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ABSTRACT

Horseradish peroxidase-and tyrosinase-modified electrodes were
constructed by entrapping the enzyme within an Eastman AQ 55D
polymer matrix The biosensors were used to detect their respective
substrates (1e organic peroxides and phenols) and mhibitors in polar
organic solvents Horseradish peroxidase (HRP) mhibitors investigated
mcluded thiourea, ethylenethiourea, mercaptoethanol, hydroxylamme
and methyl 1sothiocyanate Simularly, diethyldithiocarbamate was
detected as a tyrosinase inhibitor Electrochemical methods such as
cyclic voltammetry and steady-state amperometry, as well as
spectroelectrochemistry, were used to characterise the analytical
performance of these biosensors 1n organic solvents, namely acetomtrile,
methanol, acetone, tetrahydrofuran, 2-propanol and 2-butanol
Operational parameters, such as the use of a mediator, the effects of the
chemical nature of the utilised mediator and its concentration, water
content of the solvent and working potential were investigated and used
to optimise the catalytic performance of the biosensors The kinetic
parameters for the sensors in the different organic media, such as the
current as the substrate concentration approaches infinity (Inex), the
apparent Michaelis-Menten constant (K,'), the apparent mhibition
constant (K,") and Hill coefficients were determined The differences in
the values of these parameters were linked to the physico-chemical
properties of the organic media, 1e solvent properties such as polanty,
hydrophobicity, kinematic viscosity, dielectric constant, and solvent-
enzyme mteractions Fally, a glassy carbon electrode was modified
with tyrosmnase and a conducting poly(1-vinylimidazole)-based osmium
polymer The ability of this biosensor to function as a detector for high
performance liquid chromatographic (HPLC) analysis of phenolic
compounds such as p-aminophenol, phenol, p-cresol, catechol and p-
chlorophenol was characterised The phenol sensor exhibited a 100 to
200-fold improvement 1n sensitivity and detection limit when compared
to an ultraviolet-visible spectrophotometric detector The effects of
operational parameters, such as the concentrations of the modifying
compounds 1e¢ the ostmum polymer and the crosslinking compound,
poly(ethylene glycol), the mobile phase composition and flow rate, the
working potential and the biosensor’s short-term stability were
mvestigated and optimised The biosensor was used to measure phenol 1n
an antiseptic cream, p-acetamidophenol (paracetamol) in a cold/flu
relieving salt, and phenolic compounds n cigarette filter tips
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CHAPTER ONE: ORGANIC-PHASE ENZYME ELECTRODES




1.1. INTRODUCTION

Recent advancements in technological innovations, along with their
subsequent industrial and medical applications, have led to an increase 1n
the need for the detection and quantification of chemuical substances In
additton to the traditional requirements of an analytical
instrument/device such as sensitivity, selectivity and accuracy, modern
analytical devices are required to be cheap, compact, sumple to use,
rapid, rugged, and 1n some 1nstances disposable These needs have led to
the development of biosensors Biosensors have helped scientists to
achieve and improve the concept of bringing measurements out of the
analytical laboratory and into everyday hfe This has resulted m the
commercial availability of biosensors, which can be used directly by
clinical patients to monitor their body glucose and cholesterol levels
Biosensors have also opened up new potentials for continous on-line
analysis This 1s useful for the monitoring and control of processes in
industry, medical mtensive care umts, and regulatory bodies such as the
Food & Drugs Admimstration (FDA) and Environmental Protection
Agencies (EPA) The analyte(s) 1n these areas of apphication are in some
instances either highly hydrophobic or unstable m the presence of water

Hence, the need for organic-phase biosensors

A biosensor 1s an analytical device that comprises a biochemical
substance which 1s integrated within, or in intimate contact with, a
surtable physical transducing system An organic-phase biosensor refers
to the analytical device as described above but which functions

predominantly 1n organic solvents The biochemical substance used mn a



biosensor 1s capable of interacting directly with the analyte(s) of interest
in complex sample matrices, thus elmiating the need for extensive
sample pretrea;ment or clean up steps Therefore, 1t regulates the
sensitivity and selectivity of the device [1-4] The biochemical substance
1s either based on a catalytic system, e g enzymes, cells and tissues,
organisms, or on an affimty system, e g 1immune protems, nucleic acids
and cell receptors Enzymes, to date, are the most widely utilised and
studied m the development of organic-phase biosensors The interaction
between an enzyme and the analyte usually results in a change 1n one or
more physico-chemical parameters associated with the interaction, e g
10ns, electrons, gases, heat, mass etc The physical transducer converts
these changes (and hence the extent of the enzymatic reaction or
catalysis) into an electronic signal that can be suitably processed,
momtored and quantified The signal output 1s then directly dependent
on the concentration of the analyte(s) of interest The various transducers
that have been used in the development of organic-phase biosensors
include electrochemical, thermal and spectroscopic-based devices
Electrochemical detection methods hold a leading position among the
methods presently available This 1s because they have been proven to be

highly selective, cheap and easily mmmaturized and automated [4-7]

1.2. ENZYMES

Enzymes are proteins which act as catalysts 1n biological systems A few
enzymes, such as chymotrypsin and nbonuclease, are catalytically active

without any need for cofactors However, most enzymes require the



presence of additional non-protein component(s), 1e cofactors, to be
active The cofactor may be small organic molecules referred to as a
coenzyme, or a metal 1on For instance, carboxylpeptidase A requires a
zinc(1l) 10n, while lactate dehydrogenase requires nicotinamide adenine
dinucleotide (NAD"), as cofactors for catalytic activity There are a few
enzymes known to require the presence of both a metal 1on and a

coenzyme for activity Coenzymes such as nicotinamide adenine

dinucleotide phosphate (NADP*) and NAD" bind weakly to the enzymes
Consequently, after participating m the catalytic redox reactions, their
altered forms are released from the enzyme However, there are
coenzymes which bind firmly to the enzymes These type of coenzymes
are referred to as prosthetic groups, e g flavin ademine dinucleotide
(FAD) Prosthetic groups cannot be separated from the enzyme without
denaturing the protein The flavin nucleotides are not released at the end
of the catalytic redox reactions, instead they pass on the hydrogen atoms
to a specific external acceptor to complete the sequence and then revert

to their oniginal form [8-10]

Enzymes are individually unique 1n terms of the type(s) of reaction(s)
they catalyse, hence they have been generally classified by the Enzyme
Commision (EC) mnto six main groups These are oxidoreductases,
transferases, hydrolases, lyases, 1somerases and ligases Examples of
some enzymes 1n each class and the type of reaction they catalyse are
tllustrated m Table 11 As a result of enzymes having a high
substrate/product specificity and catalytic efficiency, they can carry out a
series of specific interrelated reaction chamns and produce only the

desired products This inherent ability, along with the ability of enzyme-



catalysed reactions to occur at near neutral pH and at around room/body
temperature, make enzymes easy to adapt into analytical procedures
Enzyme-based biosensors may be designed to determine the
concentrations of substrates, coenzymes, activators and inhibitors The
performance of such biosensors 1s governed by the properties of the

sensing enzyme and the kinetics of the enzyme-analyte interaction [11]

Table 11  Classification and functions of enzymes

!

N

CLASS REACTION TYPE EXAMPLES

OXIDOREDUCTASES catalyse  oxidation-reduction | oxidases,  dehydrogenases,
reactions, 1€ reactions | peroxidases, oxygenases
mvolving the transfer of
hydrogen atoms, oxygen atoms
or electrons from one substrate
to another

TRANSFERASES catalyse reactions involving | phospho-transferases, alkyl-
transfer of a group, eg a | transferases

methyl group from one | acyl-transferases,

compound to the other | glycosyl-transferases, sulpho-

compound transferases
HYDROLASES catalyse reactions involving the | esterases, thiolesterases,
addition or removal of water glycosidases, peptidases
LYASES catalyse non-hydrolytic | decarboxylases,  aldehyde-
removal of groups from | lyases, oxo-acid-lyases,

substrates,  often  leaving | hydro-lyases
double bonds or addition of
substance across double bonds

ISOMERASES catalyse 1somerization | racemases, epimerases,
reactions and mverston at an | intramolecular

assymetric carbon atom oxidoreductases, transferases
and lyases

LIGASES catalyse synthesis of new | aminoacyl-tRNA synthetases
bonds coupled to breakdown of
ATP or nucleoside
triphosphate




1.2.1. STEADY-STATE ENZYME KINETICS

All energetically favourable biochemical reactions (1e those occuring
with a decrease m the free energy, AG) need to overcome a potential
energy barrier, known as the activation energy, before the reaction can
take place Enzymes act as catalysts by allowing the formation of
different, more stable, transition states, and thus reduce the activation
energy In effect, the position of chemical equilibrium remains
unchanged, but 1t 1s reached much faster than i the corresponding
uncatalysed reaction Enzymes react with substrates to form enzyme-
substrate complexes These are quite distinct from the transition states
which also occur as part of the process of enzyme catalysis A single-
substrate enzyme-catalysed reaction can therefore be described by the

equation

kl k2
ES — > E+P

E+S
k.

At time t, 1t 15 assumed that the rate of formation of the enzyme-substrate
complex ES 1s k)[E][S], and the rate of formation of the enzyme, E, and
the substrate, S, from ES 1s k,[ES], where [E], [S] and [ES] are the
concentrations of the enzyme, substate and the enzyme-substrate
complex at time t, respectively Michaelis and Menten, m 1913,
hypothesised that an equilibrium was obtained and maintamned between
E, S and ES This was modified by Briggs and Haldane m 1925, who
assumed that [ES] 1s broken down as fast as it was being formed and

therefore maintains a steady-state equilibrium Therefore, a hyperbolic



relationship exists between the mitial velocity, v,, and 1mtial substrate

concentration [S], such that at a constant total enzyme concentration,

[E]

Vo = (Vaad SD/[S] + Ko (1-1)

Equation 1 1 1s referred to as the Michaelis-Menten equation K,, 1s the
Michaelis-Menten constant and V.« 1s the limiting mitial velocity at a
particular total enzyme concentration This equation holds for single

enzyme-catalysed reactions where

[S]>> [E], therefore [ES] ~ constant

o there 1s a high affinity between E and S

¢ [E] remains constant

e for enzyme molecules with several binding sites for
the substrate, there 1s no interaction between the
sites

e concentration of cosubstrate(s), where present,
remains constant

e ES — E + P s the rate limiting step

e there are no mass transfer limitations

e enzyme mnhibitors are absent

e 1nvestigations are performed duning the mihal

period of the reaction, 1 ¢ when [P]~0



K 1s independent of enzyme concentration, while Vi, increases as the
total concentration of the enzyme present increases, 1€ Vi = ke[E] It

has been shown [12-14] that equation 1 1 can be rewnitten such that
Vo = (kea/Kn) [E][S] (1-2)

where k., 15 the turnover number, and [E] 1s the concentration of the free
enzyme The turnover number describes the maximum number of
substrate molecules which can be converted to products per molecule of
enzyme per unit time These parameters, because they are unique to the
system being studied, are usually used to characterise and identify a
particular enzyme K., values describe the affinity of the enzyme for the
substrate, 1e a low K, value indicates a high affinity of enzyme for
substrate, while a high K, value indicates a low affimty For most

systems, K., values lie in the range 102 - 10®° mol/cm® Similarly, for

most enzymes, k. lies in the range 1-104 per second [12] The term
kKo 1s known as the catalytic efficiency A high value mdicates that
the limiting factor for the overall reaction 1s the frequency of collisions
between enzyme and substrate molecules A comparism of k,/K,, values
for different substrates can be used as a measure of the specificity of the
enzyme Hence, the value of the kinetic parameters V., Kn and keg
often have to be deterrmuned The most up-to-date method for their
determination mvolves non-linear curve fitting of v, and [s] values to the
Michaelis-Menten equation using a computer programme However, 1n
the absence of such programmes, approximate values of these parameters

can be obtamed by mampulating the Michaelis-Menten equation



(without changing the underlying assumptions) to forms that correspond
to the equations of a straight line graph y = mx + ¢ The commonly used

manipulations include the Lineweaver-Burk equation

Vg = (Ka/Vangd) V[S] + 1/Vimax 1-3)

the Eadie-Hofstee equation

Vo = “Ka(Vo/[S]) + Vimax (1-4)

and the Hanes equation

[S1Vo = (1/Vuan)[S] + (Ka/Vimex) (1-5)

The values of V. and K, vary with the nature of enzymes and
substrates The other factors that affect the values of these kinetic

parameters for a particular enzymatic reaction mclude

¢ enzyme immobilisation techniques

e presence of activators and mhibitors

« the nature of the reaction medium, the effects could be in
terms of its chemucal properties, e g aqueous/organic
nature, and/or physical properties such as pH, temperature,

viscosity and polanty/hydrophobicity



This thesis 1s primarily concerned with the study of enzyme-catalysed
reactions 1n organic media, and as such, the former two factors and
further topics will be discussed in the context of organic-phase

enzymatic reactions
1.2.1.1. ENZYME CATALYSIS IN ORGANIC MEDIA

The study of enzymes, which involves enzyme extraction, punification,
characterisation, reactions and industnal applications, has nostly been
carmied out 1n aqueous media However, the ability of enzymes to
catalyse reactions 1n organic solvents, first reported by Dastoli and Price
m 1967 [15], along with thewr vast potential m organic synthesis and
bioanalytical uses, continues to generate enormous 1nterests and research
activitties The advantages of enzyme catalysis 1in organic solvents
include catalysis of previously inaccessible substratesk(e g organic
compounds with a low solubihty m water), increased thermal stability
for the enzyme, decreased chances of microbial contamination, ability of
enzymes to catalyse reactions that were impossible 1n aqueous media
because of unfavourable thermodynamic or kinetic equilibrium,
prevention of undesirable side reactions e g hydrolysis and nucleophilic
addition of hydroxide 1on, and finally the insolubility of enzymes in
organic solvent which permits theiwr easy recovery and subsequent
recycling [16] Organic-phase enzyme catalysis has been carned out in
several forms of non-aqueous media These include the use of enzymes
in aqueous solutions containing a water-miscible organic cosolvent [17],

microaqueous-organic  biphasic mixtures [18,19], organic biphasic



muxtures [19], reversed micelles [19, 20] and finally anhydrous organic
solvents [21, 22] But more importantly, the influence of the solvent pH,
water content and physico-chemical properties on the specificity and
catalytic activity of the enzyme are crucial for optimising the biocatalytic

reaction

The specificity of an enzyme 1s dependent on the 1omisable side chains of
amimno acid residues being m a particular form, making enzymatic
reactions pH dependent Organic solvents do not m themselves have a
defined pH, but according to Klibanov [23], durming orgamc-phase
enzymatic reactions, the enzyme acts based on the pH of the last aqueous
medium to which 1t has been exposed In other words, the pH acquired
by an enzyme before its mtroduction into an organic medium remains
unaltered Therefore, to present the enzyme to the organic solvent 1in a
catalytically competent state, 1t 1s recommended that the enzyme be
dissolved 1n an aqueous phase of optimal pH for activity [24] It 1s
widely accepted that while the catalytic efficiency of enzymatic reactions
n organic media 1s comparable to and 1n some cases higher than, that
displayed 1n aqueous media, some amount of water 1s still required for
enzymatic activity in these solvents [24-26] A thin layer of water around
the enzyme 1s essential to preserve the three-dimensional structure of the
protein 1n a catalytically active form The catalytic activity of an enzyme
mcreases as the water content of the organic solvent increases However,
the mimmum amount of water required for enzymatic activity in an
organic solvent varies with enzymes as well as solvents For instance, the
activity of alcohol dehydrogenase in the presence of 05 % water in

1sopropyl ether 1s approximately 3 orders of magnitude higher than n

10



methyl acetate or acetomtrile at the same water concentration [26] Also,

while the activity of tyrosinase in chloroform requires about 3 5 x 107
molecules of water per enzyme molecule, chymotrypsin needs only 50
molecules of water per enzyme molecule for activity m octane [27]

Indeed, :immobilised glucose oxidase (GOx) has been shown to remam
active 1n 100 % polar organic solvents such as acetomtrile and 2-butanol
[28] This has been attributed to the presence of a carbohydrate shell
around the active site of GOx, which tends to shield 1t from the effects of
the orgamc solvents Similar shielding effects have been observed in the
organic-phase catalytic behaviour of subtilisin [29] The differing
activities of enzymes m these solvents have been attributed to the
varying ability of organic solvents to strip essential water from the active
site of the enzyme, thereby deactivating the biocatalyst The ability of
organic solvents to strip essentral water 1s believed to be a function of
their hydrophobicity/polarity [30, 31] The less hydrophobic (1e more
polar) the solvent, the higher 1ts affimty for water, and hence 1t 1s more
likely to stnip the essential water from the enzyme molecules [32]

However, most enzymes remam active m both hydrophobic and
hydrophilic solvents for as long as the essential amount of water required
for catalytic activity 1s maintamned i the reactton medium This 1s
achieved for hydrophilic solvents by the addition of some water, usually
between 2 - 40 % v/v of the reaction medium This tends to satisfy the
solvent's "thirst” [31] and makes 1t less likely to strip essential water
layer 1in the enzyme microenvironment It ts known that apart from
solvent hydrophobicity, other physical properties of the solvent, such as

kmematic viscosity and dielectric constant (g), also influence the activity

11



of the enzymes in organic media [28, 33] The kinetic wiscosity
influences the diffusion/partition coefficients of the reacting species (1 €
the enzyme, substrate and/or mhibitors) and reaction products in the
reaction media This ultimately affects the kinetic and thermodynamic
parameters of the catalytic process Also, € 1s a measure of relative
permittivity, and governs the weakening of electrostatic forces around
the enzyme’s charged and polar active site Other factors, such as
substrate and enzyme hydrophobicity, also significantly affect
biocatalytic activity in organic media Ryu and Dordick [34] have shown
that 1n the horseradish peroxidase (HRP) catalysis of phenols, a linear
free energy relationship exists between the catalytic efficiency and both
substrate and solvent hydrophobicity The catalytic efficiency decreased
as the hydrophobicity of the phenols increased This effect became more
pronounced as the solvent hydrophobicity increased Simularly, an
mcrease 1 HRP hydrophobicity has been shown to increase catalytic
activity 1 water-immuscible hydrophobic solvents [35] This 1s believed
to be as a result partitioning of substrate between the bulk of the reaction
medium and the enzyme active site The substrate partitioning to the
enzyme’s hydrophilic active site would tend to decrease as substrate and
solvent hydrophobicity mcreases It would therefore take a greater
amount of the substrate to saturate the enzyme, resulting 1n an increase n
Kn

Several attempts have been made to correlate these solvent properties
(1e polanty, viscosity and €) to the activity of enzymes in organic
solvents Attempts have been made to use solvent polarity, as expressed

by the Hildebrand solubility parameter, to correlate solvent
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hydrophobicity and enzyme catalysis t36] Simuilarly, Campanella et a/
[37] have consistently correlated € of organic solvents to the sensitivity
and bioactivity of tyrosinase-based sensors 1n such solvents However, to
date, the most widely used and accepted guide 1n predicting biocatalytic
activity 1n a given organic solvent 1s the use of the loganithm of partition
coefficient (log P) of the test organic medium 1n a standard octanol-water
biphasic system [38] It 1s based on solvent hydrophobicity such that
solvents with a log P < 2 are expected to be unfavourable for enzymatic
reactions because they would generally be hydrophilic and therefore tend
to distort the water-enzyme nteractions Solvents with a log P between 2
and 4 are weak water distorters, hence affecting enzymatic activity m an
unpredictable manner, and solvents with a log P > 4 would favour
enzymatic reactions, because they are hydrophobic and therefore tend
not to distort the water-enzyme interactions While the enantioselectivaty,
as exhibited by some proteolytic enzymes, has been found to correlate to
the log P of the reaction medium [39], the model fails to account for the
surpnisingly high activity of certain enzymes in some organic solvents
e g, subtilisn in DMF (log P = -10), porcrine pancreatic lipase 1n
pyridine (log P = 071) Indeed, Narayan and Klibanov [40] recently
explained that the correlation between the enzyme catalytic activity and
log P values do fail for organic solvents within a narrow range of log P
values In another study, Ryu and Dordick [41] used an equation which
took nto account the physico-chemical properties of both substrates and

solvents

llllll

1og (Vinax/Kn) =MS +M'S"+M'S" + Cegr (1-6)
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where S, " and S~ describe the hydrophobic, electronic and steric
properties (1 ¢ Hansch, Hammett and Taft constants), respectively of the
substrate Similarly, M, M and M" describe the hydrophobic, electronic
and steric properties of the solvent C.y 1s the catalytic efficiency of the
enzyme on the “standard-state” substrate m which $, " and S™ are zero

It was shown that the effect of electrostatic forces, as predicted by the €
values, 1s prevalent on the enzyme’s exterior and 1s a prnimary effect,
while, hydrophobicity, as expressed by log P, as well as the solvent’s
surface tension effects are secondary Therefore, organic solvents
primanly affect electrostatic interactions, and only after some
denaturation has occurred, will hydrophobic interactions, such as the
water stripping phenomenon, be effected However, hydrophobicity
governs the substrate partitioning imnto the active site of the enzyme 1
organic solvents and plays a major role in enzyme-substrate interactions
mnvolving hydrophobic substrates in organic solvents In the same study
[41], an equation that would predict the catalytic efficiency of
peroxidase catalysis in acetomtrile-water and methanol-water reaction

media was therefore hypothestsed

V /K — 0 48 X 10 [0 0898-(1 75 +00[28)S"-021(|0g P+4 IOS'] (1_7)
max’ m

This equation gave nise to a correlation coefficient of 092 with the
experinental catalytic efficiencies of peroxidase catalysis of phenols 1n

the solvents

In view of these discussions, and considering the other ways by which an

organic reaction medrum affects biocatalysis, 1t can be concluded that
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any parameter that would rightly correlate with biocatalytic activity m
organic media (provided there 1s no chemical interaction between the
solvent and the reacting species including the immobilisation material)
must embrace the solvent, enzyme, substrate and immobilization matenial
polanty, the kinematic viscosity, surface tension and dielectric constant

of the solvent, as well as the size of the reacting species

1.2.1.2. ENZYME IMMOBILISATION

Enzyme immobilisation 1s simply the confinement of an enzyme
molecule within an insoluble medium which 1s distinct from the bulk
reaction medium An exchange of charged/neutral species 1s allowed
between the enzyme molecule and the substrate, activator or inhibitor
molecules which are dispersed and being monitored 1n the bulk reaction
medium [42] In enzyme-based analytical devices using electrochemical
detection methods, the enzyme 1s usually confined on the surface of the
electrodes which mclude glassy carbon, platinum and carbon paste
electrodes Immobilisation often causes a dramatic change in the
measured kinetic parameters of the enzyme-catalysed reaction
Therefore, the kinetic parameters K, and V ;. for immobilised enzymes
are referred to as apparent or effective K, (denoted K,,') and apparent
Vimax (denoted Vg.') The apparent K, of an immobilized enzyme 1s
usually significantly higher than those for the same enzyme m free
solution [12] The effects of immobilisation on the kinetic behaviour of
an enzyme has been attributed to one or a combination of several factors

[12, 43] These mclude
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Partitioning effects these result from the fact that the equilibrium
concentrations of the substrate within the immobilised enzyme layer may
be different from that 1n the bulk reaction medium This effect 1s usually
dependent on the chemical nature of the immobilisation matenal, as well
as hydrophobic interactions between the immobilisation matenal and low

molecular weight substances n the reaction medium

Conformational and Steric effects the conformation of an enzyme may
be altered during immobilisation or 1t may be embedded within the
immobilisation medium such that the enzyme either gets denatured or 1ts
active sites are less accessible to the substrate and/or other reacting

species

Diffusional/Mass transfer effects m fast enzymatic reactions where the
particle size or membrane thickness are relatively large, there are
diffusional resistances to the movement of the substrate and other
reacting species to and from the site of enzymatic reaction Hence, the
immobilised enzyme, even in steady-state, would be exposed to local
concentrations of substrate, product or mhibitor different from those m

the bulk reaction medium

Microenvironmental effects when the enzyme 1s immobilised, the
enzyme-substrate 1interactions are now taking place in a different
microenvironment This results 1n a change m the catalytic pathway of
the reaction and ultimately a change 1n the intrinsic kinetic parameters
For stance, the K, 1s affected by the electrostatic field of

immobilisation matenal, such that when the immobilisation mnatenal 1s of
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opposite charge to that of the substrate, K, significantly decreases and
vice-versa when the immobilization matenial has the same charge as the
substrate Similarly, 1t has been shown [44] that the pH optimum of
many enzymes shift to a more alkaline value if the immobilisation
material 1s anionic, and to a more actd value if 1t 1s cationic, due to
changes m the degree of 1omisation of amino acid residues of the active

site

In addition to these effects, enzyme immobilisation m organic-phase
reactions protects the biocatalyst from aggregation, which 1s one of the
mechamsms of enzyme inactivation by organic solvents and solvent-
induced conformational change, by mcreasing the nigidity of the enzyme
molecule and thereby hindering unfolding [45-48] For instance, while
free chymotrypsm precipitates in aqueous-organic biphasic media (with
concentrations of dioxane greater than 30 %), reactions of the same
enzyme when immobulised can be successfully carried out in 95 % (v/v)
dioxane-water medium [45] Mionetto et al [49] reported a comparison
of the catalytic activity of free and 1mmobilised acethylcholme esterase
n a variety of organic solvents The free enzyme displayed little or no
activity m hydrophilic solvents such as acetomitrile, butanol and
methanol However, the immobilised enzyme under the same conditions
retamed some of 1ts activity 1n these solvents The retained activity was
as high as 50 % of 1ts oniginal activity m acetomitrile The degree and
nature of the effects of immobilisation depends not only on the enzyme
reaction but also on the immobilisation techmque used Enzyme
immobilisation can be achieved by several methods but those that have

been used for orgamc-phase enzyme catalysis are mainly based on
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physical adsorption, covalent attachment, cross-linkmg and gel/polymer

entrapment

1.2.1.2.1.  Physical adsorption

This method was the earliest form of immobilisation technique, and was
introduced 1 1916 [12] It involves mixing the enzyme solution with an
mert carrier such as activated charcoal, or physically adsorbing the
enzyme solution directly on to the electrode surface without any change
in enzymic activity Immobilisation 1s achieved by the formation of weak
van der Waals and hydrogen bonds between the enzyme and the
electrode surface This method 1s effective, simple and rapid, and high
enzyme loadings are achievable However, because of the weak nature of
the bonds, the enzyme 1s easily leached from the electrode surface and is
susceptible to fouling by the solvent and other substances which either
easily adsorb or mteract with the electrode/carrier as the immobilised
enzyme 18 being used It also tends to be mneffective when the water
content of the solvent 1s high An example of the application of this form
of immobilisation 1in organic-phase enzyme catalysis, 1s the
immobihisation of alcohol dehydrogenases (1e from horseliver, yeast
and thermoanaerobium brocki) on porous glass beads for catalysis of
cmnamyl alcohol 1n 99 9 % (v/v) n-hexane [33] Also, this method has
been well utihised by Tumer and coworkers for the organic-phase
enzyme catalysis and detection of peroxides, phenols and cholesterol
[50, 51]
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1.2.1.2.2. Covalent attachment

Immobilisation with this method 1s achieved by the formation of
permanent linkages between the enzyme and the immobilisation material
This 1s usually done by forming covalent bonds between the functional
groups of the enzyme such as free o~ or &- amno groups, hydroxyl,
imidazole or free carboxyl groups, and those of the immobilisation
material such as diazomum and carboxyl groups It can also be achieved
by chelation, such that strong metal bridges are formed between
hydroxyl oxygen atoms of the immobilisation matenal and amino
nitrogen atoms on the enzyme [52] The enzyme active site 1s usually
protected with a substrate or substrate-analogue during immobilisation
This 1s to ensure that 1t remains free from covalent bonds during
immobilisation Covalent attachment, compared to physical adsorption,
gives rise to a more stable immobilised enzyme layer However, the
inevitable loss of enzymatic activity during immobilisation resulting m
low enzyme loadings remamns a major drawback of this method This
technique has for instance been used for chymotrypsin catalysis mn

dioxane [45]
1.2.1.2.3.  Cross-linking
This method 1nvolves using a bifunctional agent such as glutaraldehyde

to form Schiff’s base linkages with free ammo groups on the enzyme

molecule [12]

2(E-NH,) + CHO—(CH,);~CHO — E-N-CH—(CH,);—~CH-N-E
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Since each enzyme molecule has several free ammo groups, a cross-
linked network 1s formed This method particularly favours high enzyme
loading as well as stability The major drawbacks of the method include
the unselective nature of the bifunctional agents, as well as ntra-
molecular bonding, which makes the enzyme active site maccessible to
the substrate resulting 1n a lower catalytic efficiency To overcome this
limitation, non-enzymatic, low molecular weight protems like bovine
serum albumin (BSA) are usually used along with the cross-linking
agents BSA allows more inter-molecular bonding and less crowding of
the enzyme It 1s possible to combine cross-linking with other techniques
such as physical adsorption and gel/polymer entrapment For instance,
glucose oxidase was immobilised by cross-linking with glutaraldehyde
with [53] and without [28] BSA for catalysis of glucose oxidation in 90

% (v/v) acetomtrile- and 2-butanol-water reaction media
1.2.1.2.4.  Gel/Polymer entrapment
This 1s the most popular method of enzyme immobilization both m
aqueous and orgamic-phase enzyme catalytic reactions [1, 54] The
advantages of this method mclude

o the stability of polymers and thewr ability to function at

neutral pH, mild temperatures and other conditions

favourable to enzyme catalysis

o the ease of incorporation of enzymes, as well as application
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of the polymer onto the electrode surface, the
thickness/concentration of the polymer and the concentration
of the enzyme and/or other modifying substances can be

easily adjusted to suit each particular system

» the chemical and physical properties of the polymers can be
easily modified to suit the needs of the enzyme, reaction or
analytical procedures/devices, for instance, 1ts 10n exchange
and size exclusion properties could be modified to ensure
permselectivity or to eliminate electrode fouling, the
polymers can be functionalized to 1mprove theiwr
hydrophobicity, stability, permeability, compatibility with

enzyme, electrochemical properties etc

e availability of a wide variety of polymers, and hence the
possibility of combining polymer films to improve stability
and effictency of enzyme catalysis

Synthetic polymeric films, 1in terms of thewr mode of preparation, are
either premade /preformed films or electropolymenised films The
premade films may agamn be non-functionalised, 1€ contain only an
organic moiety such as poly(vinyl pyndine) (PVP) or functionalised 1 ¢
contam redox or 1on exchange active sites eg poly[vinylpyridme
Os(2,2’-bipyndyl),ClIJCI, ferrocene-modified polysiloxane, poly(ester
sulphomc acid) 1onomer [55-59] Polymer films are usually formed by

casting, spin-coating or dip-coating the electrode surface with a solution
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of the polymer, with or without the enzyme and other modifying agents
Polymers can be broadly divided into 4 major types based on thewr
“mode of action”/ physico-chemical properties [60] Each type may
agamn be premade or electropolymerised depending on how 1t 1s prepared

These are

s Conducting polymers these are polymers that have
conjugated m-electron systems and hence possess reversible

redox properties e g poly(pyrrole) [61]

¢ Non-conducting polymers these polymers do not have
redox capabilities, they are wusually used to protect
immobilized enzyme from electroactive interferents and
fouling species-examples include insulating poly (phenol)
films [62] and poly(vinyl chloride) (PVC) films [63]

o Redox polymers these are polymers that can transfer or
accept electrons from their surrounding environments, they
are also called electron exchange polymers and redoxites-
examples mclude ferrocene-modified poly(ethylene oxide)
[64]

o Jon-exchange polymers these are permselective polymers
with the ability to incorporate or reject 1ons based on
whether they carry positive or negative charges, the two
most widely used 10n-exchange polymers are Nafion [65,66]
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and Eastman AQ polymers [58], however, of these two,
Eastman AQ polymers exhibit exceptional stability m
organic solvents, hence 1t 1s the most widely used
immobilization technique for organic-phase enzyme

catalysis [67]

1.2.1.2.5.  Eastman AQ 1on-exchange polymers

These are poly(ester sulphonic acid) anionomers produced by Eastman
Kodak There are 3 different types of Eastman AQ polymers Eastman
AQ 29D, AQ 38D and AQ 55D Their molecular weights, as determined
from percent sulphonation, are 2500, 2500 and 1500, respectively [68]
The complete structure of the three different AQ polymers 1s not known,
but their proposed backbones are as shown 1n Figure 1 1 [68] However,
of the three, AQ 55D 1s the most studied and applied in organic-phase
enzyme catalysis This 1s because the AQ 55D polymer 1s stable in
organic solvents, 1e 1t does not swell, and unlike Nafion 1t 1s easily
dispersed m water and nsoluble mm most of the solvent Its other
properties include 1ts ability to preconcentrate catalysts mnto the film,
lower the overpotential of substances which otherwise are difficult to
reduce or oxidise, and selectively exclude anionic and large substances
[58, 68] In aqueous media, the AQ 55D membrane (because of its
hydrophobic alkyl chaimns) selectively binds to hydrophobic cations
However, 1n organic media, the membrane tends to be more selective for
smaller less hydrophobic cations [68] A modified form of the Gibbs-

Donnan equation [69] accounts for the effects of the
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hydrophobic/hydrophilic nature of organic solvents on the extent of the
ion-exchange reaction between the AQ 55D membrane and the

substrate/inhibitors Hence, for a simple 1on-exchange reaction
X3y % XY

the extent of the reaction, as descnibed by the modified Gibbs-Donnan

equation 1s
RT In K,y = -RT In{ (8 8,)/(8,8,)} -PAV-AGy (1-8)

where X' and Y' are the reacting species with different hydrophobic

properties, Ky, 1s the 10n selectivaity coefficient, 3, and 3, are the activity

o N o o
—[°—”c\ j /li]x—[ °—<cw)z—o—<cra>21Y—[°—“c ]~

N *
SO3 a

Figure 11  The hypothesised backbone structure of Eastman AQ
polymers
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coefficients of the respective 10ns, and the astenk refers either to the 1ons
or their activity coefficient within the 10on-exchange polymeric film P 1s
the membrane swelling pressure and AV 1s the partial molar volume
difference of the membrane 1on-counter 10n salts in the membrane phase

AGy describes the contribution of the hydrophobic nature of an 1on to the
free energy change associated with the incorporation of this ton into the
polymeric film The contribution of this term will also be directly
dependent on the hydrophobic/hydrophilic nature of the solvent and any
significant solvation effects Hence, the selectivity of Eastman AQ 55D
polymeric films (which ultimately affects the catalytic performance of
the immobu1lised enzyme) 1s also dependent on the nature of the organic
reaction medium Eastman AQ 55D polymenic films have been well
utihised 1 entrapping tyrosinase and horseradish peroxidase for catalysis
in organic media [70-73] This thesis reports the development of
biosensors for the organic-phase detection of peroxide, phenols, thiourea,
ethylenethiourea and diethyldithiocarbamates by entrapping horseradish
peroxidase and tyrosinase within AQ 55D polymeric films

1.2.1.3. ENZYME INHIBITORS

Enzyme 1inhibitors are compounds which decrease the rate of an enzyme-
catalysed reaction, by interacting with the enzyme, cofactor or substrate
An enzyme-bound inhibitor affects the ability of the enzyme to bind the
substrate and/or the catalytic ability of the enzyme hence 1t affects K,
ker and ultimately the catalytic efficiency of the enzymatic reaction

There are two types of inhibitors reversible and ureversible Irreversible
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inhibitors cannot be physically separated from the enzyme and their
degree of mhibition tends to increase with time In contrast, reversible
mhibitors can be physically separated from the enzyme, e g by dialysis,
to restore full enzymatic activity They induce a defimite degree of
mhibition such that a steady-state equilibrium 1s usually obtamed Hence,
they obey Michaelis-Menten kinetics On the basis of the inhibition
mechamism and 1ts effects on the kinetic parameters (1 e K,,' and V),
reversible ihibition for a single-intermediate enzymatic reaction can be
descnibed as competitive, uncompetitive, non-competitive, mixed effects

or allosteric inhibition [74-76]

1.2.1.3.1.  Competitive inhibition

Competitive mhibitors are usually structurally simular to the substrates
whose reactions they inhibit The enzyme-bound inhibitor can therefore
act so as to mactivate the enzyme or be held 1n an unfavourable position
for a catalytic reaction to occur with other potential substrates The
general effect of a competitive inhubitor depends on both the mhibitor
and substrate concentrations and their relative affinities for the enzyme
At a particular enzyme and mhibitor concentration, i1f the substrate
concentration 1s low relative to that of the inhibitor, then the inhibitor
will compete favourably with the substrate for the enzyme’s binding site
and the degree of mhibition 1s high This effect 1s reversed when the
substrate concentration 1s high For a single-substrate, single-binding site
enzymatic reaction, in the presence of a competitive mhibutor, 1, the

reaction scheme can be described [64] as
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E+S ~— ES —® E+P
+
I

H

El,

and the 1itial reaction rate 1s given by a modified form of the Michaels-

Menten equation

Vo = Vinax [SIAIS] + Kn(1 + [LVK)} (1-9)

where [I,] 1s the bulk concentration of the wnhibitor and K, 1s the
inhibition constant The lower the value of K,, the greater the degree of
mhibition at any given [S] and [I,] Other terms remain as they were 1n
the Michaelis-Menten equation Hence, in competitive inhibition, Vi 15
unaffected while K, 1s mncreased by a factor of (1 + [[,J/K)) K, in thas
instance 1s not equivalent to the concentration of mhibitor that yields 50
% inhibition

1.2.1.3.2.  Non-competitive inhibition

In this type of inhibition, the inhibitor acts by binding to the active site or
by inducing a conformational change which affects the active site, but
either way 1t does not affect substrate binding Therefore, for a single-
substrate reaction in the presence of a non-competitive inhibitor, the

reaction scheme 1s as shown
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E+S -~ ES+P
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El, + S ———— ESI,

and the initial reaction rate 1s given as

Vo = {Vimad (1 + [LVK)HSIA[S] + Knn (1-10)

Therefore, while K, remaimns unchanged, V,,.x decreases 1n the presence
of a non-competitive inhibitor The degree of inhibition depends on the
concentration of the imhibitor and 1its affinity for the enzyme or the
enzyme-substrate complex When the bulk concentration of the mhuibitor
1s equal to K, a 50 % inhibition at all substrate concentrations 1s

observed
1.2.1.3.3.  Uncompetitive inhibition
In this type of inhibition the mhibitor does not affect the enzyme-

substrate binding It binds to the enzyme-substrate complex but not to the

free enzyme, 1€
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The 1mtial reaction rate 1s therefore given by

Vo = {[Vma/(1 + [LVK)] [SB/A[S] + [Ka/(1 + [LYKY}  (1-11)

Hence, both V. and K, are altered Uncompetitive inhibition 1s rarely
observed with single-substrate systems However, multi-substrate
enzymatic reactions usually show the same charactenistics in the

presence of inhibitors
1.2.1.3.4.  Mixed effects inhibition
This 1s used to describe inhibition systems that obey Michaelis-Menten

kinetics but do not show characteristics that are similar to competitive,

non-competitive or uncompetitive inhibitions
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1.2.1.3.5. Allosteric inhibition

The mhibitor 1n this case acts by binding to the enzyme at a site distinct
from the substrate-binding site It influences conformational changes
which m turn alter the binding charactenistics of the enzyme for the
substrate and/or the subsequent reaction properties The Michaelis-
Menten plot becomes less hyperbolic and more sigmoidal 1 e the rate of
reaction 15 slow at low substrate concentration This type of inhibition
plays an important role m metabolic regulation 1n living cells It 1s also
possible for a competitive, non-competitive or uncompetitive mnhibition

to be allosteric [77]

The apparent K, and I, values, and hence the inhubition mechanism for
enzyme-mnhibitor reactions, 1s usually determined from the Lineweaver-
Burk plots for the uminhibited and inhibited enzymatic reactions Figure
12 shows typical Lmeweaver-Burk plots for competitive, non-

competitive, uncompetitive and mixed effect inhibitions
1.2.1.3.6.  Applications of Enzyme Inhibition

Enzyme mhibition phenomena have been widely applied m medicme,
industry and other applications In has been used for instance in the
climcal treatment and control of diseases Gout, which occurs as a result
of increased production of uric acid, 1s treated with allopurinol, a
competitive inhibitor of xanthine oxidase (the enzyme which converts

xanthine to uric acid) Similarly, angiotensin converting enzyme (ACE)
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and monoamino oxidase mhibiting drugs are also being used in the
treatment of hypertension and depression, respectively In the fruit
industry, small amounts of sulphur dioxide and sodium bisulphite are
used to prevent the browning of fruits by inhubiting polyphenol oxidase
Research scientists use inhibitors (reversible and wreversible) in the
mvestigation of the kinetic mechamism of the enzyme-substrate
reaction(s) as well as the study and modification of the chemucal
attributes of enzyme active sites [78, 79] Inlubitors have been used n
organic-phase enzymology to improve enzyme-substrate specificity and
stability An inhibitor-induced activation was wused to “lock”
chymotrypsin and subtilisin 1 a favourable conformation for catalysis
before introducing the enzymes into anhydrous organic solvent reaction
mnedium [30, 80] The catalytic activity of subtilisin lyophilised from
aqueous solutions containing the competitive inhibitors such as N-ethyl-
L-tyrosme amide was found to be 55 tumes greater than that of the
enzyme lyophilised without the mhibitor in  an anhydrous octane
reaction mediuin More significantly, the inhibition effects of toxicants
and drugs on enzymes 1s bemg exploited to determine the extent of their
toxicity and mmpact in biological systems and the environment This
principle 1s also bemg used to develop analytical devices for the

detection of such compounds [72,81]
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Figure 1 2 Lineweaver-Burk plots showng the charactenstics of
competitive (A), non-competiive (B), uncompetitive (C), mixed non-
competitive-uncompetitive (D), and mixed competitive-non-competitive

(E) inhibitions Reproduced from [8]
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1.3. ELECTROCHEMICAL TRANSDUCTION METHODS

The two major types of electrochemical detection methods that have
been exploited 1n the development of organic-phase biosensors are based
on potentiometric and voltammetric principles Potentiometric devices
relate the potential difference existing between the working electrode and
the reference electrode to the quantity of the electroactive
species/analyte The measured potential 1s proportional to the loganthm
of the analyte activity present in the sample [82, 83] Miyabayashi et al
[84] have for example reported a potentiometric chymotrypsin electrode
for monitoring enzyme estenfication catalysis in dusopropyl ether and
toluene contamning 0-2 % (v/v) water However, voltammetric
transduction methods are increasmgly becoming more popular and have
been most widely used in the developinent and study of organic-phase
biosensors This 15 because voltammetry as a transducing system for
enzyine-catalysed reactions has proven itself to be more sensitive, rapid
(there 1s no need to wait for thermodynamic equilibrium) and accurate
than potentiometry [85, 86] Voltammetric responses are directly
proportional to the analyte concentration, hence control and data
analyses of the sensors are easily automated Also voltammetric methods
permit the determination of both kinetic and thermodynamic parameters
of the electrode process In contrast, potentiometric methods furmish only

thermodynamic data

Voltammetry, or polarography (when a mercury electrode 1s used), 1s
used to describe measurements of the current-ttme or current-

concentration response of an electrode at a fixed potential as well as the
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current-potential relationship 1n an electrochemical cell The use of
voltammetry as an electroanalytical method m organic solvents continues
to generate research interests and activities 1n the fields of
electrochemistry and organic-phase biosensors The factors that have

fuelled these mcreased interests include [51, 87]

e the ability of the solvents to dissove hydrophobic
analytes, which are unstable and/or undergo

degradation via hydrolysis or redox processes in water

e ability of the solvents to solubilise organic, and to a

lesser extent inorganic, compounds

o the ability to scan over a wide potential range with
these solvents because of their resistance to oxidation

and reduction

¢ the possibity of using mert supporting electrolytes and
microelectrodes to overcome solution resistance

associated with organic solvents

Voltammetric measurements are usually cammed out mm a glass
electrochemical cell with a three-electrode configuration, linked to a
potentiostat and a X-Y (for current-potential measurements) or X-t (for
current-time/concentration  measurements) recorder A typical

conventional electrochemical cell (shown 1n Figure 13) with a volume
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capacity range of 1 - S0 ml contamns the reaction medmum, 1e the
deaerated solvent and supporting electrolyte It 1s fitted with a Teflon
cover, which has O-ring adapters to hold three electrodes The three
electrodes are the working/indicator, reference and counter/auxilliary
electrodes The working electrode could be a solid electrode (diameter >
2 mm) or a microelectrode (diameter < 2 mm) There are a wide variety
of electrode matenals that could be used as working electrodes These
are broadly divided into four major groups 1e metals, carbonaceous
materials, semiconductors and orgamic conducting salts [88-90]
Examples of matenials under each group 1s shown in Table 12 The
choice of an electrode material i orgamic-phase bioelectroanalysis
depends sigmificantly on the nature and useful potential range of the
electrode, solvent, supporting electrolyte and the reacting species 1e
enzyme, substrate, inhibitor etc The most common matenals for organic-
phase bioelectroanalysis are platinum, glassy carbon and pyrolytic
graphite The electrodes made from these matenals are usually non-
porous, gas impermeable and nert towards chemical/solvent attack at the
desired operatmg potential The disadvantage of these electrodes 1s their
susceptibility to protein fouling and deactivation This could be solved
by polishing the exposed electrode surface with alumina or diamond,
somcation, chemical oxidation with mnitric and/or chromic acid,
electrochemical oxidation, thermal oxidation, laser activation and radio

frequency-oxygen plasma oxidation [86]
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Table 12 Classification of the different types of electrochemical
electrode matenals

MATERIALS EXAMPLES

Metals platinum, gold, nickel, silver

Carbonaceous glassy carbon, pyrolytic graphite (basal

materials or edge plane), carbon paste, carbon
fibres

Semiconductors metal oxides such as rutheniuum oxide,
tin oxide

Conducting N-methyl phenazimum / 7,7,8,8-

organic salts tetracyano-p-qumodimethane 1e
(NMP)" TCNQ
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The reference electrode 1s usually placed as close as possible to the
working electrode to ensure mimimal resistance between them The
electrode 1s either a saturated calomel electrode (SCE, Hg/Hg,Cl,/KCl),
a mercury-pool electrode, or a silver/silver(I) chlonde electrode
(Ag/AgCUKCl), which has a relatively lower sensiivity to current
loadings The potential of the reference electrode 1s usually known and
must remain constant during electroanalysis The counter electrode 1s the
current-carrying electrode It 1s usually a smmple noble metal electrode
e g platinum foil or gauze, with a larger surface area than the workmg
electrode It 1s possible for the counter electrode to be placed m a glass
vessel and separated from the reaction medium by a porous frt to
prevent contamnation by reaction products generated at the surface of
the electrode The potentiostat holds the potential of the working
electrode against the constant potential of the reference electrode It also

measures the current at the workmg electrode

Voltammetry represents a wide range of electrochemical techniques as
shown 1n Table 13 [91] However, the most widely utilised techniques
n orgamc-phase bioelectroanalysis are cyclic voltammetry (CV), fixed-

potential amperometric and spectroelectrochemical methods
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Table 1 3

Types of voltammetric methods Reproduced from [91]

METHOD

EXAMPLES

POTENTIAL STEP METHODS

normal pulse voltammetry, square-
wave voltammetry, differential pulse
voltammetry, chronocoulometry

LINEAR POTENTIAL SWEEP
STRIPPING
CHRONOAMPEROMETRY

anodic and cathodic

voltammetry

stnpping

PHASE SENSITIVE
VOLTAMMETRY

AC

fundamental AC voltammetry

LINEAR POTENTIAL SWEEP
(DC) VOLTAMMETRY

cychic voltammetry, classical DC
polarography, current sampled (Tast)
voltammetry

CONTROLLED  POTENTIAL
METHODS

amperometnc  titrations,  fixed-
potential amperometnc detection
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1.3.1. CYCLIC VOLTAMMETRY

Cyclic voltammetry 1s a cyclic potential scan techmque It involves
changing the potential of the working electrode linearly at a scan rate, v,
from a starting potential, 1 ¢ the mmtial potential E,, to a predetermined
final potential 1e the switch potential E;, and then returming to the
starting potential The scan rate, v, varies from 1 mV/s to as high as 10°
V/s A simultaneous measurement and recording of the working
electrode current 1s made along with the potential sweep The resultmg
current-voltage diagram 1s called a cyclic voltammogram (CV) A typical

CV 1s shown 1n Figure 1 4

The measured current 1s diffusion and mass transfer controlled For a

simple reversible reaction

Sox + Ile' N SRcd

at the begimng of the CV experiment, the starting potential 1s chosen
such that there 1s no electrolysis of the electroactive species 1n the cell
Then the potential 1s scanned mmtially in the negative (or forward)
direction At a sufficiently negative potential, there 1s a reduction of the
electroactive species, Sox, at the electrode surface Hence, a diffusion
controlled reduction current (denoted I,;) increases rapidly until the
surface concentration of Spx approaches zero The current 1s diffusion-

controlled because at fast scan rates (v > 20 mV/s), the rate of diffusion
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Figure 14 A typical cyclic voltammogram of a peroxidase/Eastman
AQ polymer-modified electrode m 98 % v/v acetonitnle, containing 4
mM 1,1-dimethylferrocene and 0 1 M TEATS The concentration of
horseradish peroxidase on the electrode surface was 34 U/em?® E, was -
100 mV and E; was 500 mV vs SCE, while the voltage scan rate was 20
mV/s The cathodic peak potential, E,. and the anodic peak potential,
E,.,were +275 and +180 mV, respectively The cathodic peak current,
I, and the anodic peak current, I,, were -770 and + 680 nA,
respectively



of Sox 1s not high enough to replace 1its depleting concentration around
the electrode surface as quickly as it 1s being reduced Therefore, the
cathodic current decays giving rise to a peak-shaped voltammogram At
the switch potential, scanning 1s performed in the positive (reverse)
direction When the electrode potential 1s sufficiently positive to bring
about the oxidation of accumulated Sg.4, an anodic current (denoted I, ,)
flows and counteracts the cathodic current The diffusion-controlled
anodic current increases until the surface concentration of Sgeq
approaches zero and then decays as the solution surrounding the
electrode 1s depleted of the Sgeq formed durning the cathodic scan
However, if the potential scan 1s carried out at relatively slow scan rates
(1e v <10 mV/s), when the surface concentration of the redox species
equals zero, the curent reaches a plateau resulting m a sigmoidal-shaped
cychic voltammogram as shown m Figure 1 5 The cathodic/anodic peak
currents obtained are essentially steady-state and could be used for

measuring the concentration of the electroactive substance/analyte [92]

The steady-state current (in amperes) 1s then described by the equation

[92]

I = NFA[Sox] TEI(kDo)'? (1-12)
where F 1s the Faraday constant (96 485 C/mol), A 1s the electrode area
n cm?, [Sox]' 1s the bulk concentration of the oxidant m mol/cm®, k 1s

the reaction rate constant m mol/s, Doy 1s the diffusion coefficient of Sox

in cm?/s and [E] 1s the enzyme concentration 1 mol/cm’
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Figure 15 A sigmoidal cyclic voltammogram for an enzyme modified
glassy carbon electrode, when 100 uM of butanone peroxide was added
to the reaction cell The electrode was modified with 68 Ulcm® of
horseradish peroxidase The mitial potential was +200 mV, and the
switch potential was +600 mV The scan rate was 5 mV/s The reaction
medium was 98 % v/v acetonitnle contamning 0 1 M TEATS and 0 5 mM

ferrocenemethanol
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The important parameters of a cyclic voltammogram are the cathodic
and anodic peak potentials, E;. and E,,, the cathodic and anodic peak
currents, I and I, the potential at half the cathodic or anodic peak
height, E, ¢ or Eyz 4, and the half-wave potential, E;, These parameters
are particularly useful in determming if an electrochemical reaction 1s
reversible, wrreversible or quasi-reversible The diagnostic features of the
cyclic voltammogram for reversible mreversible and quasi-reversible

chemical reactions are shown 1n Table 1 4 [85, 93]

For a reversible reaction, the peak current (in amperes) for Sox 1s given

by
I, = (nF)*” (rvDox/RT)'"? x(ot) A[Sox] (1-13)

where y(ot) 1s 0 4463, and R 1s the gas constant For a simple electron
transfer reaction at 298 K, the peak current 1s gitven by a simplified

expression of eqn 1-13 above, 1 e the Randles-Sevcik equation

I, = -(2 69 x 10°)n*? A Dox"? v [Sox] (1-14)
where v 1s the scan rate 1n V/s These equations and characteristics all
hold when the experiments are carried out with a planar working

electrode and require shight modifications when there 1s adsorption or

when using microelectrodes
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Table 14

The diagnostic features for reversible, wureversible and

quasi- reversible reactions as obtained from cyclic voltammetry

FEATURE | REVERSIBLE | IRREVERSIBLE | QUASI-
REVERSIBLE
plot of I, | linear linear non-lnear
versus V"
plot of E,|Esindependent | E, varies with v E, vanes with v
versus V? | of v'?
/E, - Ep/ at | 56 6/n mV 47 7/(an,) mV 26A(A,0)/n mV
25°C
Epa'Epc 57 O/H mV Epa orEpc #57 O/H mV
(provided E,
<<E,,
L/l = 1 La.orl. #1

where n 1s the number of electrons transferred per molecule of the
electroactive substance, n, 1s the number of electrons transferred 1n the
rate determmnng step, o 1s the cathodic/anodic electrochemical charge
transfer coefficient and A(A, o) = (Eyp - E)nF/RT

~
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Cyclic voltammetry 1s particularly useful in the imtial characterisation
and qualitative study of the catalytic/redox properties of biosensors It 1s
used to determine the formal potentials of biosensors Also, 1t 1s used 1n
the evaluation of electron transfer kinetics and detection of chemucal
reactions that occur prior to or follow electron transfer [94] It has been
used for instance to study the electrochemustry and determune
heterogenous electron transfer rate constants of the redox reactions of
mucroperoxidase [95-97] The redox and kinetic properttes of mediators
and their suitability for a particular biosensor can also be usually studied

with this technique [98, 99]

1.3.2. AMPEROMETRY

Amperometry, also called voltamperometry, 1s a fixed potential
voltammetric techmique It involves the measurement of current produced
as a result of electron transfer reactions at the working electrode The
measured current, usually the steady-state current (I), 1s directly
proportional to the bulk concentration of the electroactive
substance/analyte m the cell The current 1s affected by (1) the rate of
mass transfer of the analyte(s) from the bulk of the reaction medium to
the electrode surface, (1) the rate of electron transfer at the electrode
surface and (1) the rate of the surface and/or chemical reactions that
occur prior to or follow the electron transfer process, e g adsorption,
protonation and catalytic decomposition = However, a steady-state
current 1s obtained when the rates of all the reaction steps contributing to
its magnitude are equal Hence, for a reversible homogenous electrode

reaction which exhibits fast heterogenous electron transfer kinetics, I 1s
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governed only by the rate at which the electroactive substance 1s brought
to the electrode surface by mass transfer There are three types of mass

transfer methods

e Migration -movement of charged ions as a result of
electrical potential gradient

e Convection - movement of the electroactive substance
brought about by solution sturing or hydrodynamc
transport

o Diffusion - movement of the electroactive substance as a

result of a concentration gradient

Organic-phase amperometric expeniments are usually performed mn the
presence of an excess wnert supporting electrolyte relative to the amount
of the analyte Usually, the concentration of the supporting electrolyte 1s
at least 100 trmes more than that of the analyte This eliminates the effect
of mugration of charged 1ons In a similar way, by either sturing the
reaction medium at a constant rate, making use of rotating disk
electrodes or using controlled flow arrangements as in high pressure
liquid chromatography (HPLC) and flow ijection analysis (FIA), the
effect of convective transport 1s kept constant Hence, the current 1s
limited by the rate of diffusion of the analyte Therefore, for a reversible

reaction

SOX +ne ~——— SRcd
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