat kcat
1 2

At high substrate concentrations as Poo, becomes large the flux tends to a limiting value.

2.32
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1 1 1 i
1 _ + + 2.33
Jmax — LEgkeary * LEgkearz * (K')’Ey;

ke Km ( 1 )
+ 14 L

However as substrate concentration increases kf becomes smaller since as E2 is saturated

k& becomes dominant and eqn. 2.33 reduces to

1

1 1 J 1
< = + + 2.34
Jmax LEzkcatl LEEkcat2 (k')

= ]
By, Egkiate

Returning to eqn. 2.24 and introducing a new parameter p where

[i/Poco] 2.35

P = 7
knme

substitution of this into eqn. 2.24 gives

-1_ kl
y=2 1=L[1—”—',""5i| 2.36

From a plot of y against p, the intercept at p=0 gives kL/IE whilst the intercept at y=0
is a measure of the relative contributions of the transport and unsaturated enzyme kinetic

terms to the heterogeneous rate constant, k,ME .

2.2.2 Results

The response of the electrode to aliquots of creatine is shown in Figure 2.3. In the
first experiment the ratio of creatinase to sarcosine oxidase was 295:41 whilst in the
second it was increased to 1000:6.6. The most striking feature in these plots is the
&3:&.::&&(' tehavyeur Which is clearly seen in Figure 2.3. As the concentration of creatinase
relative to sarcosine oxidase is increased th<g . - :is reduced and the response at

low substrate concentration tends towards linearity.

Two factors that might reduce the observed current are the
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CURRENT DENSITY mA o=

Figure 2.3 The effect of varying the enzyme concentrations

on the electrode response to creatine.
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oxygen effect (5) and product inhibition by formaldehyde (14). However neither of these
can satisfactorily explain the experimental results. Firstly, an explanation based on the
oxygen effect, in which dissolved oxygen competes with the electrode to reoxidise reduced
enzyme, can be ruled out since if this were the cause of the anomalous behaviour it would
have a more significant effect at lower sarcosine oxidase concentrations whereas the
converse is true. Secondly, although formaldehyde inhibits the action of sarcosine oxidase,

its effect is only significant at high concentrations.

The sigmoidal nature of the electrode response at low creatine concentrations can
be accounted for if the sarcosine oxidase preparation is assumed to contain an impurity, I,
which binds to the creatinase rendering it inactive (15). Consider the following

equilibrium

El —— E—— EP —— EQ —E+Q

At low substrate concentrations the equilibrium lies to the left with creatinase
being predominantly in the EI form. However as the substrate concentration is increased
the equilibrium is shifted to the right as more creatine is now avalable and displaces the

inhibitor.

Hoeffken and coworkers (16) determined the crystal structure of creatinase and
have studied the nature of the binding site using the competitive inhibitor carbamoyl
sarcosine which is a close analogue of the substrate creatine. The preparation of sarcosine
oxidase contains EDTA and potassium gluconate. The former is known not to inhibit
creatinase (12). However gluconate might have an adverse effect on the enzyme since its

carboxylate and hydroxyl groups could enable it to bind at the active site (Figure 2.4).

In order to examine whether gluconate acted as an inhibitor a typical calibration
plot was compared to a run in the presence of 8mM gluconate. From the results in Figure
2.5 it is apparent that lower currents are obtained in the presence of gluconate and the

system tends to saturate earlier.
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Figure 2.4 Schematic representation of the carbamoyl sarcosine

binding geometry
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Figure 2.5 Inhibitory effect of gluconate on the electrode
response to creatine. Creatinase : sarcosine oxidase

= 1000: 7 U/ml.
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Instead of showing a characteristic plateau at low creatine concentrations, the Hanes plot
(Figure 2.6) initially decreases then increases again. This indicates that the electrode
response is not governed solely by transport of substrate through the membrane. This
result is not in disagreement with the hypothesis that enzyme inhibition is operating at
low substrate levels. From the intercept at Poo=0 it is possible to determine the
heterogeneous electrochemical rate constant, kwa, for the unsaturated electrode. This is
found to be 1.1x10-%cm s—!. The mass transfer rate constant, kg, , can be calculated from
the intercept at y=0 from a plot of y against p (Figure 2.7). Since the intercept is
approximately 1 this implies that mass transport is the dominant rate limiting factor at
low substrate concentrations. The results are shown in Table 2.2. In order to use this
system as a sensor for determining higher levels of creatine it would be advisable to have
a higher concentration of better purity enzyme behind the membrane to ensure transport

control.

An attempt was made to use the sensor to determine creatine levels in human
urine. Although ascorbate was prevented from interfering with the electrode by adding
ascorbate oxidase to the bulk solution outside the membrane, enough electroactive species
were still present so as to mask the response due to creatine. Thus urine must be purified
chromatographically using standard ion exchange columns before it can be analysed using

this sensor (7).
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Figure 2.6 The Hanes plot for the creatine electrode using data in
Figure 2.3. Creatinase : sarcosine oxidase = 1000 : 7

U/ml
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Figure 2.7 The rho plot for the creatine electrode using the data
in Figure 2.3. Creatinase : sarcosine oxidase=1000 : 7

U/ml

67

03 1
08 - 0

07 - 0

06 - i

05

Y <1 /N3

04 1

03 -

02 -

0.1 -




Chapter 2: Kinetic Modelling of Enzyme Electrodes 68

TABLE 2.2

Kinetic parameters for the creatine sensor

Heterogeneous Rate

Constant, k:\AE 1.1x107% ¢m 5~

Intercept at y=0

in the p-plot 1=> kr'le= k's

Intercept at p = 0

in the p—plot, (mM™!) 0.95 = Kpyg = 1.1 mM
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2.3 XANTHINE / HYPOXANTHINE ELECTRODE

As previously described in §1.2 xanthine oxidase plays an important role in
purine catabolism. The commonest purines in the body are adenine and guanine and
these undergo initial deamination to produce hypoxanthine and xanthine respectively.
Then hypoxanthine (via xanthine) and xanthine itself are oxidised to produce uric acid
see Figure 2.8 (17). Excessive xanthine oxidase activity results in overproduction of urate
which because of its relative insolublity can precipitate out in the kidneys leading to the
formation of kidney stones. It can also crystallize out in cartilaginous tissue in which case
it causes gout. The aim of this section was to use a kinetic model to explain and compare

the reponse to hypoxanthine and xanthine (1,2).
2.3.1 Theory

2.3.1.1 Response to Xanthine

To create a kinetic model (Figure 2.9) for the system it is convenient to first
analyse the electrode response to the second substrate xanthine. Using a simple one-

intermediate equilibriumn model

X+E—— EX —FE+U
k- k-5
!
E'L E

the flux, j, can be written as

i= k§<( Xoo — Xo ) 2.87
= L (k,;Xo.E — k_;EX) 2.38
= L (k,,EX — k_,U,.E') 2.39
= k'(g")!/? 2.40

=k{( Uo — Uso ) 2.41
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H,0, O, \
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l \ Xanthine
HO \
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H',0,
Y
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Figure 2.8 The final stage of purine catabolism involves

hypoxanthine and xanthine intermediates
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X = xanthine
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E = xanthine oxidase

Figure 2.9 Kinetic scheme for the xanthine electrode
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and since Ey, = E + EX + E' then following substitution and rearrangement

E K : . E

PN 1 M J J p))
Zo 1 pdemby 3 g+ ]+

I IXeo {kcat} ¥ (k,)zKTD( ot k{.l)} ki Xoo

2.42
1 j j j j
+ + + Uoo + = 1-—
Lkeat (k)2 (K')K, ( * k{J) }( k;xoo)
If there is no product inhibition then
Xoo _ _1 1 j ( j )
2R=——4+X - + 1— ——— 2.43
b Ty 7% [ LkeatEy - (K')’Eg kiXoo
K
with —L— = M__ 4 L 2.44
k:\AE LkeatEyy k;<

As in §2.2.1, the response at low substrate is governed by the rate constant klIVIE ,
whereas, at high substrate concentrations it depends on either electrode or enzyme

kinetics.

If the enzyme-substrate complex EX is the predominant enzyme form ie. EX >

E', implying that 1/ Lkeay > i/ (k")? then the saturated enzyme kinetics are rate-limiting,

Xoo 1 X0 j
J kl'\AE chatEE k;(Xoo

Rewriting this in terms of the kinetic parameter p where

o /%o »
kme

and substituting eqn. 2.46 into eqn. 2.45 gives

-1 _ kl !
y=P2_ =1 _ _*mME [1_‘”1"\"5 } 2.47

From a plot of y against p the intercept at p=0 gives kIIVIE /chath whilst the

intercept at y= 0 compares k‘\/lE and k;(.

However if E/ > EX , implying j/(k)* > 1/Lk,t » then the response is

governed by the electrode kinetics and
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Xeo _ 1, Xeo ( j )
200 4= ] _ 2.48
i kye  (K)’Eg ki Xoo
Now,
-1_ 4 k! Pkl
y =t =gME_ ) _ TME 2.49
JAoo (k)°Eg ky
Now the intercept at p= 0 gives kwa/(k')zEE. The intercept at y'= 0 remains
unchanged.

2.3.1.2 Response to Hypoxanthine

To simplify the treatment it is convenient to consider the behaviour of the

electrode at the extremes of (i) low and (ii) high substrate concentration separately.
2.3.1.2.1 Unsaturated Conditions

Under these conditons the enzyme is predominantly in the free or E form. The
factors governing the kinetics of the system in this model are the unsaturated enzyme
kinetics, transport of hypoxanthine from the bulk solution through the membrane and
loss of the primary reaction product, xanthine, through the membrane before it can be

turned over by the enzyme. The kinetic scheme for this system is shown in Figure 2.10.

The probability that a molecule of xanthine reacts with the enzyme rather than

diffusing out through the membrane is given by

L{iml g
keat x b kfwex
I = X, = ' 2.50
!
X
Therefore the overall flux is given by
j=(1+1y)L Kml g u 2.51
J = — .
X keat H e

Now if the concentration of hypoxanthine in the bulk is Hog then,
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E = xanthine oxidase

Figure 2.10 Kinetic scheme for the hypoxanthine system under

unsaturated conditions
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cat

Km
L{k }EEHO = kH( Hoo — Ho ) 2.52
Thus eqn. 2.51 becomes

(1+ nx{ } LEyk{{Hoo

i= 2.53
M !
-~
H
K K
If ky =<-M% E. and k, = {—M} E. then,
1 {kcat} x 2 {kcat} p>
H X
1 1 1 Hoo 1
1.1 - fo - 1 2.54
1+ ( ki, Lk ) J (1+M)kve 1

2.3.1.2.2 Saturated Conditions

Under these conditions since the free enzyme concentration, E, will be negligible
the enzyme will be present either in its reduced form E' or in a complex with either
hypoxanthine or xanthine, EH or EX respectively. At high substrate concentrations the
rate of loss of xanthine through the membrane to the bulk becomes more significant. The

kinetic scheme representing this case is shown in Figure 2.11.
Now if the overall flux, j, is given by

i =1Jn +ix 2.55
iy = flux due to hypoxanthine
jx = flux due to xanthine

then since the system is following saturated kinetics, we have the following

Ey, = EH + EX + E/ E~ 0
in Jx j
Ew = + + 2.56
x chat,H Lkcat,X (k’)2
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E = xanthine oxidase
H = hypoxanthine
X = xanthine

U = urate

Figure 2.11 Kinetic scheme for the hypoxanthine system under

saturated conditions
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As xanthine is a reaction product of the oxidation of the primary substrate,

hypoxanthine, j; > jx . If a new parameter A is introduced where,

A=13 2.57

J
A is a measure of whether the enzyme kinetics are sufficiently fast so as to be capable of
oxidising xanthine before it can escape through the membrane to the bulk. Therefore, as

jy = the greater the likelihood that a molecule of xanthine will escape before it can be

turned over by the enzyme.

Substituting for A and remembering that jx = j — j , eqn. 2.56 becomes

E :
Y A 1 1 1 J

—& - + + 2.58
J {chat.H chat,x} Lkeapx (k)2

If the enzyme kinetics are fast then j; =~ jx and A =~ 1/2 whereas if transport

through the membrane is fast then j,; ~ j and A ~ 1.
2.3.2 Results

The response of the electrode to xanthine is shown in Figure 2.12. As outlined in
the above theory the intercept at Xoo=0 in the Hanes plot (Figure 2.13) enables the
electrochemical rate constant k{leto be found. This has a value of 4.5x10~%cm s=!. The
normal rho plot (Figure 2.14) is a straight line with a negative gradient indicating that at
high xanthine concentrations the electrode response is governed by the saturated kinetics
of the enzyme. The intercept at y=0, k;< /kI,VIE,X’ shows that both enzyme kinetics and
transport of substrate across the membrane play a role in determining the electrode
response at low xanthine concentrations. It also enables IIy to be calculated. From Iy
one can determine a value for the rate constant, Lk;. The modified rho plot is essentially
linear with a slight positive gradient (Figure 2.15), thus showing that electrode kinetics
do not of themselves control the response at high xanthine concentrations. If the converse

wo\g true then a straight line with a negative gradient would be observed. The results are



Chapter 2: Kinetic Modelling of Enzyme FElectrodes

Figure 2.12 Electrode response to xanthine. 4.5 U/ml xanthine

oxidase
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Figure 2.13 The Hanes plot for the xanthine electrode using the
‘ data in Figure 2.12
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Figure 2.14 The rho plot for the xanthine electrode using data

from Figure 2.12
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Figure 2.15 The modified rho plot for the xanthine electrode

using the data from Figure 2.12
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presented in Table 2.3.

Krenitsky (18) has shown that xanthine is turned over more rapidly by the
enzyme than hypoxanthine, the relative rates being 170:130, ie. Lk; = 0.76 Lk,. Hence
the rate constant for reaction between hypoxanthine and xanthine oxidase can be found.
Figure 2.16 shows a plot of the electrode response to successive aliquots of hypoxanthine.
Since ky g iy is known from the Hanes plot (Figure 2.17), k' can be evaluated and is
found to be 3.6x10-%*cm s—!. This is almost six times as large as the mass transfer rate
constant for xanthine, k;(. Since the only structural difference between the two molecules
is a single hydroxyl group it is unlikely this would have such a marked effect. On
analysing possible errors in the experiment, assuming an error factor of 20 %, then errors
in evaluating the mass transfer rate constants can introduce a factor of 3 into the
calculation. By comparing the respective values of the unsaturated enzymatic and mass
transfer rate constants it is apparent that the response at low substrate concentrations,
for both xanthine and hypoxanthine, is determined by a combination of these processes
and cannot be attributed solely to either enzyme Kkinetics or to transport across the

membrane alone.
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Figure 2.16 Electrode response to hypoxanthine. 4.5 U/ml xanthine

oxidase
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Figure 2.17 The Hanes plot for the hypoxanthine electrode using

data from Figure 2.16
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TABLE 2.3

Kinetic parameters for the xanthine /hypoxanthine system

Hypoxanthine Xanthine
Heterogeneous Rate
Constant, k:\AE ,cms™! 8.9 x 107° 4.5 x 107°
Mass Transfer Rate
Constant, k§, cm s™* 3.6 x 107* 6.3 x 107°
Iy 0.7
Intercept at p=0 15mM !

in the p—plot = Kyg = 70 pM
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2.4 NITRATE SENSOR

Vasodilators are molecules which affect the flow of blood by controlling the
degree of blood vessel dilation. A common vasodilator is acetylcholine. Endothelium-
derived relaxing factor (EDRF) is produced by the vascular endothelium and mediates
the action of various vasodilators (19). As an example, a vessel from which the
endothelium has been removed will fail to respond to the vasorelaxant action of
acetylcholine. A similar result is observed in patients who suffer from diseases which have

a deleterious effect on the endothelium such as artherosclerosis.

Furchgott (20) proposed that EDRF was itself NO since it was known that
nitrovasodilators such as glyceryl trinitrate, which function by releasing NO, mimicked
the behaviour of EDRF. Evidence supporting this theory came from a study using
chemiluminescence techniques (20) which showed that EDRF and NO had similar
properties: for example haemoglobin was known to be capable of binding both EDRF and
NO and it also inhibited tissue relaxation. The investigation also showed that superoxide
dismutase reduced the decay of both NO and EDRF indicating that O3 inactived both
compounds. Thus the body could inhibit the action of EDRF via uptake by haemoglobin
or enhance its action by using SOD to mop up any superoxide anions present which could

react with NO to produce NO3.

Moncada et al (21) used NC-monomethyl-L-arginine (L-NMMA), a specific
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