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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

Xvl



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
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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

23



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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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

47



the cathodic current 1s proportional to the area of the electrode A, the
number of electrons transferred n and the difference between the bulk

concentration [Sox]* and the surface concentration [Sox]o ¢

1= nFAmox ([Sox]” - [Sox)e. v (1-15)

where mgx 1s the mass transport coefficient of the analyte, S in the
oxidised form {100-103] The potential of the working electrode 1s fixed
at a predetermined value, such that every molecule of Spx that reaches
the electrode surface 1s immediately reduced to Sg.q Therefore, the mass
transport steady-state current or limiting current (I.) 1s reached I 1s a
linear function of the bulk concentration of Spx provided mox remains

constant,1¢,
I = nFAmox [Sox] (1-16)

In stirred amperometric experiments, a stagnant layer (diffusion layer) 1s

formed close to the electrode surface If the conditions of linear diffusion
apply over this layer then mox = Dox/8ox, where Doy 1s the diffusion

coefficient of Sox and 8ox 1s the thickness of the Sox layer formed

112, -1/6
¢

Therefore, the lmiting current for a rotating disc electrode 1s given by

However, for rotating disk electrode expenments mqe= 0 617Dox>"®
the equation

I = 0 62nFADox*® ©'% ¢" [Sox] (1-17)

48



where © 1s the rotation speed in revolutions per second and ¢ 1s the
kinematic viscosity in cm/s In steady-state amperometric experiments
the selection of the operating potential allows only limited selectivity
Thus 1s usually further improved m biosensors by the catalytic properties
of the enzyme or other biological substances and the controlled mass
transport through functionalized polymenc films [98] A typical
amperometric current-concentration profile 1s shown in Figure 16 The
values of the measured current when plotted agamnst the bulk
concentration of the analyte gives a calibration plot for the analyte Most
brocatalytic systems would give a Michaelis-Menten type, or hyperbolic
calibration plot The steady-state current 1s directly proportional to the

mtial rate of reaction, v,, such that

Iss = Imax [SOX]/Km"|~ [SOX] (1"18)

For an mmobilised enzyme electrode, I, 1s directly proportional to

Viax, 1€
Imax = (NFAk y [E]) = (0FAIVqax) (1-19)

where / 1s the thickness of the enzyme layer and [E] 1s the total enzyme

concentration [104]
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corresponding
steady-state
currents

non-faradaic addition times and bulk concentrations
current of the analyte

Figure 1 6 A typical current-time plot as obtamed 1n a fixed-potential
amperometric expertment Aliquots of known analyte concentrations are
added at the equal time intervals Hence, a calibration plot of steady-state
current versus bulk concentrations of the analyte can be obtained
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1.3.3. SPECTROELECTROCHEMISTRY

This 1s a techmque which combines optical and electrochemical
methods, the most commonly used optical method bewng ultraviolet-
visible (UV-VIS) absorption spectroscopy It involves applying a fixed
potential to the reaction medium and simultaneously following changes
in absorbance as a result of species bemg depleted or produced m the
redox process Expenments are done with a “funnel-shaped” optically
transparent thin layer electrochemical (OTTLE) cell The working
electrode 1s erther a transparent platnum or gold mimgnd, which 1s
placed between two quartz microscopic slides The reference and counter
electrodes are placed in contact with the reaction medium 1n the upper
half of the cell The working volume of the cells range from 30 pl to 7
ml Spectroelectrochemustry 1s useful for studymng the absorption
characteristics of the electroactive species The absorption measurements
could be used to determine the concentration ratio of oxidized/reduced
species at each applied potential Therefore, the formal potential and the
number of electrons transferred during the redox process can be
determined [94, 105] Deng and Dong [106] have for instance used 1t to
determine the redox potentials and heterogenous electron transfer
constant of HRP at a poly (o-phenylenediamine) modified platinum

electrode
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1.4. ORGANIC-PHASE ENZYME ELECTRODES

Organic-phase enzyme electrodes, (OPEEs), are biological devices, m
which the enzyme effects the generation of electrochemically active
species by interacting with the analyte(s) The electrochemucally active
intermediates or products are then monitored amperometrically at the
electrode surface The organic-phase may be a gel or organic moiety,
incorporated 1nto the microenvironment of the immobilized enzyme Thus
has been used 1n development of a tyrosmase-based OPEE, in which the
enzyme was mixed with silicone grease prior to immmobilization on
graphite disc electrodes [107] Phenols (the analytes) partitioned mto the
organic enzyme microenvironment from an aqueous reaction medium
The sensitivity of this type of OPEE 1s largely determined by the
hydrophobic interactions between the gel and the analyte(s) This 1s
because the hydrophobic interactions determine the extent of analyte
partitioning 1nto the enzyme layer However, the most common type of
OPEE:s are those 1n which the organic-phase 1s in the form of an organic
solvent reaction medium to which the enzyme 1s exposed An example of
this 1s the first OPEE reported [50, 108] This was a tyrosinase-based
biosensor for phenol detection in chloroform In organic solvents,
tyrosinase catalyses the oxidation of phenols to the corresponding
qumones, which are then electrochemically detected at the electrode
surface This form of phenol detection 1n aquéous medium 1s mmpossible
because o-quinones undergo polymerisation to form enzyme deactivating
polyaromatic pigments [109] It 1s important that the essential amount of

water 1 the immobihsed enzyme layer (which depends on the
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hydrophobicity of the organic solvent) 1s maimntained for high sensing

efficiency

There are three different classes of OPEEs based on the nature of the
electron transfer process employed This 1s similar to the first, second

and third generation types of aqueous-phase enzyme electrodes [90]

e OPEEs based on the measurement of the mcrease or
decrease 1n the concentrations of oxygen or
hydrogen peroxide, eg the Clark-type oxygen

SENSOrs

e OPEEs in which the enzyme undergoes an mtial
redox reaction with the analyte and then another
redox reaction with a mediator, the mediator 1s 1n
turn oxidised/reduced by the electrode to generate a
current that 1s diwrectly proportional to the

concentration of the analyte

e OPEEs in which the enzyme undergoes a redox
reaction with the analyte and (in the absence of a
mediator) then gets oxidised/reduced to its onigmal

form by the modified or unmodified electrode
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Campanella er al have used an amperometric, tyrosinase-modified, gas
diffusion oxygen electrode for phenol detection in several organic
solvents [37, 110] This OPEE was based on measurements of the

decrease 1n current as oxygen 1s used up 1n the enzymatic reaction

phenol + O, R hydroquinone + H,O

Another OPEE of this type was used in the determination of cholesterol
in butter and magarine samples [111] A sigmificant feature of these
OPEEs 1s their ability to function (in the absence of added water [110]
and supporting electrolyte) in hydrophobic solvents like n-pentane, n-
hexane, n-heptane, toluene and chloroform The response time of the
biosensors 1n these solvents varted between 15 and 3 minutes These
sensors are, however, limited to aerobic systems m which the presence of
oxygen 1s not detrnmental to the reaction or stability of the
reactants/products Also, their responses are sensitive to changes in the
partial pressure of dissolved oxygen in the cell The second type of
OPEEs, 1e those that make use of mediators, are more common
Mediators are low-molecular weight redox compounds, which shuttle
electrons from the enzyme’s active site to the surface of the electrode
Hence, an electrical connection between the enzyme’s active site and the
electrode surface 1s established A potential mediating compound should
be chemically stable 1n its reduction and oxidation states within the pH
range of 5-8 and at the operating potential and temperature, be a specific
substrate for the sensing enzyme, not react with the solvents or

supporting electrolyte, and exhibit fast reaction kinetics with both the
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enzyme and the electrode [112] The mediator may be immobilised along
with the enzyme at the surface of the electrode to produce reagentless
OPEEs Schubert ef al [113] for mnstance used a water soluble mediator,
pottasium hexacyanoferrate (II) co-adsorbed with HRP on a graphite
electrode to detect hydrogen peroxide in non-polar organic solvents such
as chloroform, chlorobenzene and 1-octanol The biosensor exploited the
oxidation of hexacyanoferrate(Il) 1on by hydrogen peroxide m the
presence of HRP The hexacyanoferrate(Ill) 1on was rereduced at
graphite electrodes at -20 mV The response time of the biosensor was 2
minutes Hexacyanoferrate(Il) 1on [114] has also been used co-
immobilised with HRP within an Eastman AQ membrane The biosensor
detected peroxides 1n polar organic solvent(s) e g 90 % v/v acetonutrile
m water A response time of 5-20 seconds was achieved indicating fast
reaction kinetics Mediators may also be added to the reaction medium,
such that electron transfer between the enzyme active site and the
electrode surface 1s effected by a freely diffusmg mediator o-
Phenylenediamine (0-PEDA) has been well utilised in this manner for
the detection of peroxides and HRP-inhibitors such as thiourea,
ethylenethiourea, mercaptoethanol and methyl 1sothiocyanate [73,
81,115-117] The response times m polar solvents eg 95-98 %
acetonitrile, methanol, 2-butanol, tetrahydofuran (THF), and acetone was
about 5-15 seconds mm all cases Hydrophobic compounds, such as
ferrocenes, have also been used as soluble freely diffusing mediators m
OPEEs Ferrocene monocarboxylic acid (FMCA) was used m the
determination/detection of glucose m polar solvents such as acetonitrile
and 2-butanol [53, 118] Also, ferrocene was used 1n the determination

of peroxides using a HRP-based biosensor in acetonitrile [71] The thurd
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type of electrodes are those that make use of electrode matenals or
mmmobihization media on which the oxidised/reduced enzyme can be
directly re-reduced/oxidised Iwuoha and Smyth [119, 120] have
developed GOx-based OPEEs 1n which a direct unmediated electrical
communication between the enzyme and the electrode 1s achieved by
“molecular wiring” This 1s formed by some kind of electrostatic
mteraction between polycatiomc Os-polymer and polyaniomc enzyme
molecule A large biomolecular complex was formed by reacting
(“winng”), and 1 the process entrapping, GOx with the
redox/conducting osmium polymer, [Os(bpy).(PVP);,Cl]Cl, on a glassy
carbon electrode The active site of GOx was, therefore, connected
electrically to the electrode surface via the formed conducting
biocomplex The biosensor was used to determine glucose 1n acetonutrile
containing 0-35 % water (v/v) Also, a HRP-based biosensor for the
detection of BTP and hydroxylamine, based on direct electron transfer
between HRP and the platinum electrode has been reported [121] The
brosensor operated in polar solvents such as 98 % (v/v) acetomtrile and

methanol

The type of electron transfer exploited in the development of enzyme-
based brosensors depends on the physico-chemical properties of the
organic media desired, the nature and stability of the sensing enzyme and
the desired sensor response time and sensitivity A vanety of

amperometric organic-phase enzyme electrodes are shown m Table 1 5
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Table 15

Examples of developed organic-phase enzyme electrodes

mndicating the mode of immobilization and mediation exploited

teflon electrode

ENZYME ANALYTE | SOLVENT METHOD OF | MEDIATOR | REFERENCE
IMMOBILISATION
Tyrosinase phenol n hexane entrapment  with  a | oxygen 37
dialysts membrane
Acetyl paraoxon, variety of | entrapment m| - 49
choline aldicarb hydrophobic | photocrosslinkable
esterase solvents polymer PVA SbQ
Tyrosinase phenols buffer adsorption on graphite 50
saturated foul oxygen
chloroform
GOx glucose 2 butanol crosslinking with BSA | FMCA 53
and glutaratdehyde
HRP BTP, MCE | acetomitrile entrapment in Eastman | o-PEDA 3
THU and AQ 55D polymer
ETU
Tyrosinase phenols pentane, entrapment ;. Kappa | oxygen 110
hexane carregenan gel
toluene,
chloroform,
acetontrile
and water
Cholesterol | cholesterol | chloroform adsorption on alumina oxygen 111
oxidase hexane (1 1)
HRP peroxide dioxane, coadsorption with | [Fe(CN)&* 113
chloroform mediator on graphite foil
and octanol
HRP peroxides acetonstnle entrapment 1n graphite- | o-PEDA 117
€pOXYy resin
GOx glucose acetomtnle entrapment m a | osmumredox | 119
conducting osmium | centres
polymer
HRP BTP HLA acetonitrile enirapment in Eastman { - 121
and methanol | AQ 55D polymer
Laccase catechol butanol entrapment in Eastman 122
and ethanol and | AQ 55D polymer
hydroquino | propanol
ne
Alcohol secondary acetonutrle entrapment with mediator [ NADP" 123
dehydrogen | alcohols in Eastman AQ 55D | cofactor
ase polymer
Tyrosinase | phenol chloroform entrapment 1n cellulose | oxygen 124
acetate
HRP BTP acetonitnle entrapment 1n graphite | ferrocene 125
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HRP peroxides chloroform adsorption on carbon | ferrocene 126

and fibre electrode
acetonitrle

Tyrosinase | phenols chloroform adsorption on carbon | - 126
and fibre

acetonitrile

1.4.1. APPLICATIONS OF OPEEs

OPEEs are indeed capable of being used 1n any application, provided the
analyte of interest 1s a substrate or mhibitor for an organic-phase stable
enzyme The cntical and deciding factor being the solubility of the
sample matrix or analyte in organic solvents An OPEE can be used as a
batch/disposable sensing device or as a detection system for continuous
on-line flow system as in sequential injection analysis (SIA), FIA and
HPLC systems There 1s a wide application/potential for OPEEs 1n
environmental monitoring Toxic agricultural chemicals, e g pesticides
and theirr degradation products, as well as industrial wastes in food,
water and soil, can be easily determined with these sensors The
toxicants are detected based on thewr inhibitory effects on the enzyme
activity/catalysis, hence there 1s a potential of organic-phase biosensors
being used to monitor air quality and professional hazards in workplaces
When used 1n this way, OPEEs could provide a cheaper and faster
pollution indication than living organisms such as fish and guinea pigs or
vegetation OPEEs have being reported for the determination of
diethyldithuocarbamate, dichlorophenoxyacetic acid, organophosphorus
and organocarbamate pesticides, pesticide degradation products such as

methyl 1sothiocyanate and ethylenethiourea, and industrial wastes like
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phenols, hydroxylamine, mercaptoethanol and benzoic acid [49, 73, 81,
110], phenols being detected as substrates of tyrosinase-based
biosensors The major drawback i the application of OPEEs 1n the
determination of environmental analytes 1s that, since most of the
poisonous analytes are mumicking their toxic mechamsm m living
systems, thewr inhibitory effects on the enzyme catalysis are not usually
fully reversible Hence, OPEEs can only be used as batch sensors for
most apphcations of this nature This neccesitates some form of sample
pretreatment for complex sample matrices containing either more than

one analyte or forms of iterferences

The most common clintcal application of an OPEE to date has been 1n
the determination of cholesterol [111] However, 1its potential n
monitoring other chinically relevant hydrophobic substances, such as the
lipophilic vitamins A, D, E and K, bilrubin and fatty acids, cannot be
overemphasised Similar applications for veterinary uses can also be

envisaged

There 1s a great application potential for these sensors in process
monttoring and quality control laboratories of pharmaceutical, food and
petrochemical industries In terms of pharmaceutical applications,
tyrosinase and peroxidase-based OPEEs have being developed as
detection systems for FIA of phenols and peroxides in a range of anti-
infective pharmaceutical formulations and cosmetic products [71] Other
potentials for OPEEs m the pharmaceutical industry includes monitoring
of the production of steroids and steroid-based drugs Its possible

application to other cosmetic ingredients, such as allantom, glycerol and
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triglycenides 1s also envisaged In addition, Wang et al [127] have
reported on the FIA determination of phenols 1n olive o1ls The biosensor
allowed an mjection rate of 60 samples per hour and exhibited a
detection lumut of 4 x 107 mol/em® In another study [128] they reported
the FIA determination of the peroxide value of vegetable oils 1n
chloroform The sensor permitted an mnjection rate of 120 samples per
hour and exhibited a detection lmut of 25 ppm OPEEs have the
potential of being used to determine optically active products in food
products m addition to monitoring the shelf life of certain foods Their
ability to detect glucose and alcohols 1n organic solvents would enable
therr use mn process momtoring and quality control of hydrophobic
fermentations in the beverage/wme industry The use of OPEEs to
determine low water concentrations has also been demonstrated [129],
thus providing a more sunple and rapid alternative method to the Karl
Fisher method Finally, an alcohol dehydrogenase-based OPEE was used
to detect secondary alcohols such as 2-butanol, 2-propanol, 2-pentanol,
etc, 1n untreated petrol samples [123] Similar detection systems would
enable an expansion of the application of OPEEs to the petrochemical
industry The potentials and capabilities of OPEEs m defense and
mulitary applications have also being projected [S1]
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1.5. OBJECTIVES OF THE THESIS

The main objectives of this thesis are

e to determine polar organic solvents, in which horseradish peroxidase

and tyrosinase-modified electrodes would maintain catalytic activity
¢ to evaluate biosensor sensitivities as well as kinetic parameters such
as K.', K/, L.ax etc , 1n detecting analytes (1 € enzyme substrates and

inhibitors) 1n these solvents

o to relate the evaluated biosensor sensitivities and kinetic parameters

to the physical properties of the solvents

o to use the developed biosensor as a detection unit for reversed-phase

chromatographic analysis of analytes
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CHAPTER TWO: BIOCHEMICAL PROPERTIES OF
THE SENSING ENZYMES




2.1. HORSERADISH PEROXIDASE AND TYROSINASE

The sensing enzymes used 1n this thesis are horseradish peroxidase and
mushroom tyrosinase In this section, the structure, biochemistry and
reaction kinetics of these enzymes, as well as the chemustry, structure
and analytical significance of their respective substrates and mnhibitors,

(1 e the analytes) will be discussed

2.1.1. OCCURRENCE OF THE ENZYMES

2.1.1.1, HORSERADISH PEROXIDASE

Enzymes referred to as peroxidases are oxidoreductases and belong to
the EC class 1 11 The major characteristic of peroxidases 1s their ability
to catalyse reactions of a wide variety of electron donating compounds 1n
the presence of peroxide These enzymes possess a redox active site,
which can undergo alternate oxidation by peroxide and reduction by the
electron donating compound Peroxidases are widely distributed in the
plant and animal kingdoms There are peroxidases 1solated from animal
sources such as thyroid, bacterial and glutathione peroxidases, and plant
sources such as turnip, peanut, alfalfa, tobacco, horseradish and fungal-
hgnin peroxidases [1, 2] The major difference between the several types
of peroxidases lies 1n thewr specificity (and subsequently their
physiological roles) for peroxide and electron donor For instance,
glutathione peroxidase, the enzyme that controls the auto-oxidation of
‘unsaturated lipids, exhibits a hugh specificity for hipid hydroperoxides as

oxidants and glutathione as an electron donor Most of the peroxidases
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1solated from plants sources play an important physiological role mn
lignin biosynthesis, with the exception of fungal peroxidases which are
functional 1n lignin biodegradation of the plants Among the plant
peroxidases, horseradish peroxidase (HRP) 1s the most extensively
studied The enzyme was discovered by Bach in 1903, and 1s readily
obtained 1n horseradish (Armoracia rusticana) roots The inherent
properties of HRP, such as its stability over a pH range of 5-10, and
good thermostability, have allowed 1ts wide use 1n dry-reagent chemustry
“dipsticks” and biosensors for different areas of analytical biochemustry,

€ g enzyme 1nmunoassays

2.1.1.2, MUSHROOM TYROSINASE

Tyrosinases are also oxidoreductases and belong to the EC class 1 14 A
major feature of these metalloproteins 1s their widespread presence in
plants and living orgamisms Tyrosinases catalyse either the oxidation of
monophenols or ortho-diphenols to their respective ortho-quinones The
qumones formed then undergo further enzymatic and non-enzymatic
reactions that lead to the formation of polymeric pigmented materials
These reactions are responsible for the distinctive pigmentation of the
skin, eyes and hair in amimals [3] In a sumilar way, these reactions
control the browning and nipening processes of fruits and vegetables
Tyrosinases are therefore of great economic and practical importance n
the food and agnicultural industry Amongst the tyrosinases 1solated from
plant/fruit sources such as banana, beet, potato, mushroom, carrot, broad
bean and spinach, the mushroom tyrosinase 1s the most utilised in the

development and study of tyrosinase-based biosensors Mushroom
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(Agaricus bisporus) tyrosinase 1s relatively stable and commercially

available 1n a preparation of high specific activity

2.1.2. BIOCHEMISTRY AND STRUCTURE

2.1.2.1. HORSERADISH PEROXIDASE

HRP 1s a glycoprotein containing wron (III) protoporphyrin IX (shown in
Figure 2 1) as the prosthetic group [4] The unpurified enzyme has about
40 different 1soenzymes But the three most important are acidic
1soenzyme A (HRP-A), neutral or shightly basic 1soenzyme C (HRP-C),
and a strongly basic HRP, 1e cyanoperoxidase HRP-C has an
1soelectric point of 8 5 and 1s responsible for about half the catalytic
activity of the unpunfied enzyme [5] Most commercial preparations of
the enzyme are HRP-C, therefore, all further discussions of the enzyme

refer to the 1soenzyme C, unless otherwise specified

A molecule of HRP consists of 308 amino acid residues, the iron(IIl)
protoporphyrin, 18 % carbohydrate content, 4 intramolecular sulphide
bonds, 2 calcium(Il) 10ons and some bound water The sequence of the
308 amino acid residues of HRP has been determined by Welinder [6, 7]
This sequence has been confirmed 1n another study by Fujiyama et al
[8], m which 3 different ¢cDNA clones of HRP were 1solated and
characterised One of the 1solated cDNA clones showed a similar amino

acid sequence
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CH, sz
CH, THz
COOH COOH

Figure 21  The chemical structure of wron(IIl) protoporphyrin IX

Also, on the basis of this sequence, a HRP-C encoded gene has been
synthesized and expressed in Eschericma coli The unglycosylated,
insoluble and mnactive recombinant enzyme was solubilised and folded to
give the active enzyme An overall yield of 2-3 % was reported [9] The
diverse specificity of peroxidases and all heme-containing proteins has
been linked to the effects of the surrounding amino acid residues on the

reactivity of the prosthetic heme group Amino acid residues that are
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crucial to the catalytic reactivity of HRP have been 1dentified as the axial
His 170, Leu 237 and Tyr 185 on the proximal side and Arg 38, His 42
and Phe 41 on the distal side [10] The prosthetic heme active site 1s non-
covalently attached through the wron(IIl) fifth coordination position to the
inidazole side of His 170 The heme-active site has been shown [11] to
be buried within the HRP molecule, such that only the heme-edge 1s
accessible to substrates, thus making the catalytic activity of the enzyme
susceptible to the effects of the hydrophobic and 1onic properties of
surrounding protein Indeed, 1t has been shown [10, 12] that the binding
of aromatic donor molecules, eg resorcmol, 2-methoxy-4-methyl
phenol, and competitive mhibitors, e g benzhydroxamic acid, occur 1n
the viciity of the heme peripheral 8-methyl group The extent and
nature of the bmdmg being affected by hydrophobic interactions with
Tyr 185 and hydrogen bonding with adjacent amino acid residues such
as Arg 183 The presence of 2 calcrum(II) 10ns per molecule of HRP has
never been linked to reaction mechamisms [13] It 1s, however, believed
to be responsible for the structural stability of the enzyme In a study by
Shiro et al [14], the removal of the calcium 10ns was shown to lead to a
decrease 1n the specific activity and thermal stability of the enzyme The
carbohydrate content of HRP consists of 8 neutral oligosaccharide side
chains attached to Asparagine residues 13, 57, 158, 186, 198, 214, 255
and 268 Kurosaka et al [15] reported the structure of the major glyco-
components of HRP The proposed structure 1s shown in Figure 22 It
has been shown that the absence of the carbohydrate side chains does not
affect the catalytic ability of HRP [9] Yeast cytochrome ¢ peroxidase 1s
the only peroxidase for which X-ray crystallography has been used to
obtain high resolution structural information [16] Amino acid sequence
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homology between plant peroxidases and this yeast peroxidase has been
used to model the structure of HRP-C [10, 13] Figure 2 3 shows the
predicted active site structure of HRP-C The enzyme has a total
molecular weight of about 42,100

2.1.2.2, MUSHROOM TYROSINASE

Mushroom tyrostnase 1s known to be localised 1n several tissues of the
mushroom fruiting body The different tissues have been reported to
contain varying amounts of active and inactive (latent) forms of the
enzyme, and different forms of tyrosinase 1soenzymes which i turn
exhibit varymng specificities for L-3, 4-dihydroxy phenylalanine (L-
DOPA), tyrosine and catechol [17, 18] The mactive enzyme forms can
be reactivated by treatment with proteases or detergents such as sodium
dodecyl sulphate (SDS) [19, 20] Reactivation with proteases 1s believed
to occur via proteolysis, and with SDS, a minor conformational change
in the enzyme has been suggested However, the mechanisms of
activation still remain to be elucidated In a recent study, Rodriguez and
Flurkey [21] reported that tissues m the stalk of the mushroom plant
contamed faster migrating 1soenzyme forms than other morphological
regions This 1soenzyme, however, exhibited the least specificity for L-
DOPA
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Figure 22  Proposed structure for the major oligosacchande from
horseradish peroxidase The numbers indicate the coding for the
respective monosaccharides and GIcNAc = N-acetylglucosamine
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Figure 23 The predicted backbone structure of horseradish
peroxidase  Glycosylation sites are indicated by the numbers
Reproduced from [5]
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It has been reported that these vanations, 1e different 1soenzyme forms,
specificities and ratio of active to mactive enzyme forms m mushrooms,
changes markedly during the de;velopment of the plant from small pins to
the mature stage [22] They may also be considerably affected by growth
conditions As a result of these multiplicity, there has been a rather poor
progress wn unravelling the complete primary structure of mushroom
tyrosinase and other higher plant tyrosinases However, Strothkamp et a/
[23] mmvestigated the quaternary structure of the enzyme usmng SDS-
acrylamide gel electrophorests Mushroom tyrosinase was found to
contain two different types of polypeptide chains, designated “heavy”
(H) and “light” (L), with molecular weights of 43,000 and 13,400,
respectively It was concluded that the predominant form of the enzyme,
i aqueous solutions has a molecular weight of about 120,000 and a
quaternary structure, L,H, In contrast, significant progress have been
made with fungal tyrosinases A full description of the primary structure
of tyrosinase from MNeurospora crassa [24-26] and Streptomyces
glaucescens [27] has been reported However, unlikke m mushroom
tyrosinase, the Neurospora tyrosinase has been shown to contamn two
similar polypeptide chains [28, 29] Hence 1t remains to be established 1f
the mechanism described for Neurospora, 1its copper binding and several
other features also apply to mushroom tyrosinase Tyrosinase enzyme

from mushrooms have an 1soelectric point of 4 7
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2.1.3. KINETICS OF CATALYTIC REACTIONS

2.1.3.1. HORSERADISH PEROXIDASE

The site of catalytic activity in HRP 1s the sixth coordination position of
the won(IIl) 1on within the protoporphyrin group This site can be
occupied by water, peroxides, fluondes and cyanides A normal HRP
catalysis of peroxide involves the formation of different oxtdation states
of the enzyme There 1s an 1mtial formation of HRP compound I (HRP-
I), an mtermediate-spin wron(IV) compound, which has two oxidizing
equivalents above wron(IlI) 1on mn the native enzyme HRP-I further
undergoes a single electron reduction step to give a low-spin, wron(IV)
compound referred to as HRP compound II (HRP-II) Fnally, HRP-II
undergoes another single electron reduction step to give HRP in 1ts
resting state [30-32] Hence, the enzymatic reaction takes place via a

modified peroxidase shuttle mechanism as shown m the equations below

HRP+ROOH Ky HRP-I + ROH
E—

HRP-1 + AH, ky RBP4 AR
—>

HRP-II + AH, k3 HRP + "AH + H.O
—.—.—» 2

'AH+ AH ks Az +A
—
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where AH; 1s a hydrogen donor or electron donor compound
Compounds that have been used with HRP as hydrogen or electron
donors 1nclude o-diamisidine, guiacol, p-fluorophenol, 10dide, luminol,
dihydrofluoresceln,  2,2’-azmo-di-[3-ethyl-benzothiazme-(6)-sulphonic
acid] (ABTS), p-chloronaphthol, ferrocyanide, o-phenylenediamine and
ferrocenes [5] The latter three are commonly used as mediators m HRP
based amperometric biosensors The presence of HRP compound III
(HRP-III), an oxy-iron(II) compound, also referred to as oxyperoxidase
has also been reported [33, 34] It 1s formed froin excess peroxide and
HRP-II HRP-III 1s catalytically inactive and decomposes slowly to give

HRP 1n 1ts resting state as shown below

HRP-I+ROOH ——» HRP-III + ROH

HRP-III —" HRP+O,

However, the rate of reaction in the latter step 1s very slow Hence, any
accumulation of HRP in the HRP-III state would result in a loss 1n
catalytic effictency The direct regeneration of HRP from HRP-I by some
substrates, ¢ g 10dide, 1s also known Peroxides also undergo similar
reactions with HRP on carbon paste, platinum, platinized carbon paste
and graphite electrodes [4, 35, 36] These forms of enzymatic reaction

involve a single two-electron oxidation and reduction steps, 1 ¢

HRP + ROOH +2H" — HRP-I+ROH+ H,0
HRP-I + 2¢ — HRP
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2.1.3.2. MUSHROOM TYROSINASE

A parr of copper(Il) 1ons are known to be the functional unmits in the
active site of tyrosinase [37] A normal tyrosinase catalysis of phenol
involves the shuttling of these copper ions between the +2 and +1
oxidation states [38] There 1s an mtial formation of deoxytyrosinase
and catechol Deoxytyrosinase has one oxidation equivalent below
copper(Il) 1on 1n the native enzyme (met-tyrosinase) and further binds
molecular oxygen to give oxytyrosinase Finally, oxytyrosinase
undergoes another electron transfer reaction with the pre-formed
catechol to give the enzyme 1n 1ts resting state and water The reaction

scheme proceeds via a modified shuttle mechanism as follows

phenol + inet-tyrosmase . catechol + deoxytyrosinase
O, + deoxytyrosinase — » oxytyrosinase
catechol + oxytyrosmase —» 1, 2-benzoqumone + met-

tyrosinase + H,O

The use of one electron mediating compounds, such as ferrocene
monocarboxylic acid, ferrocyanide and osmium bis (2, 2’-bipynidine), n
amperometric tyrosinase-based biosensors have been reported [39, 40]
However, most tyrosmase-based biosensors depend on the re-reduction
of the formed o-quinone at the electrode surface The amount of o-

quinone reduced 1s directly proportional to the concentration of phenol
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2.1.4. ANALYTICAL APPLICATIONS
2.1.4.1. HORSERADISH PEROXIDASE

HRP has been well utilised as a sensing or “reporting” enzyme One of
its earliest applications 1s its use n bienzyme colormetric assays m a
“dip-stick” format The technique imvolves the mmtial reaction of an
oxidase with the analyte(s) to generate hydrogen peroxide after a fixed
peniod of incubation The generated peroxide then reacts with HRP to
oxidise a leuco dye, e g ABTS or p-amunoantipyrne, to its coloured
form The colour intensity 1s then directly proportional to the
concentration of the analyte [33] HRP has also found use as an
alternative to radioactive labels mn DNA probes and enzyme-linked
immunosorbent assays (ELISA) The ELISA technique uses an enzyme-
labelled antibody with the antigen attached to a solid phase, the binding
of enzyme-labelled antibody to immobilized antigen 1s competitively
mhibited by an added standard or test antigen The product
concentrations measured at the end are inversely proportional to the
concentration of the standard or test antigen 1n the incubation solution
[41, 42] The enzyme has also been extensively used i amperometric
biosensors For instance, the use of HRP in aqueous media as a
monoenzyme biosensor for peroxides and 1its inhibitors [43, 44],
bienzyme biosensors for glucosé, D-ammo acids etc [45], and n
trienzyme biosensors for cholesterol in serum [46], have been reported
In a similar way, HRP has been well utilised in monoenzyme OPEEs for

the detection of hydrogen peroxide, orgamic peroxides and HRP
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mhibitors [47-50] This has been attnbuted to 1ts ability to function and

relative stability 1n organic solvents

2.142. MUSHROOM TYROSINASE

The major analytical application of tyrosinase 1s its use as a sensing
enzyme for its natural substrates 1e L-tyrosine, L-DOPA, catechol,
phenol and their structural analogues The detection of L-tyrosme and
some catechol-containing compounds 1s of great importance 1n clinical
chemustry For instance, Toyota ef al [51] reported the use of tyrosine
detection by a tyrosinase-based biosensor to determine the total protemn
content 1 serum Simlarly, its use for the selective elmunation of
acetaminophen nterference during the amperomnetric biosensmg of
glucose m biological flmds has been reported [52] More recent
applications mvolves 1ts use as a sensing enzyme for the detection of

phenols and catechols as well as 1ts inhibitors 1n organic solvents [49]

2.1.5. PEROXIDES

Peroxides are the pnmary substrates for horseradish peroxidase They
are compounds with the -O-O- functional group and are described by the
general formula R;-O-O-R; The peroxide function may be part of a ring
or polymeric system, and 1n some cases, there 1s more than one peroxide
group present These compounds can be broadly divided into norganic

peroxides (when R; and R, are hydrogen or inorganic groups) and
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organic peroxides (when either or both R, and R; are organic groups) R,
and R, may be the same or different chemical groups to give symmetrical
and unsymmmetrical peroxides, respectively

2.1.5.1. INORGANIC PEROXIDES

There are different types of inorganic peroxides or peroxy-compounds
These include (1) peroxides formed from dioxygenyl 10n, O,", examples
include O,'AsFg, O,'BF, and O,'PF6  (these compounds are stable
under an mert atmosphere at temperatures up to 100°C and are known to
be powerful fluorinating agents), (11) 10n1c superoxides containing the O,
1on, () 1onic peroxides contaming the 0> 1on and 10mic
hydroperoxides contarning the O,H™ 10n, and (1v) non-stoichiometric
peroxides, formed by treatment of solutions of salts of thormum or of
some actinide elements with hydrogen peroxide The type of peroxy-
compounds formed by different elements 1s shown in Table 21
Inorganic peroxides are generally used as oxidising agents However,
hydrogen peroxide 1s the most popular and commonly used mnorganic
peroxide [53] Hydrogen peroxide (H,O,) may be described as a
saturated molecule, with srmgle bonds between the hydrogen and the
oxygen atoms, and between the two oxygen atoms Its structure 1s
represented by H-O-O-H In 1ts pure form, H,0, 1s obtamned as a syrupy
and almost colourless hiquud It 1s soluble m water and several organic
solvents, such as alcohols, esters, ethers and amines and exhibits an
extensive redox chemistry In aqueous solutions, as well as 1n its solid,

liquid and gaseous states, H,O, would readily decompose into water
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Table 2 1 The types of peroxy-compounds formed by different elements
Reproduced from [53, 54]

Type of  peroxy- | Elements

compound

10nic superoxides alkali metals except lithium, alkali-
earth metals, Zr, Hf, Fe, Co, Ag etc

tonic peroxides and | alkali and alkali-earth metals, Zn-Hg

hydroperoxides

solid non- | rare earth metals, Th, Pa
stoichiometric

peroxides

“ether” and “alcohol” | Be, B, Al, Ga, C-Pb, F
type hydroperoxides

peroxyacids, peroxy | C, P, S, V, Nb, Ta, Cr, Mo, W, Mn,
salts U

peroxy complexes | Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W,
(neutral or cationic) Re, Ru, Co, Rh, Ir, N1, Pd, Pt, Cu, U
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and oxygen The decomposition reaction 1s catalysed by metals, metal

oxides or metal 10ns !

2H,0, (1) . 2H0()+05(8)  AG%05 = -27 92 kcal/mole

The herent properties of H,0, such as 1its bleaching and
oxidising/catalytic abilities, have lead to its widespread use as an
industnial reagent/material H,0, has been widely used as a commercial
bleachmg agent Indeed, 1t has been described as the traditional
bleaching agent in European detergents [55] Also, as a result of
environmental restrictions, H,O, 1s gradually bemng used to replace
chlorne as a bleaching agent in pulp and paper, cellulose, domestic
bleach and stenlants, textile and wme cork manufacturing industries as
well as 1n water treatment plants [56-58] Recently, its use as a
bleaching/whitening agent in Mentadent and Colgate toothpastes and
mouthwashes was launched [59] Other products, m which H;O; 1s used
as a bleaching agent, include leather, furs, human and amimal harr, tripe
and sausage skin H,0, 1s also used mn small quantittes as a muld
disinfectant and antiseptic m pharmaceutical and cosmetic formulations
It 1s used as a catalyst in polymerization reactions, m addition to being a
starting matenal i the production of epoxides, organic peroxides,
peroxyacids and sodium perborate Finally, H,O, 1s used as a source of

oxygen m rocket fuels and submarines
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2.1.5.2, ORGANIC PEROXIDES

There are two major types of organic peroxides the hydroperoxides,
with a general structure R;-O-O-H and the dialkyl peroxides with a
general structure R;-0-O-R;, For both types of organic peroxides, R; and
R, could be primary, secondary or tertiary alkyl, cycloalkyl and aryl
groups Organic peroxides are usually liquids, and where they are solids
they characteristically have low melting points They are soluble 1n water
and most organic solvents, particularly alcohols They are, however,
unstable and prone to explosions, the most stable being the di-tertiary
dialkyl peroxides

Organic peroxitdes decompose readily to give free radicals, and have
been well studied and used as mnmitiators of free radical reactions 1n
organic chemistry Hence, they are used commercially to mtiate
polymensation of vinyl monomers to produce polystyrene, poly(vinyl)
chlonde, poly(propylene) and poly(ethylene) [60] They are also utilised
as polymerisation mtiators in the adhesive and sealants industry [61]
The commonly used organic peroxides for polymerisation initiation and
polymer curing include butanone peroxide, tert-butyl peroxybenzoate,
cumene hydroperoxide, tert-butyl hydroperoxide, benzoyl peroxide and

di-tert-butyl peroxide (see Table 2 2 for their structures)
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Table 2 2 Chemucal structures of some organic peroxides

ORGANIC PEROXIDE STRUCTURE
2-butanone peroxide ?-O-H
H, C -CH, - C-CH,
I
OH
o CH
I |
tert-butyl peroxybenzoate @ -c-0-0- Ic -CH,
CH
CH,
|
cumene hydroperoxide @ '|°‘°‘° “H
CH,
tert-butyl hydroperoxide ?H;
H,C-C-0-0-H
I
CHy
benzoyl peroxide ?l) ;T
@ - c - o - 0 h @
di-tert-butyl peroxide ?Hg ?Hs
HyC-C-0-0-C CH,
I I
CH, CH,

90



The concentration of these compounds in adhesive formulations ranges
from 0 5 to 4 % w/w [62] Organic peroxides are also used as bleaching
agents for textiles and paper pulp, 1n the production of oxygen for rocket
fuels and as antiseptics m pharmaceutical formulations It has been
estimated that the world-wide ndustrial consumption of organic
peroxides 1s worth about $75 million every year [63] However, despite
therr technological and industrial usefulness, organic peroxides are
known to be intermediates 1n the air oxidation of some synthetic and
natural organic compounds They have been linked to the degradation of
certain vitamin products, rancidity of fats, and gum formation n
lubricating o1ls [62, 64] Also, because of the growing replacement of
chlorine by ozone as a disinfectant 1n water treatment plants, there 1s a
growing environmental interest in the quantitative analysis of orgamic
peroxides 1n drinking water [65] Organic peroxides and hydroperoxides
are formed when ozone reacts with some natural organic substances m
water such as alcohols, ethers, carbonyl and organometallic compounds
In a similar way, organic peroxides and peracids are likely to be
biochemically active and can cause ecosystem damage because of their
phytotoxicity Peroxyacetyl nitrate (PAN), a known potent lachrymator
and phytotoxin, has been observed to be an important pollutant in urban
atmospheres [66] This widespread use/presence of organic peroxides in
industrial materials and 1n the environment has led to the need for rapid

and reliable methods of analysis

Organic peroxides have been determined using a vanety of approaches

These include (1) physical and instrumental methods, such as
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chromatographic (1 e gas, adsorption, hiquud-liquid partition, paper and
thin layer) and polarographic methods, (11) chemical reduction methods,
which mvolves the titnmetric reduction of the peroxide using 1odide,
arsenate, won(I[) or stannous 1ons, organic phosphines, catalytic
hydrogenation and Iithium aluminium hydnde, and (1) colorimetric and
photometric methods, which are usually used to determine trace levels of
organic peroxides, typically in autoxidized natural products, rancid fats
and vinyl polymerisation systems, and involves the use of aromatic
diamines, leuco methylene blue, 10dine and iron(II) thiocyanate [67, 68]

However, these analytical techniques are generally time consuming and
are not particularly suitable for routine or on-line analysis HRP-based
OPEEs offer an alternative and relatively faster and more sensitive
method for the quantitative analysis of organic peroxides In a previous
study by Wang et al [69], the sensitivity of a HRP-based brosensor
towards some organic peroxides in aqueous media, was m the order 2-
butanone peroxide > tert-butyl peroxy benzoate > cumene hydroperoxide

> tert-butyl hydroperoxide

2.1.6. PHENOLS

Monophenols and ortho-diphenols are the primary substrates for
tyrosinase The term “phenol” 1s used to refer specifically to the
monohydroxy derivative of benzene However, 1t 1s also used as a
general term for all derivatives of benzene and 1its structural analogues
containing nuclear hydroxy groups These compounds are termed mono-,

di-, tri-hydnic phenols etc , depending on the number of hydroxy groups
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present Phenols are generally soluble in aqueous alkali (except
bicarbonate solutions) and most organic solvents Phenol and 1ts lower
analogues are weak acids Its acidic property 1s enhanced by the presence
of electron-withdrawing groups such as fluoro-, chloro-, nitro- and
carbonyl groups m the ortho and/or para positions In contrast, electron-
donating groups such as ammo- and methoxy-groups suppress phenol
acidity Dihydric phenols are generally shightly more acidic than phenol
[70] The pK, values of some phenolic compounds are shown 1n Table

23

Table 2 3 The pK, values of some phenolic compounds

Name pK,
phenol 994
p-fluorophenol 995
p-chlorophenol 938
p-bromophenol 936
pentachlorophenol 526
o-mtrophenol 723
2,4-dimitrophenol 401
p-methoxyphenol 10 21
p-aminophenol ‘ 103
catechol (1,2-dihydroxy benzene) | 9 25
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Phenolic compounds are present in nature as polymers, 1 e anthocyanins,
flavolans and tanmins They are responsible for the colours and
organoleptic properties of many flowers and fruits Phenol (C¢Hs;OH)
itself 1s found 1n pine needles, mammalian urine, and the essential o1l of
tobacco leaves Phenols are important starting matenials 1n the
manufacture of fine chemicals, drugs, dyestuffs, textiles, plastics,
detergents,  disinfectants, herbicides, msecticides, fungicides,
bactericides, and antioxidants They have, however, also been 1dentified
as major ndustrial wastes from the above industries, coal conversion
plants, petroleum refineries and ore mines [40, 70, 71] Phenols are toxic
to fish at levels above 2 mg/L and can be tasted in fish flesh at
concentrations much lower than the toxic level The ingestion of one
gram of phenol can be fatal in humans [72, 73] Indeed, a recent
European Union directive (76/464/CEE) indicates that the maximum
admussible individual concentration for organic contaminants (including
phenols) m drinking water 1s 0 1 pg/l [74] Hence, the need for routine
quantitative analysis of these compounds for effective raw materal, on-
line process and product quality controls in the industry, as well as n
environmental quality monitoring and evaluation Most of the analytical
methods that have been used for the determination of phenols such as gas
chromatography, spectrometry and spectrofluorimetry [75-77] are

expensive and unsuitable for in situ and on-line analysis
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2.1.7. INHIBITORS OF HORSERADISH PEROXIDASE AND
TYROSINASE

HRP 1s nhibited by a number of antonic, cationic and uncharged species
These mclude mercury(II), cadmium(II), cobalt(Il), copper(Il), 1ron(Il),
ron(I11), maganese(II), nickel(IT) and lead(II) 1ons, p-amino benzoic acid,
cyanide, azide, cyclopropanone hydrate, L-cysteme, dichromate,
hydroxylamine, sulphides, sulphites and thiourea [78-81] In a simular
way, compounds that mhibit the activity of the tyrosinase enzyme
include azide, cyamide, benzoic acid, 1-methyl-2-mercaptoimidazole,
benzhydroxamic  acid, L-cysteme, diethyldithiocarbamate, 2-
mercaptoethanol, cobalt(Il) 10n, hydroxylamme, L-mimosine and
phenylthiourea [39, 82-85] The decrease n the activity of both enzymes
m the presence of these compounds has enabled the use of HRP- and
tyrosmase-based OPEEs as sensors for these inhibitors HRP mhibitors
that have been detected in this thesis are thiourea, ethylenethiourea,
mercaptoethanol, hydroxylammne and methyl 1sothiocyanate, while
diethyldithiocarbamate was detected as an inhibitor of tyrosimnase The
pnmary analytical significance of these compounds 1s in environmental

pollution and quality evaluation

Thiourea (THU) has been shown to be carcinogenic to laboratory
ammals, although 1its carcinogenicity to humans has yet to be evaluated
[86] THU 1s the parent compound of a number of pesticides such as
thiophanates, phenylthiourea and o-naphthylthiourea In addition, THU,
mercaptoethanol (MCE) and hydroxylamine (HLA) are by-products of
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industnal activities such as organics synthesis, industrial boiler cleaning
and metal mining [87-89] Further, hydroxylamine and its derivatives are
well known mutagens and moderately toxic substances They induce
highly specific mutations with the nucleic acid cytosine, and are known
to cause both reversible and urreversible physiological changes associated
with methemoglobinemia [89] Ethylenethiourea (ETU) 1s also a
denivative of thiourea ETU 1s the primary metabolic and degradation
product of ethylenebisdithiocarbamate pesticides (EBDCs) [90] EBDCs
and diethyldithiocarbamates (DEDTCs) are the most widely used group
of fungicides and have been classified as probable human carcinogens
(group B,) by the US Environmental Protection Agency [91] This 1s
mamly because of the inevitable presence of ETU 1n their formulations
ETU 1s a known potent cause of cancers, birth defects and thyroid
disorders Also, some EBDCs such as Maneb and Zineb are linked to
mcreases in various reproductive effects such as stentlity and stillbirths
More sigmficantly, EBDCs and ETU cannot presently be detected m
foods using routine Foods and Drugs Admumstration (FDA) testing
methods [91] Methyl 1sothiocyanate (MeSNC) 1s a soil fumigant,
usually applied before the crops are planted It controls soil insects,
nematodes, fungi and weed seeds It 1s also the active component and
degradation product of the pesticidal formulations of 3, 5-dimethyl-1, 3,
5-thiadiazinane-2-thione (Dazomet) and sodium methyl cabadithioate
(metam-Na) [92]
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CHAPTER THREE: EXPERIMENTAL




3.1. CHEMICALS /REAGENTS

Horseradish peroxidase type II, EC 1 11 1 7 (100 U/mg or 200 U/mg,),
mushroom tyrosmase EC 1 14 18 1 (2400 U/mg), p-acetamidophenol and
poly(ethylene glycol) diglycidyl ether were obtamed from Sigma
Chemical co, St Lows Mo, USA Poly(ester sulphomc acid) Eastman
Kodak AQ 55D polymer was obtained as a 28 % aqueous solution from
Eastman Kodak Chemicals, Rochester NY, USA Glutaraldehyde (25 %
solution 1n water), tetracthylammonium-p-toluenesulphonate (TEATS),
o-phenylenediamme hydrochloride (0-PEDA), ferrocenemonocarboxylic
acld (FMCA), 1,1-dimethylferrocene (DMFc¢), ferrocenemethanol
(MetFc), 2-butanone peroxide, phenol, catechol, p-cresol, m-cresol, p-
chlorophenol, ethylenethiourea, methyl isothiocyanate, hydroxylamine
sulphate, 2-mercaptoethanol, diethyldithiocarbamic acid-sodium salt and
2-propanol were supplied by Aldrich Chemicals, Gillingham, UK
AnalaR grade anhydrous disodium hydrogen orthophosphate and sodium
dihydrogen orthophosphate as well as p-aminophenol were purchased
from Merck, Poole, UK Thiourea was purchased from M&B Chemucals,
Dagenham, UK Acetomtrile, methanol, chloroform and tetrahydrofuran
(THF) were obtamed as HPLC grade from Lab-Scan, Stillorgan, Dublin
Also, super purity grade acetone and 2-butanol were obtamed from
Romil Chemicals, Loughborough, UK and Riedel-de-Haen, Hannover,
Germany, respectively Poly(1-vinyl imidazole)-based osmium polymer
was obtained from Dr D Leech, Umversite du Montreal, Montreal,
Canada Antiseptic cream, Secaderm salve (Fisons, Loughborough, UK)
and the cold/flu relieving salt, Beechams hot lemon cold remedy

(Beechams, Dublin, Ireland) were obtamed from a local pharmacy
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Eastman AQ 55D polymer and glutaraldehyde were diluted with water to
28 % and 5 % before being used Also, anhydrous disodtum hydrogen
orthophosphate and TEATS were dried 1in an oven at 110°C for three
hours and 1n a desiccator for at least two weeks, respectively before
being used Other chemicals were used without any form of

pretreatments, and where required, de-1onised water was used

3.2. EXPERIMENTAL PROCEDURES

The experimental work reported in this thesis has been divided mto 4
sections on the basis of the analytical/electrochemical technque utilised
These are cyclic voltammetric, steady-state = amperometric,
spectroelectrochemical and HPLC experiments The procedures for
carrying out these experiments, and all further discussions, will therefore

be discussed in respect of these analytical techniques

3.2.1. APPARATUS
3.2.1.1. CYCLIC VOLTAMMETRY
Cyclic voltammetric (CV) measurements were performed using a

BioAnalytical Systems (BAS, Lafayette IN) CV-50 W Voltammetric

Analyzer nterfaced to a Taxan PC 788 computer Experiments were
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carried out m a 10 ml or 20 ml thermostatted conventional
electrochemical cell obtained from BAS or EG&G Princeton Applhed
Research Company (Princeton, NJ) The cells used had a three-electrode
configuratton and had a poly-(tetrafluroethylene) cover In all
experiments, the working electrode (1e pnior to modification) was a
BAS glassy carbon (GCE) or platmum disc electrode (3 mm diameter)
The reference and auxihiary electrodes were KCl-type saturated calomel

electrode (SCE) and platinum wire mesh, respectively

3.2.1.2. STEADY-STATE AMPEROMETRY

Steady-state amperometric experiments were carried out using an EG&G
electrochemical detector (Model 400) connected to a WPA (Model CQ
95) or Phillips PM 8261 X-t recorder All experiments (except those
mvolving rotating disc working electrodes) were performed using the
same electrochemical cell set-up as described for cyclic voltammetric
expeniments A magnetic sturer and stiring bar (1 mm long) provided
the convective transport Rotating disc electrodes experiments were
carried out using rotating platinum (8 mm or 4 mm diameter), Model
6 1204 010 or glassy carbon (4 mm diameter), Model 6 1204 000, disc
electrodes from Metrohm AG, Henisau, Switzerland

3.2.1.3. SPECTROELECTROCHEMISTRY

Spectroelectrochemical experiments were performed with a Shimadzu
UV-VIS-NIR recording spectrophotometer (Model UV 3100) linked to
an EG&G scanning potentiostat (Model 362) and an Elonex PC 433
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computer Experiments were carried out mn a 7 ml quartz optically
transparent thin-layer electrochemical (OTTLE) cell A plattnum wire
mesh was used as working electrode, while a platinum wire and
silver/silver(I) chloride electrodes were used as auxiliary and reference

electrodes, respectively

3.2.14. HPLC ANALYSIS

HPLC experiments were performed with a Beckman System Gold liquid
chromatograph (Beckman, San Ramon, CA) It consists of a solvent
module (Model 118) used for delivery of the mobile phase and samples,
and a diode-array UV detector (Model 168), both interfaced to an Elonex
PC 466 computer A sample volume of 20 pl was mjected into the
mobile phase by a motorised injection valve The analytical column was
a Beckman Ultrashere 243533 stamnless-steel column, (046 cm x 45
cm), packed with reversed-phase octadecylsilyl matenial (5 pm particle
size) The waste line from the UV detector was linked to a thin-layer
liquid chromatography electrochemical cell, Model K0234 (EG&G) The
working electrode was an enzyme modified-dual glassy carbon electrode
(EG&G, Model MP-1304), placed parallel to each other The reference
and auxihary electrodes were as previously specified for the
spectroelectrochemical experiments Amperometric responses from the
modified-working electrode was monitored via a linked electrochemucal
detector (EG&G, Model 400), and the signal was recorded on a Phullips
PM 8261 X-t recorder All the connections between the different parts of
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the system were made of stainless steel tubings (0 S mm I D ) and Altrex

screw couplings

3.2.2.2. PREPARATION OF THE BIOSENSORS

The surface of either a glassy carbon or platmum electrode was prepared
for enzyme immobihisation by polishing with aqueous slurries of 0 1 and
0 05 pun particle size alumina (Metrohm AG) The electrode was pressed
face-down onto an alumina impregnated mucrocloth pad, and moved m a
figure-8 pattern (to ensure an even grinding action) for about 2-3
minutes It was subsequently rinsed m distilled water and wiped using

Kleenex medical wipes

Horseradish peroxidase was immobilised by (1) adsorption onto prepared
GCE and (11) entrapment within an Eastman AQ 55D polymer matrix on
prepared glassy carbon and platinum electrodes Also, tyrosinase was
immobihised on a prepared GCE by (1) entrapment within an Eastman
AQ 55D polymer matrix (u) crosslinking with glutaraldehyde and (i)
crosslinking with a poly(1-vinylimidazole)-based osmium polymer
Adsorption of HRP on a GCE was achieved by placing 5 pl of a
prepared HRP solution (10 mg/ml, made up in 0 05 M phosphate buffer,
pH 7 05), on the electrode surface The enzyme coating was dried in a
silica-packed desiccator for 2 hours The final HRP loading on the
electrode was 68 U/cm?, where 1 U = 16 67 nkat
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To prepare the enzyme-Eastman polymer-modified electrodes, HRP (5
mg/ml) and tyrosinase (5 5 mg/ml) solutions were made up mm 005 M
phosphate buffer, pH 705 An enzyme-polymer solution was prepared
by mixing equal volumes of the prepared enzyme solution and 2 8 %
Eastman AQ polymer A 5-20 pl aliquot of the mixed enzyme-polymer
solution was placed on the surface of the polished platmum or glassy
carbon electrode The enzyme coating was then dried by using a heat gun
(Stemel, Model HL 1800E ) placed approximately 30 cm away for 30-40
minutes or 1n a desiccator for about 2 hours The tyrosinase-modified
electrode, immobilised by crosslinking with glutaraldehyde, was
prepared m a similar manner, with 5 % glutaraldehyde replacing the 2 8
% Eastman polymer These HRP and tyrosmase modified-electrodes had
a final enzyme loading of 20 or 34 U/cm? and 170 U/cm?, respectrvely

Osmium polymer/tyrosinase-modified electrodes were prepared by
placing 5 pl of the poly(1-vinylimidazole)-based osmmum polymer (1
mg/ml), poly(ethylene glycol) (2 5 mg/ml) and tyrosinase (5 5 mg/ml)
onto the surface of prepared GCE The osmum polymer and
poly(ethylene glycol) solutions were prepared with water, while the
enzyme solution was prepared with phosphate buffer as previously
specified The modified GCE was allowed to air dry for 3 hours The

final tyrosinase loading on the electrode was 120 U/cm?
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3.2.3. ELECTROCHEMICAL MEASUREMENTS

3.2.3.1. CYCLIC VOLTAMMETRY

Cyclic voltammetry (CV) was used to study the electrochemucal
behaviour of the solvents and analytes The mmtial and switch potentials
were -300 and +300 mV, respectively Experiments were performed with
an Eastman AQ polymer-modified platinum electrode mn 98 % v/v
acetomtrile, acetone, methanol, 2-butanol and THF, in the absence and
presence of 1 mM BTP Thiourea (THU), ethylenethiourea (ETU),
hydroxylamme (HLA) and methyl 1sothiocyanate (MeSNC) were also
studied 1n 98 % v/v acetonitnle In a similar way, the electrochemical
features of phenol and DEDTC, were studied with an Eastman AQ
polymer-modified GCE 1n 80 % v/v acetomtrile, acetone, THF and 2-
propanol The specified solvents were made up to 100 % with water and
also contamed 0 1 M TEATS as an electrolyte A potential scan rate of

10 mV/s versus SCE was used for the experiments

CV was also used to characterise the electrochemical behaviour of the
mediating compound, 1,1-dimethylferrocene (DMFc¢) in acetomtnle,
methanol and acetone contaming 15 % v/v water and 0 1 M TEATS
Experiments were performed with bare GCEs and Eastman AQ
polymer/HRP-modified GCEs, m the absence and presence of 1 mM
BTP The electrodes were scanned between mitial and switch potentials
of 0 and 500 mV, respectively The concentration of DMFc was 4 mM 1n
all the experments, unless otherwise specified The scan rates were

varied from 10 to 100 mV/s, and from the linear plots of the
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corresponding I, agaimnst v the diffusion coefficients of DMFc were
evaluated Electrochemical data obtained at a scan rate of 10 mV/s were
used to estimate parameters, such as the ratio of the anodic and cathodic

peak currents, I /I, c and the difference in redox potentials, AE,

Finally, the catalytic behaviour of HRP and tyrosinase-modified
electrodes was studied using CV For both biosensors, the ratio of the
catalytic current, I, observed 1n the presence of their respective analytes
1e BTP and phenol, to that observed m their absence, I3, was used to
characterise the catalytic performance of the biosensors m different
organic media I/Iy values for the Eastman AQ polymer/HRP-modified
GCE were obtamned m 98 5 % v/v acetonitrile, acetone and methanol
The 1n1tial and switch potentials were 0 and 500 mV, respectively, while
the potential scan rate was 10 mV/s vs SCE In a similar way, L/l
values, for the Eastman AQ polymer/tyrosinase-modified GCE were
obtained 1n 80 % v/v, oxygen-saturated acetone, acetorutrile, THF, 2-
propanol and 2-butanol As a result of the poor stability of Eastman AQ
55D polymer 1n aqueous media, I;/I4 n 0 05 M phosphate buffer, pH
7 05 was evaluated with a glutaraldehyde/tyrosinase-modified GCE The
tyrosinase-modified electrodes were cycled between mtial and switch
potentials of +300 mV and -300 mV, respectively, and at a low scan rate
of 5 mV/s The specified organic solvents were made up to 100 % by
addition of water and contamed 0 1 M TEATS For the HRP-based
biosensors, the reaction medium also contamed 4 mM DMFc as a soluble

electron transfer mediator At the same experimental conditions

described above, the change in the observed catalytic current, Aly, for the
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BTP and phenol sensors in the presence of their respective enzyme
mhibitors were evaluated CV studies of the inhibition of thiourea (THU)
and ethylenethiourea (ETU) on a DMFc-mediated peroxidase-based
biosensor were performed in the presence of 1 mM BTP, unless
otherwise stated Simularly, the mhibition of diethyldithiocarbamate
(DEDTC) and 1ts mercury, nickel chromium, arsenic and lead complexes

on a tyrosinase-based biosensor were performed 1n the presence of 100

uM catechol

Also, CV was used to compare the electron mediating abilities of DMFc,
ferrocenemonocarboxylic acid (FMCA) and ferrocenemethanol (MetFc)
for a peroxidase-modified GCE For these experiments, HRP was
immobilised by adsorption onto the electrode, with a final enzyme
concentration of 68 U/em® 1/1; for the detection of BTP, and Al for the
detection of THU and ETU were evaluated m acetomtnle containing 2 %
water, 0 1 M TEATS and 0 5 mM of the respective mediators The 1nitial
and switch potentials for the DMFc-based sensor were 0 and 500 mV,
respectively The same parameters for the MetFc and FMCA-based
sensors were +200 mV and +600 mV, respectively A potential scan rate

of S mV/s was used 1n the experiments

All the CV experniments were done in a 10 ml electrochemical cell The
cell and 1its contents (except for experiments with the tyrosinase-
modified electrodes) were thoroughly degassed by passing nitrogen gas
through 1t, for 15-20 minutes before the experiments The measurements
of the peak currents and potentials presented were obtamed with the

computer using a BAS CV-50 W program
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3.2.3.2. STEADY-STATE AMPEROMETRY

Kinetic and analytical properties of both the HRP and tyrosmase-based
biosensors were studied using this techmque In all experiments, the
background current was allowed to decay to a steady-state before starting
the experiments The measured background current 1s subsequently
deducted from the measured biosensor responses Therefore, the
brosensor responses (1 ¢ the measured currents) presented are a result of

the faradaic processes at the enzyme modified-electrodes

The Eastman AQ polymer/HRP-modified electrodes were polarised at
-250 mV versus SCE (unless otherwise stated) Reagentless, 1e
“mediatorless”, 0-PEDA- and DMFc-mediated peroxidase-modified
electrodes were studied Experiments were performed to determine the
optimal working condittons for these biosensors For instance, the
working electrode potential was optimised, by measuring the responses
of the sensors to BTP as their potential was varied from -200 mV to -400
mV The effect of water content of the reaction solvent on the sensor
response was tested by carrying out experiments i which buffer
concentrations were varied from 0 % to 3 % Finally, the concentration
of the respective mediators was varied, m order to determine the optimal
concentration for BTP detection The concentration of o-PEDA was
vanted between 0 and 2 mM, while DMFc concentration was varied
between 0 and 5 5 mM In order to obtain calibration plots for BTP, the
responses of the DMFc-mediated brosensor to aliquots of 0 1 mM up to a
final concentration of 1 mM BTP was measured 1n acetomtrile, acetone

and methanol In a simlar way, the responses of the o-PEDA-mediated
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biosensor to aliquots of 1 mM BTP up to a final concentration of 10 mM
was measured 1n acetomtrile, acetone, methanol, THF and 2-butanol
Responses of the reagentless biosensor to aliquots of 2 mM BTP up to a
final concentration of 20 mM was measured m acetonitrile and methanol
The organic med:a 1n all the experiments contained 15 % - 2 % water,
01 M TEATS and where a mediator 1s required, 4 mM DMFc or 05
mM o-PEDA was used

The effects of the presence of 0 2 mM THU, 0 2 mM ETU and 0 4 mM
mercaptoethanol (MCE) on the response of the o-PEDA-mediated
peroxidase-based sensor to BTP was studied These experiments were
performed 1n 98 % v/v acetomtrile containing 0 1 M TEATS and 0 5 mM
0-PEDA The enzyme loading was 20 U/cm® Kinetic parameters such as
the apparent Michaelis-Menten constant, K,,’, and the limiting current,
I.ax, Were used to determine the imhibition mechamisms of THU, ETU
and MCE on the HRP-modified electrodes Also, the decrease in the
response of the Eastman AQ polymer/HRP-modified electrodes towards
BTP upon successive additions of 0 1-02 mM THU, ETU, MCE and
methyl 1sothiocyanate (MeSNC) was measured m several organic media
The measured current decreases were used to obtain calibration plots for
these compounds m solvents such as acetonitrile, acetone, methanol and
2-butanol These expertments were done m the presence of 1 mM BTP

unless otherwise stated

The steady-state catalytic responses of an Eastman AQ

polymer/tyrosinase-modified electrode were measured on addition of

aliquots of 10 uM phenol up to a final concentration of 100 uM These
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measurements were performed m acetomtrile, acetone, and THF
contamning 20 % v/v water and 0 1 M TEATS For these experiments, a
rotating disc GCE was modified with an Eastman polymer entrapped
tyrosinase The concentration of tyrosinase on the electrode was 170
U/em® The modified electrode was polansed at -150 mV versus SCE,
and the experiments were performed at a rotation speed of 1500 rpm

The effects of the presence of 20, 30, 40 and 50 uM DEDTC on the
response of the biosensor to phenol (10-100 uM) 1n 80 % v/v 2-propanol
was also evaluated The changes m the kinetic parameters I,.x and K’
were used to determune the inhibition mechamsm of DEDTC on the
tyrosinase-modified electrode The experimental conditions are as
previously described except that the working electrode was polarnised at
-200 mV vs SCE Experiments on the detection of DEDTC were
performed by measuring the decrease 1n the responses of the tyrosinase-
modified electrode towards 100 pM phenol as standard additions of
DEDTC were added to the reaction cell Aliquots of 5 uM DEDTC up to
a final concentration of 70 uM were added The reaction cell contained
80 % v/v 2-propanol and 0 1 M TEATS Also, the effects of varying
phenol concentrations from 70 uM to 200 uM on the catalytic efficiency
of the sensor for DEDTC detection were studied Changes n the
response of the biosensor to DEDTC when 100 uM phenol was replaced
with other tyrosinase substrates such as 100 uM catechol, m-cresol and

p-cresol was also assessed

The steady-state currents measured from these biosensors were analyzed

by non-hnear curve-fitting to a Michaelis-Menten equation using a
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Sigma plot computer programme A fresh enzyme surface was used for
each experiment Also, the cell and 1ts contents (except for expertments
with the tyrosinase-based electrode) were thoroughly degassed by
passing mnitrogen gas through it for 15-20 minutes before each

experiment

3.2.3.3. SPECTROELECTROCHEMISTRY

The working electrode was polanised at -250 mV versus SCE for all
expenments unless otherwise stated HRP (1 mg/ml) was used in
solution and a fresh cell solution was used for each spectral run The
change 1n absorbance was measured from an mitial wavelength of 300
nm to a final wavelength of 650 nm However, spectral changes in the
Soret region, 1€ An., around 400 nm, was used to determne the effects
of organic solvents on the physico-chemical stability of HRP These
experiments were performed in 100 % phosphate buffer and
mcreasing concentrations (50 % - 90 % v/v ) of acetomtrile, acetone and
methanol The solvents were made up to 100 % with 0 025 M phosphate
buffer, pH 7 05 Changes 1n the spectra of HRP (1 mg/ml), when 1 mM
BTP and then 1 mM ETU and THU were added to the cell, were
momnitored The observed changes were used to explain HRP-BTP and
HRP-inhibitor mteractions The experiments were done m the phosphate

buffer as specified above
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3.2.3.4. HPLC ANALYSIS

Experiments were performed to optimise the chromatographic separation
of a 50 uM standard solution of catechol, phenol, p-cresol and p-
chlorophenol The retention times, tz, of these analytes with different
mobile phase compositions as well as the retention time of the pure
organic component of the mobile phase, ty, were measured The
retention time of the organic component was measured as the first
deviation m the baseline after their respective mjections The ratio, (tg-
tm)/tm, 1€ the capacity factor (k') values, were used to evaluate the
performance of the mobile phases The mobile phases that were assessed
were acetomtrile water (50 50), methanol water m the ratios of 60 40,
50 50, 40 60 and 30 70 Further, the effects of having 10 mM and 25
mM of the electrolyte TEATS m the mobile phase on the retention
properties of the phenolic compounds was studied The mobile phase
composttion for this study was methanol water (50 50) Also, changes in
the separation/retention of these compounds, when the 50 % water
concentration of the mobile phase was replaced with 0 025 M phosphate
buffer, at pH values of 5, 6, 7 and 8, respectively was studied In these
expermments (described above) the flow rate of the eluents was 1 ml/min

and detection was with a UV detector at a fixed wavelength of 280 nm
The optimal wavelength for UV spectral detection of catechol, phenol, p-

cresol and p-chlorophenol was also determmed The UV spectrometric

detector response to a 50 uM concentrations of the four analytes was
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measured as the detector wavelength was varied from 210 nm to 300 nm

The mobile phase was methanol water (50 50) at a flow rate of 1 ml/min

The ability of an osmium polymer/tyrosinase-modified GCE to function
as an electrochemucal detector for the phenols after their LC separation
was mvestigated The modification parameters of the biosensor such as
the concentration of the osmium polymer and the crosslinking agent,
poly(ethylene glycol) (PEG) were optumsed This was done by
measuring the simultaneous response of the biosensor to 0 1 uM -0 6 uM
concentrations of p-aminophenol, phenol, p-cresol and p-chlorophenol
The biosensor sensitivities, which were obtained from the slopes of the
straight-lme calibration plots for the analytes, was then measured as the
concentrations of the osmium polymer and PEG were varied
Expenments were performed at osmium polymer concentrations of 0 04,
0 07 and 0 11 mg/cm’, and PEG concentrations of 004, 0 11 and 0 18
mg/cm2 The mobile phase was a binary mixture of methanol and 0 025
M phosphate buffer, pH 6 5 (50 50) containing 0 025 M TEATS The
mobile phase flow rate was 0 80 ml/min, while enzyme concentration on
the electrode was 120 U/cm® Experiments were performed at -200 mV
versus SCE

Experiments were performed to optimise the operating conditions of the
biosensor such as the mobile phase flow rate and the working potentral
The response of the biosensor to 02 uM phenol, p-aminophenol, p-
cresol, and p-chlorophenol was measured, as the flow rate of the mobile
phase was vanied from 04 ml/min to 16 ml/min and as the working
potential was vaned from +50 mV to -300 mV Finally, the short term
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operational stability of the biosensor was measured by injecting 0 6 pM
concentrations of catechol, p-cresol and p-chlorophenol, consecutively
over a ten-hour period The GCE was modified with 0 11 mg/cm?® of
osmium polymer, 0 18 mg/cm’ of PEG and 120 U/cm? of tyrosmnase The
mobile phase was methanol phosphate buffer, (50 50) The concentration
of the phosphate buffer and 1ts pH were as previously specified

A solution of the antiseptic omntment 500 mg/ml was made up 1n ethanol
and further diluted 1 3000 with the mobile phase before 1t was myected
In a similar way the cold rehieving salt (2 mg/ml) was dissolved 1n the
mobile phase and then diluted 1 200 before 1t was mjected The mobile
phase for the determination of phenol in the antiseptic cream was
methanol phosphate buffer, 50 50, while for the determunation of p-
acetamidophenol m the cold/flu salt, the ratio was 30 70 Cigarette filter
tips were collected from the university bar as they were being discarded
Each cigarette filter stud was then soaked 1n 5 ml methanol for 24 hours
and then analysed The extract was further diluted 1 50 before 1t was
mjected A standard mixture contamning phenol (0 1 uM-0 6 puM), m-
cresol (0 1 pM-0 6 uM), catechol (5 nM-30 nM) and p-cresol (5 nM-30
nM) were also analysed The concentration of these compounds 1n the
cigarette filter tips was calculated by extrapolation from the obtamed
straight-line calibration plots of the analytes The mobile phase was a
muxture of methanol and 0 025 M phosphate buffer, pH 6 5, (30 70) The
GCE was modified with 0 11 mg/cm? of osmium polymer, 0 18 mg/cm?
of PEG and 120 U/cm’ of tyrosmase The mobile phase flow rate was
0 8 ml/min and the working potential was -200 mV vs SCE
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In all these experiments, the mobile phase was always degassed by
sonicating for 3-5 minutes before 1t was used Also, all specified reagents

and solutions were prepared daily
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CHAPTER FOUR: CYCLIC VOLTAMMETRY




4.1. ELECTROCHEMICAL BEHAVIOUR OF THE ANALYTES

The faradaic current measured during the amperometric detection of

analytes utilising biosensors can be generated by

(1)  biocatalysis of the analyte,
() adirect reduction/oxidation of the analyte at the underlying
electrode surface,

(m1) a combmation of (1) and (1)

The operatmg conditions of amperometric biosensors are, however,
usually destgned such that the direct reduction/oxidation of the analyte(s)
on the electrode surface 1s erther non-existent or mimimized constderably
Therefore, cyclic voltammetry (CV) has been used to investigate the
electrochemical behaviour of the analytes detected m thus thesis Figure
41 shows the cyclic voltammograms of an AQ polymer-modified
platinum electrode m 98 % v/v acetonitrile, methanol, acetone, 2-butanol
and THF The CVs did not show any distinctive electrochemistry in the
absence and presence of 1 mM BTP, thus indicating that the
electrochemical behaviour of Eastman AQ 55D polymer, the organic
solvents, as well as BTP, does not interfere with biosensor responses
when operating within the potential range of +300 to -300 mV vs SCE
Similar scans obtained m the absence and presence of the mhibitors,
THU, ETU, HLA and MeSNC, m acetomtile are shown i Figure 4 2
While little or no difference was observed 1n the presence of ETU and

MeSNC, an anodic current started forming at +150 mV and -50 mV for
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Figure4 1  Cyclic voltammograms of an Eastman AQ polymer-
modified platinum electrode 1n 98 % v/v acetonitrile (A), acetone (B),
methanol (C), THF (D) and 2-butanol (E), 1n the absence ( ) and
prescence of («~+++) of 1 mM butanone peroxide E, and E, are -300 mV
and +300 mV, respectively, while the scan rate was 5 mV/s The 10 ml
reaction cell also contained 0 1 M TEATS, and was maintaned at at

20°C

122



.1?50 e A A 4 Y S 1 A A e A ‘5200 A e i A i A
41000 A 4280 04 B
47500 I 42400
+50 00 42000
; $
+2500 41600
\ N
- -
C o000 € 41200
v v
|9 [
5 -25001 Y 8000
O Q
50 00 4000
-1500 0 000
100 04 ~40 00
15— 71—~ 80 0 ——~———F——T— T
403 4020 4010 000 -010 -020 -03 4030 4020 4010 000 -010 -020 -0
Polentral /¥ Polenlial ¥V
‘2wo A A vl A r) A 4 A n e i ‘2‘00 — A i A A i A I A Al
41560 C 41200 D
4112 04 0000
468 001 1 -120 01
¢ §
424,001 -240 01
N\ N\
‘E 20 004 E 3600
v v
t :
3‘“” 3-48001
[¢) (6]
-108 04 -600 04
~152 04 -7200
-1960 -840 04
-2400 -9600

40.30 60'20‘40|0 000 '—Jlo'—otm'-o_” 400 4020 4010 000 -010 -020 -0X

Potential/V Potential ¥V

Figure 42 Cyclic voltammograms of an Eastman AQ polymer-
modified platinum electrode m the absence (—) and presence (++++4) of
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hydroxylamine (D) Other experimental conditions are as specified in
Figure 4 1
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THU and HLA, respectively This indicates that a direct oxidation of
these compounds at the platinum electrode occurs at about this potential
Therefore, potentials more positive than the stated values would be
unsuitable for their biocatalytic detection Phenol and DEDTC were then
studied with an AQ polymer-modified glassy carbon electrode in 80 %
v/v acetonttrile, acetone, THF and 2-propanol As was observed with
BTP, there was no appreciable difference in the CVs obtamned 1n the
absence and the presence of 100 uM phenol (not shown) However, the
voltammograms 1n the presence of 100 uM DEDTC (Figure 4 3) showed
an anodic current with E; at +212 mV, +160 mV, +122 mV and +155
mV 1n acetonitrile, acetone, THF and 2-propanol, respectively Thus
biocatalytic detection of DEDTC 1n these solvents 1s best done at lower
negative potential values The immobilised Eastman AQ polymer n
these solvents had noticeably “hardened” up at the end of each
experiment This effect was more pronounced in 2-butanol, and n
general 1t was more noticeable with the BTP expeniments  The
hardening of the polymer layer 1s most likely a result of the “water-

withdrawing” effects of the solvents

v
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4.2. ELECTROCHEMICAL BEHAVIOUR OF 1,1-
DIMETHYLFERROCENE

Ferrocene (bis (n’-cyclopentadienyl) won) and 1ts structural analogues
act as electron donors 1n the reduction of HRP compounds I and II

Hence they have been used as mediators mn peroxide sensors using
peroxidase as the sensing enzyme [1-3] 1,1-dimethylferrocene (DMFc),
was ntroduced as a mediator m amperometric biosensors by Cass et al

in 1984 [4] In aqueous media, DMFc 1s reversibly oxidised m a single
electron transfer reaction to yield dimethylferricinium 1on It 1s stable m
the reduced form and 1s not light-, oxygen-, or pH-sensitive Figures 4 4-
4 6 are the respective cyclic voltammograms of DMFc at the bare glassy
carbon electrode (A), HRP-modified electrode in the absence (B) and
presence (C) of BTP 1n mainly acetomtrile, methanol and acetone media

The values of the parameters, AE,, I,./I,. and diffusion coefficients as
evaluated from the cyclic voltammograms are summarised m Table 4 1

These values indicate a quast-reversible electrochemistry of DMFc¢ on
both plain and HRP-modified GCE 1n the three solvents Hence, there 1s
no sigmficant difference m the rate of charge transfer and movement of
the electroactive species [5] The peak separation, AE;, increases with
increasing potential sweep rate, while the oxidation peak potential shifts
towards more posittve values AE, and I, /I, . were 1n all cases lowest 1n
acetonitrile AE, values of the CV of DMFc at the bare GCE were larger
than those at the HRP-modified electrodes This indicates that the
DMFc, which diffused from the bulk solution into the polymer film of

the biosensor, tends to behave like a surface-bound species [6] On the
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Figure 4 4  Cyclic voltammograms of 4 mM 1,1-dimethylferrocene 1n
acetonitrile, at bare glassy carbon electrode (A), horseradish
peroxidase/Eastman AQ polymer-modified electrode in the absence of
butanone peroxide (B), and the presence of 0 5 mM butanone peroxide
(C) The numbers on the CVs are the scan rates m mV/s The
concentration of horseradish peroxidase on the electrode was 34 U/cm?

The 10 ml reaction cell also contained 0 1 M TEATS and 15 % v/v
water The experiments were performed at 20°C
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Table41  Cyclic voltammetric parameters for DMFc on bare and
HRP-modified GCE 1n acetomtrile, acetone and methanol (experimental
conditions are as in Figure 4 4)

SOLVENT BARE GCE HRP MODIFIED GCE HRP MODIFIED GCE (+
BTP)

AE, (V) Lu/ipe Dy (szls) AE, (V) [aflpe Dy (cmzls) AE;, (V) L/Te

Acetomtnle 015 080 9x10’' 0092 087 34x10" Jo10 078
Methanol 018 097 4x10’ 0095 128 11x10"™ |Jo1s 131
Acetone 018 082 8x10’ 0100 120 12x10°% 019 114

a AE, and I, /I, . values were evaluated from data obtamed at a scan rate
of 10 mV/s

other hand, the CV of DMFc on the bare GCE 1s as expected for a
diffusion controlled electrochemical reaction In the presence of BTP,
the AE,'s for HRP-modified GCEs approach those calculated for the bare
GCE This behaviour 1s attributed to the influence of the diffusion
charactenisics of BTP 1n the various organic solvents on the

electrochemustry of the system

Greet et al [7] reported that for a quasi-reversible electrochemical

reaction, the plot of I vs v'? 1s characterized by a transition from a

reversible (at low v) to an ureversible (at high v) reaction profile,
passing through a quasi-reversible region (at intermediate v) Hence, I,

shows a linear relationship with v at low and high potential sweep
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rates, the two linear zones being separated by an inflection region at
intermediate scan rates Accordingly, the theory of reversible kietics
was applied to DMFc electrochemustry at relatively low scan rates of 10-
100 mV/s The diffusion coefficient, Dy, of DMFc¢ was evaluated from
linear plots of I, against v'? by applying the Randles-Sevcik equation
[7.8]

I,= 2 69 x 10°n*?Dy*Cpy v @1

where n 1s the number of electrons transferred during the redox reaction,
Dy 1s the diffusion coefficient of the elecroactive substance (cm?/s), Cy
1s the concentratton of the electroactive substance (mol/l), and v 1s the
potential scan rate (mV/s) At the bare GCE, the Dy values of DMFc¢ 1n
acetomtrile, methanol and acetone were 9x107, 4x10” and 8x107 cm?s,
respectively The corresponding values for the HRP-modified electrode
were 3 4x10"°  11x10"" and 12x10"° cm?s, respectively The
difference between the two sets of Dy values (1 e the difference between
Dy obtained at the bare and HRP-modified GCE 1n each solvent)
descnbes the solvent-dependent diffusion ability of DMFc¢ within the
enzyme layer The Dy results imply that the rate of electron transfer was
highest in acetonitrile
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4.3. CATALYTIC BEHAVIOUR OF THE BIOSENSORS

4.3.1 HORSERADISH PROXIDASE-MODIFIED ELECTRODE

Figure 4 7 shows the CVs of DMFc at the peroxidase-modified electrode
in the absence (I) and presence (I) of BTP The polarographic wave m
the absence of BTP depends on the diffusion of DMFc to the electrode
(I, increases with v'?) Hence the peak cathodic current 1s a diffusion
controlled current, Iy In the presence of BTP, the current 1s controlled by
the enzyme kinetics at the steady state Hence the peak cathodic current
in this case 1s kinetically controlled current, or catalytic current The
catalytic current, I;,was measured at the optimal cathodic peak potential,
E,c, the value of which depends on the solvent medium E,. values
1n acetontrile, methanol and acetone were 015 V, 013 Vand 032 V,
respectively The I, for the peroxide sensor in acetone (6 8 pA) was
greater by a factor of 2 5 than 1 acetomtrile (2 69 pA) and methanol
(2 60 pA), thus implying that the sensor showed a better response n
acetone compared to methanol or acetomtrle It 1s known that for a
biosensor the ratio of the catalytic current to the diffusion controlled
current, I;/I3, may be taken as a measure of catalytic efficiency [9-11]
The 1,/14 evaluated 1n this study were 3 57, 2 58 and 2 93 for acetonitrile,
methanol and acetone, respectively There 1s a good correlation between
the I;/I4 values and the diffusion coefficient values obtamed for DMFc at
the bare and HRP-modified GCE as shown in Table 4 1, 1n that the I./I4

of the biosensor increases as the Dy of DMF¢ mcreases
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Figure 47 Cyclic voltammograms of 4 mM 1,1-dimethylferrocene on
a horseradish peroxidase/Eastman AQ polymer-modified electrode m
acetonitrile (A), methanol (B) and acetone (C) in the absence (I) and 1n
the presence (II) of 1 mM butanone peroxide The concentration of
horseradish peroxidase on the electrode was 34 U/cm? E, and E, were 0
mV and 500 mV, respectively, while the scan rate was 5 mV/s The 10
ml reaction cell also contained 1 5 % v/v water and 0 1 M TEATS

133



In a separate study, HRP was immobilized by adsorption on GCE and
the values of Ii/Iy of the biosensor when ferrocenemethanol (MetFc),
ferrocenemonocarboxylic acid (FMCA) and DMFc¢ were employed as
electron transfer mediators was evaluated The values shown in Table 4 2
mdicate that the catalytic efficiency of the biosensor with MetFc (3 3) 1s
147 % and 50 % greater than in FMCA (28) and DMFc (17),
respectively, thus implying that HRP undergoes a considerably more
efficient electron transfer with MetFc m a mamly acetomtrile medium

than with FMCA and DMFC

Table 42 A comparson of the catalytic performance of the biosensor
1n detecting butanone peroxide, thiourea and ethylenethiourea when 0 S
mM MetFc, FMCA and DMFc are utilised as soluble electron transfer
mediators Experimental conditions are 98 % v/v acetomtrile, 0 1 M
TEATS, horseradish peroxidase, 68 U/cm® mmmobilised by adsorption
on GCE, E, for 1,1-dimethylferrocene experiments was 0 mV while E;
was 500 mV These parameters were +200 mV and +600 mV,
respectively for MetFc and FMCA experiments A voltage scan rate of 5
mV/s was used 1n all experiments

Mediator Butanone Ethylenethiourea, | Thiourea,
peroxide, Al (%) Al (%)
/14

Ferrocenemethanol 33 +30 -15

Ferrocenemonocarboxylic | 2 8 + 45 -12

acd

1,1-dimethylferrocene 17 +51 -20
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4.3.1.1. THIOUREA AND ETHYLENETHIOUREA INHIBITION
STUDIES

The inhibitory effects of THU on the HRP-generated catalytic current
are shown m Figure 4 8 In the presence of 1 mM THU, the I; of the
brosensor 1n acetomtrile, methanol and acetone decreased by factors of
202, 121 and 4 80, respectively Conversely, Figure 4 9 shows that in
the presence of 1 mM ETU, I, mcreased by factors of 199, 138, and
1 14, respectively, thus implying that when DMFc¢ 1s employed as an
electron mediator, ETU acts as a co-substrate for HRP rather than as an
mhibitor 1n the these solvents Similar observations were made for ETU
(acting as a co-substrate) and THU (being an inhibitor) when MetFc and
FMCA were utilised as mediators as shown 1n Table 4 2 The greatest
percentage change mn Iy for both THU and ETU was observed with
DMFc¢

4.3.2. TYROSINASE-MODIFIED ELECTRODE

The electrochemical behaviour of the tyrosmase-based phenol sensor
was studied 1n oxygen-saturated 0 05 M phosphate buffer, pH 7 05, as
well as 1n acetone, acetomitrile, THF, 2-propanol and 2-butanol
contamning 20 % v/v water In the phosphate buffer experiments, the
enzyme was immobilised onto the GCE with glutaraldehyde because of
the nstability of AQ polymer in aqueous media The biosensor did not

show any distinct electrochemistry 1n these solvents 1n the absence of
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phenol However, 1n the presence of 100 uM phenol, I starts forming at
+100 mV vs SCE, as shown mn Figure 4 10 The observed current 1s
attributed to the reduction of benzoquinone formed by the enzymatic
action of tyrosinase on phenol Iy observed for the reduction of phenol 1n
phosphate buffer and THF did not show a maxumuin value within the
potential range studied However, 1t reached a maximum value at -200, -
150, -120 and -45 mV 1n acetonitrile, acetone, 2-propanol and 2-butanol,
respectively Plots of the loganthm of the I, density against potential (1 e
Tafel plot) in these solvents were linear, indicating completely
wureversible kinetics This implies that the anodic process contributed less
than 1 % of Iy [12] Therefore the observed Iy resulted from the reduction
of catalytically formed benzoqumone at the underlying GCE Cooper and
Hall [13] have previously reported that the reduction of benzoquinone
starts at about +100 mV The values Iy and Iy were obtamned by
measuring the respective currents at -150 mV vs SCE (except in 2-
butanol, in which they were measured at -45 mV) Table 4 3 shows the
values of Ii/Iy in the utilised reaction media Hence, the catalytic
efficiency of the biosensor m detecting phenol was highest 1n acetone,
and least in THF Also, the efficiency of the biosensor in detecting
phenol 1n the organic solvents increased by factors of 4 1 (acetone), 3 0
(acetonitrile), 25 (2-propanol) and 11 (2-butanol) over that of the

aqueous medrum
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Figure 4 10 Cyclic voltammograms of tyrosinase/Eastman AQ

polymer-modified electrode m 0 05 M phosphate buffer, pH 7 05 (A),
acetone (B), acetonitrile (C), 2-propanol (D), THF (E) and 2-butanol (F),
containing 20 % v/v water, n the absence (I), and presence (II) of 100
pM phenol The concentration of tyrosinase on the electrode was 170
Ulem® E, and E, were -300 mV and +300 mV, respectively, while the
potential scan rate was S mV/s The 10 ml reaction cell also contained
0 1 M TEATS and was maintamned at 20°C for all experiments
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Table 43 A companison of the catalytic performance of the phenol
sensor 1n several reaction media Experimental conditions are as in
Figure 4 10

SOLVENT /14
acetone 344
acetomtrile 260
2-propanol 220
2-butanol 91
phosphate buffer 88
THF 77

4.3.2.1. DIETHYLDITHIOCARBAMATE INHIBITION

Figure 4 11 shows the effects of DEDTC inhibition on the enzyme-
generated I, 1n acetonitrile, acetone, THF, 2-propanol and 2-butanol The
respective percentage decrease in I, measured at -100 mV (except m
acetone which was measured at -60 mV) are 57, 41, 42, 27 and 19 %
These values predict that at the stated potential(s), DEDTC inhibition
will be highest 1n acetomtrile and lowest 1n 2-butanol In addition to its
pesticidal apphications, DEDTC 1s also used as a chelating agent 1n the
determination of metal 10ns by UV spectrophotometry [14-16] However,
a major drawback of this analytical method 1s that DEDTC-metal
complexes are water insoluble Hence, a solvent extraction step 1s

usually required Figure 4 12 shows the inhibitory effect of DEDTC-

140




Currentl /uA

Current/uA

I/' \\‘_ _/
//’ /7/*
g -
g
Il
w020 010 000 oW 020 0

Polentigl /V

11

6 300 *— - - 46 300
45120
h 0 A
=~ 439404
3940 N
2760 I < 1760
+1500 /,/ "é { 11580
0400 /// I § 404007
- -+
0780 =7 8 0700
1960 19604
340 3140
4320 4320
500+
5500
030 020 4010 000 010 070 030 +030
Potentiol /V
+5 600
4560
44690
44900 C
+3780
44200
+2 870
+3500 «
S 41960
42800 S
£ 41050
421004 !
& 40140
41400 (3
-07704
40700
000 -1 6801
0 0004
II -2 5901
-0 700
-3500
=1 4004 —
4030 4020 4010 000  -010 D20 030 +030
Potentiol/V
4000 4t — S
43500 E 3
43 000+
42 500
42000
41500
+3 000
40500
00001 II
-05004
1000 F——=—
4030 4020 4010 000  -Dp10 -020 030
Potential /V
Figure 4 11 Cyclic  voltammograms

141

4020 4010

Potential /V

000

010 -0120

-030

of tyrosinase/Eastman AQ
polymer-modified electrode in acetonitrile (A), acetone (B), 2-propanol

(C), THF (D) and 2-butanol (E) 1n the presence of 50 uM catechol (I)
and on addition of 10 puM diethyldithiocarbamate (II) Other
experimental conditions are as specified 1n Figure 4 10




lead(I) complex on Iy Simular scans (not shown) were obtained with
DEDTC-mckel(Il), DEDTC-mercury(ll), DEDTC-arsemuc(Il) and
DEDTC-cobalt(Il) complexes This prelimimnary study mdicates the
possibility of having an organic phase tyrosinase-based biosensor as a

detection system for HPLC analysis of these metals
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Figure 4 12 Cyclic voltammograms of tyrosmnase/Eastman AQ
polymer-modified electrode 1n acetomtrile in the presence of 100 mM
catechol (I) and on addition of 50 ppm diethyldithiocarbamate-lead
complex (II) Other expertmentals conditions are as in Figure 4 10
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4.4. CONCLUSIONS

Cyclic voltammetry results, as obtamned with the bare glassy carbon
electrodes and HRP-modified electrodes, shows that the electrochemistry
of the mediator (DMFc) varies with the organic solvents used
Significant differences 1 electrochemical parameters such as the redox
peak potentials and electron transfer rates were observed There were
also changes in the reversibility of the DMFc¢ reduction/oxidation
processes, which was more noticeable in acetone at a scan rate of 5 mV/s
(Figure 4 7C) Smmular changes 1n reversibility were observed 1n
acetonitrile and methanol at lower scan rates 16 < 5 mV/s This
behaviour suggests that the a considerable amount of the oxidised form
of DMFc 1s used up or depleted as 1t 1s being formed This may be as a
result of adsorption onto GCE or side-reactions between these species
and the organic solvents, BTP or the electrolyte However, at higher scan
rates, the voltage scan 1s rapid compared to the rate of the “side-
reaction”, therefore the CVs are identical to those for uncomplicated
charge transfer [17] The catalytic performance of the HRP-modified
electrodes, 1n detecting peroxide and the inhibiting compounds was
dependent on the electron transfer mediator employed However, while
thiourea displayed 1nhibitory abilities, ethylenethiourea acted as
cosubstrate for the ferrocene-based peroxide biosensors This suggests
the possibility of different reaction mechamisms for HRP mhibition by
ETU and THU Also, 1t shows that the mediator can play a significant
role in the mnhibitory process, since the inhibitton of HRP by these
compounds had previously been reported [18] Nonetheless, the chemical

structure of ferrocenes, allows for the synthesis of a wide vanety of
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analogues that can be designed to suit a particular organic medium as
well as the enzymatic applications The catalytic performance of both the
peroxide and phenol biosensors vanied with the organic solvents utilised
This shows that the physico-chemical properties of these solvents play an
important role m the extent of biocatalysis While the catalytic
performance of the HRP-modified electrode tn detecting BTP and THU
in the organic solvents followed the same trend, there was no correlation
between the biosensor detection of phenol and DEDTC, thus suggesting
that the rate of diffusion of the analytes to the electrode surface 1s not the
sole determmnant of the biosensor performance In conclusion, these
studies indicate the need for a careful choice of solvent medium,
electron-mediating compound and simple immobilisation techmque to
develop sufficiently selective and sensitive enzyme-based biosensors for

analytes acting as enzyme substrate or inhibitor
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CHAPTER FIVE: FIXED-POTENTIAL TECHNIQUES




5.1, STEADY-STATE AMPEROMETRY

5.1.1. PEROXIDE BIOSENSOR

The mediating compound m a biosensor 1s usually co-immobilised with
the enzyme on the electrode surface or added as a soluble component of
the reaction media A major problem with the immobilisation of
mediators 1s their tendency to leach from the enzyme layer The resultmg
uncertainties 1n the concentration of the mediator makes 1t difficult to
investigate the biosensor response as a function of the concentration of
the mediator Also, 1t makes theoretical analysis and discussions of the
biosensor’s kinetic features difficult [1] Hence, the preference for

soluble mediator-based biosensors

Three major types of OPEEs (on the basis of the type of mediation) have
been developed for the detection of butanone peroxide In the first two,
o-phenylenediamine and 1,1-dimethylferrocene were each employed as
soluble electron transfer mediators The third OPEE was a “reagentless”
HRP-modified platmum electrode, which functioned by direct electron
transfer between the enzyme redox centre and the platinum surface o-
Phenylenediamine 1s a hydrophilic compound, and 1s generally classified
as a “hydrogen donor” type of mediator The reaction mechanism for an

0-PEDA-based biosensor can be summarnised as
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AH»>
H,0 >< Peroxidase (0x)
H,02 Peroxidase (red) AH .-
where AH, represents o-phenylenediamine The peroxidase reduces
hydrogen peroxide to water, then o-phenylenediamine, while reducing
the oxidised peroxidase, 1s 1tself oxidised by loss of a hydrogen atom to
form a free radical The free radical finally undergoes oxidation at the
electrode surface to 1ts original form, ready for another catalytic cycle In

contrast, DMFc 1s hydrophobic and 1s classified as an “electron donor”

type of mediator The reaction mechanism of a DMFc-based biosensor 1s

described by the scheme
DMEc
HyO Peroxidase (0X)
Hy02 Peroxidase (red) DMFet e
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5.1.1.1. o0-PHENYLENEDIAMINE-BASED PEROXIDE BIOSENSOR

0-PEDA has recently become one of the mediators of choice for
amperometric peroxidase sensors Its mediating abilities, when co-
immobilised with the enzyme as well as 1n 1ts soluble forms, has been
well documented for organic-phase detection of peroxides [2-5] In all
experiments, 0-PEDA remained stable 1n both 1ts oxidised and reduced
states under normal operating conditions In addition, 1t exhibited fast
reaction kinetics with peroxidase and the electrode, such that 95 % of the
steady-state signals were achieved within 8 + 2 seconds at all times A
typical peroxide response trace, 1€ current vs time, s shown in Figure
5 1 for an Eastman AQ polymer/HRP-modified platmum electrode with
0-PEDA as a mediator From response traces such as this, the steady-
state current response at various BTP concentrations have been
determined The measured steady-state currents of this biosensor (and 1n
the rest of the study) were analysed by non-linear least square curve
fitting to the Michaelis-Menten equation with a Sigma plot computer

programme

5.1.1.1.1. Effect of o0-PEDA concentration on biosensor
performance

Figure 52 shows the calibration curves for BTP at different
concentrations of the mediator A linear response to BTP concentration

up to 1 mM was observed throughout The catalytic Ina/Knm and the K,
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Figure 51  Current-time responses of the o-phenylenediamine-based
peroxide sensor 1 98 % v/v acetomtrile contamming 0 1 M TEATS and
0 5 mM o-PEDA to successive additions of 0 1 mM butanone peroxide
aliquots to the 20 ml reaction cell The sensor was a Eastman AQ
polymer/HRP-modified electrode The concentration of HRP on the
electrode was 20 U/cm® and the working potential was -250 mV versus
SCE
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Figure 52  Calibration curves for butanone peroxide at 0 (A), 025
(B), 050 (C), 075 (D), and 1 (E) mM o-phenylenediamme
concentrations, respectively The responses were obtamned with an
Eastman AQ polymer/HRP-modified platinum electrode in acetonutrile-
phosphate buffer (982 % v/v) contaming 01 M TEATS Other
experimental conditions are as described in Figure 5 1 K, was 2 9,27,
39 and 55 mM respectively, and catalytic efficiency was 37, 48, 28

and 2 0 uA/mM cm?, respectively
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values obtained were used a measure of the sensor performance At o-
phenylenediamine concentrations of 025, 050, 075 and 1 0 mM the
corresponding K., values obtamed were 29,2 7, 3 9 and 5 5 mM/cm? and
I.o/K, values were 37, 48, 28 and 20 pA/mM cm?, respectively

Analyses of these values and the calibration curves (Figure 5 2) show
that the optimal sensor performance was obtaned when o-
phenylenediamine concentration 1s 0 50 mM Above 1 mM mediator
concentration, there was no significant difference in the magnitude of
biosensor response to additions of 1 mM BTP as shown in Figure 5 3
However, further experniments were carmed out with the optimal mediator

concentration, 1¢ 0 50 mM o-PEDA

5.1.1.1.2. Effect of water concentration on biosensor performance

Figure 54 shows mcreased biosensor responses to BTP as the water
concentration of the reaction medium was mcreased from 0 to 3 % v/v
As discussed 1n section 1.2.1.1., peroxidase, and indeed most enzymes,
are known to require added water for activity 1n non-aqueous solvents
Hence, enzymatic activity in non-aqueous media increases as the amount
of added water increases However, the munimal amount of water
required for activity vanies from one enzyme to the other The mimimal
water concentration required for thts peroxide biosensor was 0 % v/v as
shown 1n Figure 5 4 This 1s because the HRP-based sensor responds to
BTP 1n the absence of added water However, the catalytic performance
(evaluated from the I,,.,/K,,’ values) of the biosensor on changing from
100 % acetonitrile to acetonitrile containing 3 % water mcreased by a

factor of 13
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Figure 53  Responses of the Eastman AQ polymer/HRP-modified
platinum electrode to additions of 1 mM butanone peroxide at different
o-phenylenediamme concentrations Experimental conditions are as m
Figure 5 2

5.1.1.1.3.  Effect of electrode potential on biosensor performance

Figure 5 5 shows the calibration curves obtained for BTP concentrations
at different electrode potential values At less negative potentials (1e as
the potential approaches zero), decreases 1n the sensor responses were
observed Conversely, as the potential was decreased to -400 mV,

increases In the biosensor responses were observed This trend 1s 1n
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agreement with the redox potential values suggested for HRP and 1ts
intermediate compounds 1n other studies For instance, Durhat et al [6],
using thin layer spectroelectrochemustry, predicted that the redox
potential range for HRP-I, HRP-II and HRP-III at a pH of 7 2, 1s 1n the
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Figure 54  Calibration curves for butanone peroxide at 0 % (A), 1 %
(B), 15% (C), 2 % (D), 25 % (E) and 3 % (F) water concentrations,
respectively, 0-PEDA concentration was 0 5 mM Other conditions are
as described 1n Figure 5 2 The respective K.’ values were 99, 113, 4 5,
59,35, and 6 3 mM, while I,,,, values were 25,52,85,105, 129, and

20 4 pA/cm?, respectively
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Figure 55  Calibration curves for butanone peroxide at -200 mV (4A),

-250 mV (B), -300 mV (C), -350 mV (D), and -400 mV (E) Other
conditions as 1n Figures 52 and 5 4
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region of 150 mV to -500 mV In a simular way, Deng and Dong [7]
using the same techmique, showed that at pH 7 0, the reduction of HRP
begins at -400 mV reaching an equilibrium at -700 mV However, 1n
order to avoid interference as a result of oxygen reduction at higher
negative potentials, the working electrode was polarised at -250 mV

versus SCE 1n all subsequent experiments

5.1.1.1.4. Effects of nature of organic solvents on biosensor
performance

The amperometric responses of the AQ polymer/HRP-modified platinum
electrode towards BTP 1n inethanol, acetomtrile, acetone, 2-butanol and
THF are shown 1n Figure 5 6 The biosensor sensitivities (slopes of the
plots) were evaluated as 26, 38,67, 01 and 4 6 nA/ cm’ mM m the
solvents as listed above, respectively (see Table 51) The highest
sensitivity was therefore found 1n acetone and the least m 2-butanol
These results were obtained 1n reaction media containing 98 % v/v of the
respective organic solvent Ryu and Dordick [8] reported that m
water/polar solvent mixtures, a solvent content greater than 90% v/v
alters the transition-state structure and active-site microenviroment of
HRP duning phenolic oxidations This decreases enzymatic activity,
which m turn lowers the sensor sensitivity This form of solvent effect on
the active site structure 1s expected to increase as the polarity of the
solvent increases In terms of polarity, the solvents m this study were
rated as methanol > 2-butanol > acetonitrile > acetone > THF, such that
the greatest solvent effect and hence least biosensor sensitivity, would be

expected 1n methanol Conversely, the least solvent effect and
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Figure 5 6 Calibration curves for successtve 0 1 mM BTP additions in
methanol (A), acetonitrile (B), THF (C), acetone (D) and 2-butanol
(insef) The Eastman AQ polymer/HRP-modified platinum electrode was
polansed at -250 mV vs SCE The solvents contained 15 % v/v water,

0 1 M TEATS and 0 5 mM o-PEDA
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subsequently the highest sensitivity 1s expected in THF This does not
correlate with the observed sensitivities As discussed 1n section 1.2.1.1.,
the sensitivity of an orgamc-phase biosensor 1s influenced by the polanty
of the organic medium as well as 1ts other physical properties such as
kinematic viscosity and dielectric constant The kinematic viscosity
influences the diffusion and partition coefficients of the reacting species
(1e the substrate and mediator) across and within the immobilised
enzyme layer The dielectric constant 1s a measure of relative permitivity
and governs the ability of solvents to weaken electrostatic forces around
the substrate and the enzyme's charged and polar active site In a recent
study, Iwuoha et al [9] showed that there was a correlation between the
diffusion coefficient of solvated glucose molecules and the dielectric
constant of some polar organic solvents A low kinematic viscosity and
high dielectnic constant would be expected to favour high
diffusion/partition coefficients which results m better sensor sensitivity
Acetone has a lower kinematic viscosity and higher dielectric constant
than THF, while methanol has a much lower kinematic viscosity than 2-
butanol, hence the trend observed with the sensiivities Simularly, the
frictional force of resistance (R;) exerted on the reactant molecule by the
solvent medium could be used to explain the sensitivity trend The
frictional force 1s the product of the frictional coefficient of the reactant

(f) and the velocity of the reactant (v) in the solvent medium 1 e

R, =fv (5.1)

where f = kT/D The quantity kT 1s a measure of the kinetic energy of the

reactant, k being the Boltzmann constant and T the temperature n
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degrees Kelvin D 1s the diffusion coefficient of the reactant in the
solvent However, fromn Stokes law, f 1s directly proportional to the
absolute viscosity, n, and v 1s dependent on the dielectric constant, €
[10] The function 1/en has therefore been used as a measure of the
frictional force of resistance exerted on the reactants by the solvents The
higher the 1/en value the lower the frictional effect of the solvents on the
substrate Thus would bring about higher diffusibility of the substrate,
thereby resulting 1n greater sensor sensitivity The results show a positive
correlation between 1/en of the solvents and the sensor performances n
methanol, acetone, acetomtrile and 2-butanol (see Table 5 1) 1/en also
followed the same trend as the log P (an indication of solvent
hydrophobicity) values [11] for all the solvents except 2-butanol The
correlation between the physical properties of solvents (including
kinematic viscosity and dielectric constant [12]) and the evaluated

kinetic parameters are presented 1n Table S 1
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Table51  The values of the physical properties of the organic
solvents, and the kinetic parameters for BTP detection with a HRP-
modified platinum electrode 1n the organic solvents

Parameters Methanol | Acetone | Acetonitrile | 2-butanol | THF

“Dielectric 326 207 375 158 76
constant,e

(25°C)

’Kinematic | 075 038 0 46 522 051
viscosity xlOz,

cm’/s

Sensitivity, 26 67 38 01 46
pA/em? , mM

Kyn's mM 287 102 71 73 59
Lnas, pA/cm® | 751 719 311 07 317
(lem) x10%, |55 152 72 15 239
(mPas)’

‘log P 077 -0 24 -0 34 088 046

a The dielectric constant of solvents at 25°C are those reported 1n
reference [12], b kinematic viscosity was calculated from absolute
viscosity and denstty of pure solvents at 25°C as given 1n reference [12],
¢ log P values as reported by Laane et a/ in reference [11]
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S.1.1.2. DMFc-BASED PEROXIDE SENSOR

In the previous chapter DMFc was shown to be capable of acting as a
mediator m HRP-based orgamic-phase biosensors  Steady-state
amperometry has been used to determine optimal DMFc¢ concentrations
and subsequently calibration curves for BTP detection in acetomtrile,
methanol and acetone The time required to reach 95 % of the steady-
state signals was m the range of 12 £ 2 seconds m all experiments This
1s very similar to the observed response tune with the o-PEDA-based
sensor, indicating that DMFc also exhibits fast reaction kinetics with
HRP and the electrode Figure 57 shows the current-time recordings
obtamed with the biosensor upon successive additions of 0 1 mM of BTP

m acetonitrile

5.1.1.2.1.  Optimisation of DMFc concentration

Figure 58 shows the effect of DMFc¢ concentration on the sensor

response to 1 mM BTP 1n acetomtrile The apparent Michaelis-Menten
constant for DMFc, Ky’ pmrc, was 21 mM There was no significant

increase 1n the biosensor response at DMFc concentrations > 3 75 mM
This imples that at these concentrations, the sensor’s response to BTP 1s
operating under enzyme kinetic-limited conditions Therefore, the

steady-state current described by the equation {1]

Iss = Imax/{(Km BTP/(I[BTP]) + (Km DMFdB [DMFC]) + 1} (5.2)
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Figure 57  Current-time resonses for the peroxide sensor in 98 5 %
acetonitrile containing 4 mM 1, 1-dimethylferrocene and 0 1 M TEATS
to succesive additions of 0 1 mM butanone peroxide aliquots to the 20
ml reaction cell The sensor was a Eastman AQ polymer/HRP-modified
electrode The concentration of HRP on the electrode was 20 U/cm? and
the working potential was +110 mV versus SCE
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can be rearranged to
1/Iss = (Km' BTP/Imax[BTP]) + (l/Imax) (5 3)

Equation 5 3 1s a linear form of the Michaelis-Menten equation, and «
and B are the partition coefficients for butanone peroxide and the
mediator, respectively The apparent K., for BTP 1s defined as K /o In

order to induce this conditions, DMFc concentration of 4 mM was used

1n all experiments

Current pA/cm?

[DMFec] mM

Figure 58 A plot of the response of an Eastman AQ
polymer/peroxidase-modified electrode to 1 mM BTP with increasing
1,1-dimethylferrocene concentrations Experiment was performed m 98 5

% viv acetomtrile contaning 01 M TEATS Other experimental
conditions are as described in Figure 5 7
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5.1.1.2.2.  Effect of the working potential on the biosensor response

Figure 5 9 shows the responses of the biosensor to 1 mM BTP at several
applied potentials At potentials between 60 mV and 150 mV the was no
signficant differences in the biosensor responses However, as the
potential increased beyond 180 mV, a dramatic reduction 1n the response
of the biosensor was observed This profile reflects the reductive
detection of the oxidised form of the mediating compound 1e
dimethylferncimium 10on A potential of 110 mV gave the most favourable
signal to noise characteristics and background current, and was therefore

used 1n all subsequent experiments
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Figure 59  Plot of sensor response to 1 mM butanone peroxide as the
polarisation potential mcreases from 60 mV to 230 mV Other
expermmental conditions are as in Figure 5 7
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5.1.1.2.3.  Effects of organic solvents on the biosensor response

Figure 510 shows the dependence of the steady-state amperometric
response of the biosensor to BTP on the operating solvent medium As
expected for biocatalytic reactions, the mmtial steady-state currents
increased linearly with BTP concentration, and then levels off at higher
BTP concentrations The linear limits for BTP detection 1n acetone,
acetonitrile and methanol Iwas 02 mM, 05 mM and 04 mM,
respectively The values of I.y, Kn' and the sensitivities (In./Ky') of the
DMFc-based biosensor 1n acetontrile, methanol and acetone are given m
Table 5 2 The hughest sensitivity was observed 1n the least polar solvent
used 1n the study, acetone However, 1n contrast to the trend observed
with the o-PEDA-based biosensor, the lowest sensitivity was
acetomtrile This indicates that other effects, which are dependent on
DMFc¢ charactenistics such as steric bulk, electromic effects and
hydrophobicity are present These factors complicate the enzyme-

mediator free energy dependency and its interpretation

Table 52  Sensitivity and kinetic parameters for butanone peroxide
detection with a Eastman AQ polymer/HRP-modified electrode m 98 5
% v/v acetone, acetomtrile and methanol containing 0 1 M TEATS and 4
mM DMFc Other experimental conditions are as 1n Figure 5 10

Solvents K., mM | L.y p.A!cm2 Lnay/Kn's HA/mM cm?

Acetone 05 213 42 6
Acetonitrile |5 5 565 103
Methanol 29 44 5 153
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The sensitivity of the DMFc¢ based peroxide sensor, when compared to
the o-PEDA-based sensor had increased by factors of 63,2 7 and 5 8 1n
acetone, acetomtrile and methanol, respectively In section 4.2, the
electrochemical behaviour of DMFc 1n the presence of BTP was shown
(CV studies) to be similar to that of surface-bound species This implies
favourable Eastman AQ-polymer/DMFc interactions thus leading to the
preconcentration of DMFc¢ 1nto the immobilised enzyme layer Also,
because of the hydrophobic nature of both DMFc and the Eastman AQ
polymer, BTP, which 1s also hydrophobic, partitions easily mto the
enzyme layer The result 1s a lower K,," and higher sensitivity values as

observed with these sensor relative to those of the 0-PEDA-based sensor
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Figure 5 10 Calibration curves for butanone peroxide in 98 5 % v/v
acetonitnle (A), methanol (B) and acetone (C) The respective
sensitivities are 6 1, 227 and 78 pA/mM cm® Other experimental
conditions are as in Figure 5 7
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5.1.1.3. “REAGENTLESS” PEROXIDE BIOSENSOR

Direct electron transfer between HRP and a bare electrode surface (thus
obwviating the need for mediators) was first reported for a carbon paste
electrode by Yaropolov et al [13] Similar results have since been
reported for HRP immobilised by adsorption on spectographic graphite
and pyrolytic graphite electrodes, electropolymerisation on platinum
electrodes, entrapment on graphite epoxy resin electrode, and by
adsorption on platiuised carbon paste electrodes [14-17] Figure 5 11
shows the current vs time plots obtamed with a reagentless Eastman AQ-
polymer/HRP-mod:ified platinum electrode for successive additions of 2
mM BTP The response time was < 20 seconds 1n all experiments, again
indicating fast reaction kinetics The interaction between the enzyme
active site and the platinum electrode 1s believed to be possible, because
the active site in HRP (unlike m most redox enzymes) 1s not m 1its centre,
but 1s positioned at some distance close to the outer surface of the HRP
molecule This distance 1s low enough to allow a reaction between the
active site and the electrode surface [18] The exact reaction mechanism
between platinum and the heme active site 1s still not fully understood
However, other metals such as ruthenium, palladium and tin oxide are
also known to exhibit simlar effects on peroxidases The calibration
curves of the biosensor responses to BTP 1n acetonitrile and methanol 1s
shown m Figure 5 12 A linear response was obtamned up to 10 mM m
acetonitrile and 8 mM 1 methanol This 1s an improvement over the
previously reported hinearity up to 0 5 mM peroxide concentrations
obtained with HRP-modified platinised carbon paste electrodes [14] The

mcrease 1 both response and lineanity may be attributed to rapid
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electron transfer rate between the HRP active site and platinum surface

K, values were 19 9 and 9 9 mM

Figure 5 11 The current-time responses of the peroxide sensor 1n 98 %
v/v acetonmtrile containing 0 1 M TEATS, to successive additions of 2
mM butanone peroxide ahiquots to the reaction cell The biosensor was a
reagentless Eastman AQ })olymer/HRP-modlﬁed platmum electrode
HRP loading was 20 U/cm” and the working electrode was polarised at
-250 mV vs SCE
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Also, I.. values were 180 and 447 pA/cm® m acetomtnle and
methanol, respectively Therefore, the catalytic performance (Ipa/Ke') of
the brosensor was 2 2 1n acetonitrile and 1 8 in methanol These values,
when compared to those of the 0-PEDA and DMFc-based sensors, imply
that there 1s no significant difference m the catalytic performance of this
biosensor 1n the two solvents This suggests that the differences m the
catalytic performance as observed with the o-PEDA and DMFc-based
blosensors to a sigmificant extent 1s a result of the diffusion
charactenistics of the respective soluble mediators vis-a-vis that of BTP

1n the organic solvents

Figure 5 13 shows the effect of the working potential on the reagentless
brosensor It indicates that the sensor response to 20 mM BTP increased
by a factor of 8 when the potential 1s decreased from 0 mV to -300 mV
This behaviour 1s similar to the effect of electrode potential on the
response of the o-PEDA-based peroxide sensor However, to avoid
interference from oxygen reduction at more negative potentials the

workmg electrode was polansed at -0 25 V for all experiments
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Figure 5 12 Calibration curves for butanone peroxide in methanol (A)
and acetonitrile (B) The biosensor was a reagentless AQ polymer/HRP-
modified platinum electrode 1n a solution contamning 0 1 M TEATS and
2 % v/v water Other experimental conditions are as in Figure S 11 The
catalytic performance 1s 18 and 22 1n methanol and acetonitrle,
respectively
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Figure 513 Profile of the response of the reagentless AQ
polymer/HRP-modified platinum electrode to 20 mM butanone peroxide
as the working potential ts decreased from 0 to -300 mV 1n acetonutrile
Other operating conditions are as Figure 5 11

5.1.2. PHENOL BIOSENSOR

The steady-state current responses of the biosensor in the presence of
phenol was monitored at -150 mV 1n air-saturated solutions of 80 % v/v
acetomtrile, acetone and tetrahydrofuran Figure 5 14 shows the time
responses of the sensor additions of 10 uM phenol The sensor exhibited
fast responses to phenol, such that 95 % of the steady-state signals were
attamned m 25 = 5 seconds m all solvents However, the size of the signal

1s large for less hydrophobic acetone (log P = -0 23) and acetonitrle (log
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P = -033) On the other hand, the sensor gave very small signals in
tetrahydrofuran, which 1s a solvent that has a positive log P value

The calibration curves of the phenol sensor are shown n Figure 5 15

The sensor exhubits a very laige linear range in THF 1n spite of the low
current output 1n this medium compared to acetomtnile and acetone The
linear ranges are >110 uM, 55 uM and <40 uM 1n THF, acetone and
acetonitrile, respectively The highest biosensor response to phenol was
mn acetone followed by acetorutrile and then THF This trend correlates
with that predicted by the CV results The calibration currents were
measured with a Eastman AQ polymer/tyrosinase-modified platinuin
disk electrode rotating at 1500 rpm A rotating disk profile was applied
because, for a diffusion controlled current, the current should mcrease as
the rotation speed of the electrode increases provided that the
electroactive species 1n this case o-benzoquinone, 1s not lost to the bulk
of the solution At the rotation speed of this experiment, the loss of
benzoqumone 1s insignificant This 1s because the catalytic current
increases as the electrode rotation speed 1s stepped up fromm 0 to 3000
rpm Electrochemical Michaelis -Menten kinetics has been employed 1n
the analysis of the steady-state currents obtained with the sensor in the
different reaction media I, and K,', for the systems are shown in
Table 53 These results show that the phenol sensor 1s about five times
more sensitive 1n acetontrile and acetone than in THF The sensitivities
of the tyrosinase electrode 1n acetomtrile and acetone do show a positive

correlation with both their log P and 1/en values
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Figure 5 14 Current-time responses of the amperometric phenol sensor
in 80 % v/iv (A), acetone, (B) acetomtrile, (C) tetrahydrofuran
containing 0 1 M TEATS to additions of 10 uM phenol aliquots to the 10
ml reaction cell The sensor was a tyrosmase-Eastman AQ polymer
modified platinum disk electrode The concentration of tyrostnase on the
electrode was 170 U/cm® The rotation speed of the electrode was 1500
rpm and the working potential was -150 mV versus SCE
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Figure 5 15 Calibration curves of the tyrosinase-modified platinum
electrode 1n (A) tetrahydrofuran, (B) acetomitrnile, (C) acetone
Experimentals condittons are as described 1n Figure S 14
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However, as observed with the peroxide sensor, the sensitivity of this
sensor (when comparing the sensitivities 1n either acetonitrile or acetone
to that of THF) decreases with mcreases in both log P and 1/en values of
the solvent This suggests that other solvent properties play a significant
role mn organic-phase biosensing The diffusion coefficient of phenol,
Dphenot Values, 1n the respective solvents, which was measured by
chronocoulometric potential step method [19] are also shown in Table
53 As expected, the sensitivity of the phenol sensor increases as Dpheqol
n the various solvents increases However, the differences m the Dphenol
values are too small to account alone for the the drop 1s sensitivity by a
factor of five on changing from acetomtnle or acetone to THF Dphenol
theoretically depends primarily on the 1/en values as previously
discussed 1n section 5.1.1.1.4 On the other hand, the sensitivity of the
biosensor depends not only on the flux of phenol to the enzyme electrode
surface, but also on the Gibbs energy of activation of the enzyme-
substrate reaction [20] Thus the sensitivity of the phenol biosensor wall
be determmned by the stability of the transition state of the
electroenzymatic reaction wvis-a -wvis the ground-state stability of the

phenol molecule 1n the various solvent media
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Table 5 3 Kinetic parameters of the amperometric organic-phase
phenol sensor based on the immobilisation of Eastman AQ polymer-
entrapped tyrosmnase on a platinum disk electrode The experimental
conditions are as 1n Figure 5 14

Parameters Acetonitrile | Acetone | Tetrahydrofuran
K., tM 1591 2851 -

Lnags BA cm? [ 295 639 -

“Sensitivity, 1852 224 1 416

A em*/yM

*log P -034 -024 0 46

1/en 72 152 239

“Doner X105, | 8 8 99 63

cm’/s

*Imex /Ka' 15 the sensitivity of the tyrosinase sensor m acetonitrile and
acetone The sensitivity 1n tetrahydrofuran 1s the slope of the linear
calibration curve of the sensor

®log P values are as reported i [11]

‘Dphenal Values were calculated from the slopes of the Anson plots of
chronocoulograms obtained with an unmodified 25 pum diameter
platinum microdisk electrode in the respective solvents [19]
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5.1.3. INHIBITION BIOSENSORS

5.1.3.1.  EFFECT OF INHIBITORS ON PEROXIDE AND PHENOL
BIOSENSORS

Figure 5 16 shows how the presence of thiourea, ethylenethiourea and
mercaptoethanol affects the response of the biosensor to BTP The
largest decrease 1n the biosensor response was observed 1n the presence
of 02 mM thiourea, while the lowest was in the presence of 0 4 mM
mercaptoethanol The values of I, K.’ and the biosensor sensitivities

(Imax’Ky') are shown 1n Table 5 4

Table 54  Values of kinetic parameters for the peroxide biosensor, in
the absence and presence of thiourea, -ethylenethiourea and

mercaptoethanol Expernimental conditions are as described in Figure
516

Inae, pA/CM’ | Ko, MM | LK,
HA/mM cm?

absence of any| 135 30 45
mhibitor

presence of 02 mM | 49 19 26

thiourea

presence of 02 mM | 66 22 30
ethylenethiourea

presence of 04 mM | 77 21 37
mercaptoethanol
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These values mdicate that the sensiivity of the peroxide sensor
decreased by 42 %, 33 % and 18 % i the presence of thiourea,
ethylenethiourea and mercaptoethanol, respectively The decrease in I,
implies that the total enzyme concentration 1s effectively reduced by the
presence of the inhibitors, while the decrease in K, shows that the
binding of the inhibitor affects that of BTP These changes n the values
of both K,,’ and I,,.x implies that the inhtbition mechanism 1s a mixed
effects form of inhibition Figure 5 17 grves the Lineweaver-Burk plots
of the data presented in Figure 5 16 The features of this plots shows that
the mechanism of inhibition 1s the same for all three inhibitors Also, the
negative values of the mtersection poimnts of the plots in the presence of
the inhibitors with that in the absence of inhibition 1s charactenistic of
non-competitive-uncompetitive mixed-effects inhibition mechamsm [21]

There are two processes by which an inhibitor may bind to an enzyme
0 E+1, = EI, (inhibitor constant K,)

I ES+I, — ESI, (inhibitor constant K;)
hence,
K, = ([E][I.])/[El,] and K;=([ES][I,])/[ESI] (3.9)

A non-competitive-uncompetitive reaction mechanism indicates that K, >

K| 1n the inhibition of the peroxide sensor by THU, ETU and MCE
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Figure 5 16 Calibration curves for butanone peroxide (A) without any
mhibitor, (B) with 04 mM mercaptoethanol, (C) with 02 mM
ethylenethiourea, and (D) with 0 2 mM thiourea The experiments were
performed with an Eastman AQ polymer/HRP-modified platinum
electrode m 98 % acetomtrile contammg 01 M TEATS and 0 5 mM o-
PEDA The enzyme loading was 20 U/cm? and the working potential was
-250 mV
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The  mhibitory effects of varymg  concentrations  of
diethyldithiocarbamate (20-50 puM) on the calibration curve of the
phenol sensor showed the same characteristics as those in Figure 5 16
(plots not shown) Table 55 shows the sensitivity, K’ and I,o, values

obtained from the plots The high values of Iy, at 20 and 30 uM
DEDTC suggests that there 1s an increase 1n the catalytic turnover rate of
the enzyme, k;,; This means that the rate at which phenol reacts with the
enzyme 1n the presence of these concentrations of the inhibitor 1s higher
than m the absence of DEDTC Hence an increase 1n the corresponding
K,' values The sudden decrease in the I, values at 40 and 50 M
DEDTC 1s possibly as a result of substrate inhibition Substrate
inhibition occurs when a molecule of substrate binds to one site of the
enzyme and then another molecule of substrate (the inhibitor) binds to a
separate site on the enzyme to form a dead-end complex The presence
of substrate inhibition 1s supported by the assymetrical “V” shape of the
Lineweaver-Burk plots (a feature of substrate inhibited enzymes) of the
responses of the phenol sensor when this concentrations of DEDTC are
added (plots not shown) The I,,/K,' values show that the sensitivity of
the phenol sensor decreased by 57 % and 86 %, 1n the presence of 20
uM and 50 uM DEDTC, respectively

The Lineweaver-Burk plots of the responses of the sensor to phenol n
the absence and presence of 20 and 30 pM DEDTC are shown n Figure
5 18 In contrast to the peroxide sensor, intersection points of the plots in
the presence of DEDTC with that obtained 1n 1its absence 1s positive

This 1s the predicted feature for a competitive-non-competitive mixed
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effects inhibition mechanism This implies that for DEDTC inhibition of
the phenol sensor, K; > K,

Table 55  The values of kinetic parameters for the phenol sensor,
the absence and presence of 20-50 puM diethyldithiocarbamate The
experiments were performed with an Eastman AQ polymer/tyrosinase-
modified platinum electrode n 80 % 2-propanol containing 01 M
TEATS The enzyme loading was 170 U/cm? and the working potential
was -200 mV

[DEDTC], | K./, pM | Ly, pAlem? | Lo /Ko,
uM HA/UM cm?
0 49 32 07
20 174 59 03
30 441 88 02
40 68 14 02
50 175 18 01
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Figure 5 18 Lineweaver-Burk plots of calibration curves for phenol
with an Eastman AQ polymer/tyrostnase-modified electrode in the
absence of DEDTC (A), m the presence of 20 uM DEDTC (B), and 1n

the presence of 30 uM DEDTC (C) Other experimental conditions are
as described 1n Table 5 5
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5.1.3.2. BIOSENSOR DETECTION OF THE INHIBITORS

A biosensor, based on the inhibitory effects of the analyte 1s expected
to operate under enzyme-limited conditions The concentrattons of o-
phenylenediammne (0 5 mM), 1,1-dimethylferrocene (4 mM) and
butanone peroxide (1 0 mM) for the peroxide sensor as well as 100
puM phenol, for the phenol sensor used in this study have been found
to induce this condition as shown 1n our previous discussions Under
these enzyme-limited conditions, the concentration of both HRP and
tyrosinase does not affect the degree of inhibition exhibited by their
respective inhibitors These are thiourea, ethylenethiourea
mercaptoethanol, hydroxylamine and methyl 1sothiocyanate (for the
peroxidase-based sensor) and diethyldithiocarbamate for the
tyrosinase-based sensor  Standardizing the enzyme-generated
catalytic current and 1its tnhibition by these compounds implies that
the relative magmtude of mhibition 1s governed primanly by the
affinity of the inhibitor for the enzymes Therefore, variations during
the large-scale production of the biosensor would not be important
In steady-state binding kinetics, the fractional inhibition, Y, 1s the
ratio of the concentration of the enzyme-inhibitor complex, E-I,, to

the total concentration of the enzyme, [E];

Y =n[E-LJ([E-L] + [E]) = n[L}/([I.] + K/) (5.5)

where n 1s the number of binding/active sites m the biosensor, [E] 1s
the concentration of free HRP, and [I,] 1s the concentration of the

inhibitor K/, the apparent mhibition constant, 1s directly
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proportional to the dissociaticn constant of the E-I, complex It 1s the
free concentration of the inhibitor required for 50 % inhibition and 1s
a measure of the sensor's efficiency 1n detecting the inhibitor The
lower the apparent mnhibition constant, the higher the sensor
efficiency 1n detecting the respective inhibitor Also, n 1s directly
proportional to I,.x, 1€ the current when the active sites are fully
saturated with peroxide (in the absence of any inhibitton) Since [I,]
1s directly proportional to the change in current (Al) before and after
its addition and Y = current due to inhibition binding/total current

when the sites are fully saturated with substrate then

Y = Lnax[In)/ (1] + K)') = AV (5.6)

where I 1s the observed catalytic steady-state current m the absence
of any imhibition It 1s also possible for inhubition to be expressed as
percentage inhibition, %I,, which 1s Y x 100 Equation 5 6 implies
that plots of the fractional inhubition or percentage inhibitton agamst
the bulk concentration of several inhibitors would be hyperbolic The
hyperbolic nature of such plots indicates that there 1s one active site
per enzyme molecule and that the immobilised enzyme layer 1s very
thin, such that all the binding/active sites are equivalent in the
mteraction between the enzyme and the respective mmhibitor The
apparent inhibition constant, K/, was evaluated by direct curve fitting
of the biosensor responses to equation 5 6 using computer programs

or from linear forms of the equation such as the Scatchard equation
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Y/[Lof = -Y/K, + LK/ (5.7)

and the Hughes-Klotz equation

1Y = Ulpax + KM 1a] (5.8)

5.1.3.2.1.  Detection of horseradish peroxidase inhibitors

A typical current versus time response as obtained during the detection
of thiourea and ethylenethiourea 1s shown 1n Figure 5 19 Steady-state
responses were achieved in < 30 seconds for ETU, THU and other
mhibitors at all imes Figures S 20-5 22 shows the plots of the fractional
inhibiton  of the peroxidase-inodified electrode (with o-
phenylenediamine as mediator) against the bulk concentrations of ETU,
THU and MeSNC 1 organic solvents The apparent inhibition constant,
K/, values are shown i Table 56 K/ for ETU were 0 13, 009, 0 45
mM and for THU were 0 12, 0 05 and 0 21 mM 1n methanol, acetone
and 2-butanol, respectively In a similar way, K,’ for MeSNC were 0 27,
0 18 and 0 37 mM 1n acetorutrile, methanol and 2-butanol, respectively
The sensor's efficiency m detectmg both ETU and THU was highest in
acetone and least 1n 2-butanol, the same trend observed 1n the catalytic
reduction of BTP The K/’ values 1n all the solvents except acetonitrile,
were generally lowest for THU This suggests that in instances where
their inhibition of HRP mumics their toxicity mechamism, THU 1s more
toxic than either ETU or MeSNC The higher catalytic efficiency of the

187




12

Fractonal inhibiton

e M

Figure 520 The calibration curves for successive 0 1 mM additions of
ethylenethiourea mn acetomtnile (A), 2-butanol (B), methanol (C), and
acetone (D) The solvents contamned 15 % v/v water, 1 mM butanone
peroxide, 0 1 M TEATS and 0 5 mM o-phenylenediamine The Eastman
AQ polymer/HRP-modified electrode was polarised at -250 mV vs SCE
The enzyme loading was 20 U/em®
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0.1 pA

Figure 5 19 Current-time recordings obtamed with the o-
phenylenediamine-based peroxide sensor upon successive additions of
01 mM thiourea (A) and ethylenethiourea (B) Experiments were
performed 1n 98 % v/v acetonitrile containing 1 mM butanone peroxide,
01 M TEATS and 05 mM o-phenylenediamine The concentration of
HRP on the electrode was 20 U/cm” and the working potential was -250
mV vs SCE
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Figure 5 21 Calibration curves for successive 0 1 mM additions of
thiourea 1n acetomtrile (A), acetone (B), 2-butanol (C), and methanol
(D) Other expenimental conditions are as m Figure 5 20
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Figure 522 Calibration curves for successive additions of 0 1 mM
methy] 1sothiocyanate in methanol (A), acetonitrile (B), and 2-butanol
(C) The solvents contain 1 5 % v/v water, 1 mM butanone peroxide, 0 5
mM o-phenylenediammme and 01 M TEATS The Eastman AQ
polymer/HRP-modified electrode, had an enzyme loading of 20 U/cm?
and was polansed at -250 mV
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biosensor 1mn detecting THU may be attributed to favorable
hydrophobicity and electromic. charactenistics Ryu and Dordick [8] have
shown m a peroxidase-catalysed oxidation of phenols that a direct
relationship exists between the catalytic efficiency and the substrate
hydrophobic and electronic charactenistics The catalytic efficiency
decreases as phenol hydrophobicity increases These differences may
also be as a result of the influence of the Eastman AQ 55D polymer on
the biosensor performance The polymer selectively excludes anionic
species from the immobilised enzyme layer and exhibuts a strong affinity
for hydrophobic substances ETU and THU exust as resonance forms and
in their most stable forms they exist as anmions [23] However, the
polymeric film 1s permeable to ETU, THU, MeSNC and similar
mhibitors probably because of therr low molecular weight and
hydrophobic nature The permeability of these mnhibitors, which m turn
influences the biosensor performance, differs as the steric hindrances and

the stability of their resonance forms change in different organic media

Hydroxylammne was also detected using a mediator-free peroxidase-
modified platinum electrode Figure 524 shows the response-time
recording obtained for the biosensor upon successive additions of 0 1
mM hydroxylamine in acetomtrile and methanol A steady-state response
was achieved m 30 * S5 seconds The biosensor response was
standardised by expressing 1t as percentage inhibition The calibration
curve obtamed from these data 1s shown wn Figure 524 (inset) The
response was lmear up to 0 08 mM and 0 06 mM m acetomtrile and
methanol, respectively Values of K/ for hydroxylamine were 0 1 mM n

both solvents
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Table 5 6 Values of the apparent inhubition constant, K,” for thiourea,
ethylenethiourea and methyl isothiocyanate in methanol, acetone, 2-
butanol and acetomitrile Experimental conditions are as described for
Figures 5 20-5 22

Solvent K/, mM

THU ETU | MeSNC

methanol 012 013 018
acetone 005 009 -
2-butanol 021 045 037

acetonitrile 175 119 027
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Figure 5 24 Response-time recordings obtained with the Eastman AQ
polymer/HRP-modified electrode upon successive additions of 0 1 mM
of hydroxylamine, in acetomtrile (A) and methanol (B) Inset 1s the
resulting calibration curves for hydroxylamine m acetonitnle (A) and
methanol (B) The respective reaction medium contamed 0 1 M TEATS,
20 mM butanone peroxide and 2 % v/v water HRP loading was 20
U/em’ and the operating potential was -250 mV vs SCE
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The deviation of the respons: of the o-PEDA-based biosensor to ETU,
THU and MeSNC froin Michaelis-Menten kinetics 1n organic media was

determined from their respective Hill coefficient, x

Y/(1-Y) = (Al/T5p)* (5.9)

In the steady-state ligand binding kinetics, the Hill coefficient for an
1deal, hyperbolic, Michaelis-Menten theory obeying enzyme catalysis 1s
10 [24, 25] Figures 5 25-5 27 shows the Hill plots for the peroxidase-
modified electrode 1n the detection of ETU, THU and MeSNC 1n
methanol, acetone, 2-butanol and acetonitrile The Hill coefficients of
the biosensor (the slopes of the plots) for these compounds are listed 1n
Table 5 7 The least deviations for the three compounds was observed 1n
acetomitrile These values imply that the dewiation of the kinetic
behaviour of the sensors m acetone, methanol and 2-butanol froin
Michaelis-Menten kmetics 1s remarkably high Amuidst other factors,
these deviations may be as a result of chemical interactions between the
enzyme and the organic solvents The presence of organic solvents 1s
known to induce a disruption of the non-covalent forces (1 e hydrogen
bonding, hydrophobic, van der Waals and 1onic interactions) which

maintain the native, secondary and tertiary structures of enzymes
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Figure 525 Hill plots for the determination of ethylenethiourea with
the Eastman polymer/HRP-modified electrode 1n acetone (A), methanol
(B), acetomtrile (C) and 2-butanol (D) contamming 05 mM o-
phenylenediamine Experimental conditions are as 1n Figure 5 20
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Figure 526 Hill plots for the determination of thiourea with the
Eastman AQ polymer/HRP-modified electrode 1n acetone (A), methanol
(B), acetomtrnile (C) and 2-butanol (D) contamming 05 mM o-
phenylenediamine Expenimental conditions are as in Figure 5 21

196

[




log Al /

Figure 5 27 Hill plots for the determination of of methyl 1sothiocyanate
with the Eastman AQ polymer/HRP-modified electrode in 2-butanol (A),
acetonitrite (B) and methanol (C) containng 05 mM o-
phenylenediamme Experimental conditions are as in Figure 5 22

Table 57  Values of the Hill coefficients for thiourea,
ethylenethiourea and methyl 1sothiocyanate in acetomtrile, acetone,

methanol and 2-butanol Experimental conditions are as in Figures 5 25-
527

Solvent Hill
coefficient (x)
MeSNC THU ETU
methanol 319 32 22
acetone - 27 31
2-butanol 104 22 18
acetonitrile 113 13 12
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5.1.3.2.2.  Detection of diethyldithiocarbamate

Figure 528 shows the current-time recording as obtamned during
successive additions of 5 puM aliquots of DEDTC with the Eastman AQ
polymer/HRP-modified electiode Steady-state signals were obtained n
<30 seconds m all expertments It 1s essentral that the inhibitor-detecting
biosensor operates at conditions at which only the enzyme kinetics 1s
hmiting Therefore, the effect of varying saturation concentrations of
phenol on the performance of the biosensor in detecting DEDTC was
studied Table 58 shows the values of I,./K, obtamned at phenol
concentrations between 80-150 uM These values indicate that the
optimal catalytic performance of the biosensor was obtained in the
presence of 100 uM phenol Hence, all subsequent expertments were

performed with 100 pM phenol

Table 58  Values of K, for DEDTC detection at varying
concentrations of phenol

[PHENOL], pM | Lne/K/, LA/uM
80 02
100 03
120 01
150 01
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Figure 5 29 shows the calibration curves for DEDTC detection when
catechol, phenol, p-cresol and m-cresol are used as enzyme substrates
Linear responses for the biosensor extended up to DEDTC

concentrations of 15, 10, 10 and 25 uM 1n the presence of each of the

substrates as listed above, respectively The I,,/K, values (shown in
Table 59) indicates that the highest catalytic performance of the
biosensor was obtained when m-cresol was used while the lowest
performance was 1n the presence of p-cresol The catalytic efficiency of
peroxidase-catalysed oxidation of phenols, has been shown to decrease
as the substrate hydrophobicity increases [8] In terms of hydrophobicity,
catechol > phenol > p-cresol > m-cresol The trend of the sensitivity
values for catechol, phenol and p-cresol 1s 1n agreement with this
prediction However, the significantly higher sensitivity m the presence
of m-cresol may be attnbuted to favourable steric and electronic

charactenstics, for the formation of the tyrosimnase-DEDTC complex

Table 59  Values of the apparent mhibition constant and Hill
coefficient for the detection of DEDTC 1n the presence of different types
of phenols Experimental conditions are as in Figure 5 28

SUBSTRATE [nad/Ky pA/UM
CATECHOL 15
PHENOL 12
p-CRESOL 11
19
m-CRESOL
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Figure 528 Current-time recording as obtained during successive
additions of 5 uM aliquots of DEDTC with the Eastman AQ
polymer/HRP-modified electrode The experiment was performed m 2-
propanol contamning 20 % v/v water, 0 1 M TEATS and 100 uM phenol
The working potential was -200 mV vs SCE
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Figure 5 29 Calibration curves for DEDTC 1n the presence of 100 uM
m-cresol (A), p-cresol (B), phenol (C) and catechol (D) Expenmental
conditions are as described m Figure 5 28

01




5.2. SPECTROELECTROCHEMISTRY
5.2.1. EFFECTS OF ORGANIC SOLVENTS ON HRP ACTIVITY

The spectral absorbance of native HRP at 403 nm 1s known to be a
measure of its activity [26, 27] Similarly, the physico-chemical changes
in the enzyme active site in the presence of organic solvents can be
followed by momtoring shifts in the wavelength and changes n the
intensity of the absorbance associated with the heme content of the
enzyme The changes m absorbance at 403 nm (1e the Soret region)
were studied m 100 % aqueous buffer, 50 %, 60 %, 75 % and 90 %
acetomtnile, methanol and acetone at a fixed potential of -250 mV The
organic solvents were made up to 100 % with 0 025 M phosphate buffer,
pH 705 Figure 530 shows the spectra of HRP m 100 % aqueous
phosphate buffer, 60 % methanol and acetonitrile, and 90 % acetonitrile
The absorbance intensity m 60 % methanol and acetonitrile decreased by
ca 90 % and 76 %, respectively There was no absorbance at this
wavelength 1n 50-90 % acetone, 90 % methanol (spectra not shown) and
90 % acetomitrile, thus indicating a total loss of the enzyme’s activity at
these concentrations of organic solvents In 50 % methanol and 60 %
acetomtrile, there was no shift m A..x, however m 60 % methanol there
was a shift in A, to 420 nm There was also some peak broadening mn
methanol with little or no such effect m acetomtrile These changes may
be due to a solvent-induced exposure of the enzyme active site to the
reaction medium This exposure may lead to the dissociation of the

active site heme, dimerization of the dissociated free heme and/or other
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Absorbance units

physico-chemical interactions Previous studies [8], based on electron
paramagnetic resonance (EPR) spectral changes, have shown that
methanol changes the spin state of the native HRP to a low-spm 1ron(III)
and acts as a ligand to the haem 1ron 1n HRP In the same study,

acetonitrile was believed to form a cyano-complex with the enzyme

0 300

0 200}

0 100

-0 010 L 1
300 0 400 0 500 0 600 0 650

Wavelength, nm

Figure 530 The absorption spectra of horseradish peroxidase (1
mg/ml) in 100 % phosphate buffer 005 M, pH 705 ( ), 60 %
acetomitnle ( -), 60 % methanol ¢--) and 90 % acetonitrile ¢res) The

applied potential was -250 mV

203




5.2.2. EFFECTS OF INHIBITORS ON HRP ACTIVITY

The spectral changes following polarisation of the electrodes at -250 mV
was also monitored 1n aqueous media after consecutive additions of the
mediator, o-phenylenediamine (0-PEDA), the substrate, BTP, and the
inhibitors, THU and ETU as presented 1n Figure 5 31 In the presence of
0-PEDA (spectrum not shown), there was a reduction 1n the absorbance
intensity at 403 nm However, on addition of BTP, there was n addition
to the reduction 1n absorbance intensity, a broadening of the spectrum
from ca 370 nm to 550 nm On addition of ETU and THU, the
absorbance intensity around this region again mcreased with no change
to the peak broadening effects There 1s a wide speculation [28, 29] that
sulphides and compounds contamning the $* group act as HRP mhibitors
by serving as a reductant for the peroxidase compounds I and II The
increase 1n absorbance intensity 1n the Soret region (1€ A around 400
nm) when ETU and THU were added as observed in this study umphes
the reduction of the oxidised forms of the HRP (1 e compounds I and II)
in the presence of these inhibitors Table 5 10 shows the values of Ay

and the absorbance values obtamned for the various systems
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Figure 531 The absorption spectra of HRP (1 mg/ml) n 100 %
phosphate buffer (—), HRP after addition of 0 5 mM o0-PEDA and 1 mM
BTP ¢---), HRP containing 1 mM BTP and 1 mM ETU ges), HRP
containing 1 mM BTP and 1 mM THU (- -9 The applied potential was
-250 mV
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Table 5 10 The values of An,.x and absorbance obtamned for HRP-
mediator, HRP-substrate and HRP-inhibitor interactions

System Amaxs m | Absorbance Remarks
HRP 403 029 sharp peak
HRP+0-PEDA 403 021 sharp peak
HRP+o- 410 022 broad peak
PEDA+BTP
HRP+o- 420 031 broad peak
PEDA+BTP+ETU
HRP+o- 410 032 broad peak
PEDA+BTP+THU

5.3. CONCLUSIONS

Organic-phase peroxide and phenol sensors have been presented A
simple immobilisation technique, which involves entrapment of the
respective sensing enzyme 1e HRP and tyrosinase, within a cation-
exchange polymer (Eastman AQ polymer) was employed The peroxide
sensors were an 0-PEDA-based, DMFc-based, and reagentless sensor,

while the phenol sensor was reagentless The values of the kinetic
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parameters, K, Imsx and l,/K.,' were evaluated m polar, water-
muscible organic solvents namely, acetonitrile, methanol, acetone, THF
and 2-butanol In particular, 1t has been demonstrated that the catalytic
performance of these sensors can be greatly affected by the nature of the

solvent and its water content

It 1s generally accepted that (1) water 1s required for enzymatic catalysis
(11) hydrophilic solvents strip the enzyme’s active site of water, thereby
mactivating the biocatalyst (1) the amount of water required for an
enzynie to function 1n non-aqueous media needs to be determined [32-
34] The o-PEDA-based peroxide sensor presented in this study, was
active 1n 100 % acetonitrile Although 1ts sensitivity improved by a factor
of 13 1n the presence of 3 % water In contrast, spectroelectrochemical
studies show that HRP dissolved 1n 90 % acetonitrile did not show any
significant catalytic activity In line with previous studies [35, 36}, these
results mdicate that enzyme fixation helps to retain the required active
site water, for enzymes to function m polar organic solvents Therefore,
a careful choice of immobilisation material and method 1s crucial in the

design and development of organic-phase enzyme electrodes

The trend of the sensitivity values obtained for the o-PEDA-based
peroxide sensor 1n acetonitrile, acetone and methanol was different from
that of the DMFc-based sensor While a similanity was observed 1n the
trend of the sensitivity values obtained for the o-PEDA-based peroxide
sensor and the phenol sensor The diffusion coefficients of phenol in
acetone, acetonutrile and THF were correlated to the biosensor

sensitivities However, the differences m the diffusion coefficient values
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in these solvents were considered too small to alone account for the
sensitivity vaniations as observed m these solvents Therefore, the
sensitivities of these sensors have been correlated to some physical
properties of these solvents namely polanity, hydrophobicity, dielectric
constant and kinematic viscosity In a recent study [37], Klibanov and
co-workers accepted that solvent hydrophobicity (and therefore log P
values) does not explain adequately the effects of the nature of orgamc
media on enzymatic catalysis Indeed this study advocated for parameters
that would take into account the solvent-enzyme interactions and the
solvent dielectric constant This thesis introduces a new parameter, 1/en,
which takes into account solvent effects on the enzyme’s non-covalent
interactions and the diffusion of the analytes 1/er was better than log P
m predicting the sensitivities of these biosensors, 1n 2-butanol relative to
the other solvents However, both 1/en and log P failed to account for
the low sensitivity of both sensors in THF relative to acetone This
deviation 1s attributed to specific interactions that occur between the

studied enzymes and THF

The sensitivities of the DMFc-based sensor were generally higher than
those of the 0-PEDA-based and reagentless sensor The low K,,’ values
of the DMFc-based sensors indicate a relatively more favourable HRP-
BTP reaction kinetics compared to that obtained 1n the other two sensors
This feature has been attnbuted to hydrophobic interactions/partitioning
between the mediator, the immobilisation matenial and the substrate,
BTP
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Inhubition biosensors for the detection of thiourea, ethylenethiourea,
mercaptoethanol,  methyl isothiocyanate, hydroxylamine and
diethyldithiocarbamate, were also presented The peroxidase-based
biosensor was used to detect the first five analytes as shown above In a
similar way, the tyrosmase-based biosensor was used to detect
diethyldithiocarbamate The values of K,,’ and I, for the peroxide and
phenol biosensors, that were obtained 1n the absence of inhibitors were
compared to those obtained in thewr presence The differences in these
values were used to explamn enzyme-substrate interactions of the
biosensors Also, these values indicated that the ihibitory actions of
these compounds 1s a mixed-effects type of inhibition mechanism This
15 1n agreement with other studies of this type [5, 38] The mixed-effects
inhibitton mechanism 1mplies that enzyme inhibition as exhibited 1n this
study by thiourea, ethylenethiourea, mercaptoethanol, methyl
1sothiocyanate, hydroxylammne and diethyldithiocarbamate, are not

completely reversible inhibitions

The inhibition biosensors were studied 1n acetomtrile, acetone, methanol
and 2-butanol The kinetic parameters, K/, I,../K/' and the Hill
coefficients were evaluated Also, the trend of the sensitivity values of
the biosensors and their respective dewviations from Michaelis-Menten
kinetics was different for the analytes The spectroelectrochemical study
gives some tndication to the possibility of the HRP-inhibitor interactions

being a redox type of reaction

These studies have 1n general revealed the complexity of organic-phase

brosensor behaviour, with multiple factors competing for the influence of
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the catalytic performance Vanations in the kinetic parameters of the
presented biosensors with, the nature of the organic media, nature and
type of mediation employed and the nature of the analytes, shows the
importance of the enzyme-analyte, enzyme-mediator and the enzyme-
solvent binding on the performance of the biosensor This 1s further
complicated by other factors such as the steric bulk, hydrophobicity,
charge in the organic medium, the mediators redox potential as well as
the overall influence of the immobilisation matenal and/or procedures
However, there 1s a broad indication that a careful manipulation and
engineening of the wide vanety of organic solvents [39], enzymes[40],
mediators and immobilisation matenals can be used to design biosensors

to meet specific industnal and analytical requirements
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CHAPTER SIX: HIGH PERFORMANCE LIQUID
CHROMATOGRAPHIC ANALYSIS
(HPLC) OF PHENOLIC COMPOUNDS




6.1. INTRODUCTION

Chromatography was first described m 1903 by Tswett [1], and has since
developed as a very important analytical technique It presently exists in
several forms such as column liquid, 1on-exchange, size exclusion,
affimty and gas chromatography as well as electrophoresis [2]
Chromatographic separations generally make use of two immiscible
phases, one phase 1s held stationary while, the second phase moves
under gravity, pressure or by capillary action past the stationary phase
and 1s referred to as the mobile phase A multi-component muxture, when
introduced 1nto this system 1s carried with the mobile phase However,
the components will be partially retained dependmg on their interaction
with the stationary phase, such that small differences 1n their distribution
coefficients will cause them to be separated The extent of interaction
between the analyte and the stationary phase 1s charactenstic of the
individual compound Therefore, retention properties are used to identify
the components of a mixture by companson with pure standards An
mnstrumental method of detection 1s usually linked to chromatography to
increase  reproducibility and sensitivity  Hence, present day
chromatographic techniques serve as separation as well as analytical

methods

The stationary phase can be erther a solid or a liquid placed m a column
or over an 1nert support The mobile phase can be a gas, a liquid or a
supercritical fluud Hence, analytical chromatographic methods are
broadly divided into two main groups dependmg on whether the mobile
phase 1s a gas (gas chromatography) or a liquid (liquid chromatography)
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Liquid chromatography (LC) s the earliest form of chromatography The
distribution and retention of an analyte when using this technique may
result from partition, 10n-exchange, size exclusion, or adsorption onto a
sohd stationary phase Liquid chromatography 1s usually subdivided into
liquid-solid and hquid-liquid chromatography In normal phase LC, the
stationary phase 1s relatively polar and the mobile phase relatively non-
polar In contrast, reversed-phase LC uses a non-polar stationary phase

and a polar mobile phase

High performance hiquid chromatography (HPLC) simply describes an
experimental techmique 1n which the efficiency of classical hquid
chromatography 1s improved It involves the use of stationary phase
materials with small particle sizes, usually between 3-10 um These
small-sized particles, when packed into a column impart a considerable
resistance to solvent flow, such that a high pressure 1s required to pump
the mobile phase through the column HPLC can often easily achieve
separations and analyses that would be difficult or impossible usmg other
forms of chromatography It has been descrnibed [3] as the most powerful
of all chromatographic techniques

6.1.1. HPLC INSTRUMENTATION

The instrument used for HPLC experiments 1s called a high performance
liqud chromatograph It comprnises several individual components which
are often obtained separately and then linked together usmg connecting
tubes and valves (see Figure 6 1) The major components are the mobile

phase, a high presure pump, an 1njector, a column pre-packed with the
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stationary phase, a detector, and a recorder/integrator to display the

detector signals

6.1.1.1. MOBILE PHASE

The mobile phase (also called eluent) 1s usually kept in 1L glass bottles
1e the reservoir The caps of these bottles have holes drilled into them
through which a poly(tetrafluoro-ethylene) (PTFE) tube 1s fitted to carry
the mobile phase to the pump The mobile phase 1s a significant
parameter m the design of HPLC experiments This 1s because its
polanity and properties can be easily mampulated to improve the
efficiency of separations Water, buffers and/or organic solvents, 1n
varying proportions, are normally used as the eluent to achieve the
required separatton The choice of organic solvents for mobile phase
depends on the type of separation desired For mnstance, non-polar
organic solvents are usually the choice for normal phase HPLC, while

relatively polar organic solvents are used for reversed-phase separations

6.1.1.2. HIGH PRESSURE PUMP

Analytical HPLC separations at flow rates between 0 1-10 ml/mmn
require pressures of up to 600 ps1 In addition, the pump flow rate must
be highly reproducible to give rehable retention times These
requirements are satisfied by pumps of different designs such as pressure
amplication, syringe, diaphragm and reciprocating pumps However, the

latter two designs are the most commonly used types
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Figure 61 Schematic diagram of a high performance liquid
chromatograph
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6.1.1.3. INJECTION UMIT

This 1s sumply the umit for introducing samples onto the column The
most poplular type 1s the six port valve mjector system It 1s easy to use
and has a high level of precision The ijector loop volume HPLC

systems varies from 10 to 50 pl

6.1.1.4. COLUMN

Dependmg on the mode of application, there are three types of HPLC
columns These are the pre-column, post-column and the analytical
column The pre- and post- columns are employed either to remove
mmpunties/mterferences 1n the sample or used in denvative preparation
Hence, they improve the separation and/or detection efficiency mn an
analysis The analytical column 1s where the desired separation takes
place The pre-column 1s normally placed between the injector and the
analytical column, while the post-column 1s placed between the
analytical column and the detector HPLC columns must be able to
withstand the applied pressures 1n addition to being chemically resistant
to the mobile phase solvents Therefore, they are usually made of
stainless steel, glass or plastic A typical analytical column 1s 10-25 cm

long and 0 30-0 50 cm 1n internal diameter

The type of stationary phase material packed into the column also
depends on the type of separation desired 1 e normal or reversed-phase
separation Normal phase separations are carried out with either silica gel

or neutral alummna as the stationary phase (silica gel being the most
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common) In contrast, reversed-phase separations are usually carried out
with hydrocarbonaceous alkyl-bonded silica particles The most popular
of these materals 1s the octadecylsilyl (ODS or C;g)-substituted silica In
addition to hydrocarbons, other chemical groups such as cyano, nitro,
diol and amino groups can also be bonded to silica Stationary phases of
this type can often be used in either normal or reversed-phase modes

However, the pH of the mobile phase used with stationary phases
contawning a silica gel matrix 1s usually himited to a pH range of 2 5 to 8

Thus 15 because of the instabihity of silica at extremely low and high pH
levels This has led to the development of polymer stationary phases
such as crosslinked polystyrene-divinylbenzene and polyacrylates These

can be used over a wide mobile phase pH range of 1 to 13

6.1.1.5. DETECTORS

These are devices that are used to monitor changes m the concentration
of the mobile phase emerging from the column 1 e the column efluent
The changes 1n the concentration are converted into observable electrical
signals The detector 1s the most essential component during analytical
HPLC experiments It must be unaffected by small changes in the
operating conditions such as {low rate or column temperature, it must be
compatible with a wide range of mobuile phases, cheap, rehiable and easy
to use The performance of a detector 1s usually assesed using the

following parameters

sensivity the ratio of the detector signal to the

analyte concentration, 1t 1s desiwrable that
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the detector gives a high signal for a small

amount of analyte,

Imear range  the concentration range of the analyte m
which the detector response 1s directly
proportional to the amount of the analyte,
the wider the linear range the better the

detector performance,

dead volume  the dead volume of the detector includes 1ts
cell volume and the length/bore of
associated tubings, a high dead volume m
the detector gives rise to extra column
dispersion and therefore must be kept to a

minimuin

A large number of devices have been used as detectors in HPLC
However, the most commonly used types are ultraviolet-visible
spectroscopy, fluorescence spectroscopy, refractive index, conductivity,
and amperometry [2-4] The performance charactenistics of these
detectors are shown in Table 6 1 Other forms of detection systems
mclude infrared and mass spectrometry, vapour phase nephelometry,
flame 10onisation and more recently enzyme-based biosensors The main
mterest 1n this thesis was the use of the latter type of detection system
Therefore, the use of enzyme-based biosensors as HPLC detectors are

now discussed m greater detail
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6.1.1.5.1.  Enzyme-based biosensors as HPLC detectors

Enzyme-based biosensors have been employed as detectors for HPLC
and indeed other analytical flow methods such as flow injection analysis
(FIA) m exther of two ways (1) as immobilised enzyme reactors and (1)

as enzyme-based amperometric electrodes

Immobilised enzyme reactors (IMERS) are prepared by immobilising the
sensing enzymes on 1nert supports such as liquid chromatography silica
or polymer matrices The enzyme-embedded support 1s then packed 1into
a staimnless steel or glass column, which 1s operated either as a pre-
column or post-column during HPLC expertments IMERs are described
as catalytic reaction or chemical derivitisation detection systems This 1s
because the detection principle 1s based on a reaction between the
mmmobilised enzyme and the analyte(s) to give products that are more
easily detected Hence, IMERs are essentially employed to aid the
sensitivity and selectivity of the conventional detection systems, 1e UV-
VIS spectroscopy, amperometry, fluorescence, refractive index and
conductivity [5] However, Heller and coworkers [6] m a recent study
descnibed the use of oxidase-based IMERs with peroxidase-modified-
electrodes as detectors Immobilised glucose oxidase, lactate oxidase and
acetylcholine esterase in the reactors reacted with their respective
substrates, 1e the analytes, to give hydrogen peroxide The produced
hydrogen peroxide was then detected with an osmium polymer “wired”
peroxidase electrode The analytes were glucose, lactate and
acetylcholine/choline, respectively The sensitivity and detection limit of

the reported enzyme electrode 1n this study, mcreased by magnitudes of
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Table 61 Performance characteristics of detectors used in HPLC

analysis [4]

Charactenistics | UV-visible | Fluorescence | Refractive | Conductivity | Amperometry
absorption index

Response selective selective *umiversal | selective selective

Sensitsvity, 10° 10 10° 107 10°

g/cm’

Linear range, | 10°-10° 10°-10° 10*-10° 10*-10* 10%10°

g/cm’

Typical  flow | 1-8 8-25 5-15 1-5 05-5

cell volume

*Nouse level 10%au 10"au 10'r1u | 102uS/em | 01nA

*Usage, % 78 31 37 21 15

a there must be a difference between the refractive index of the analyte

and that of the mobile phase

b full meaning of the units are au = absorbance, r1u = refractive index

units, nA = nanoamperes

¢ usage means the proportion of HPLC operators who use each kind of
detector The total 1s greater than 100 % because many operators use

more than one type of detector Data obtained from reference [3]
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2-10, when compared to a conventional platmum amperometric
electrode Other examples of the applications of IMERs are shown 1
Table 6 2

Table 6 2 Examples of components analysed by the use of IMERs pre-
or post- hiquid chromatographic separation

Analyte Enzyme Detection method | Reference

Nicotinamide glucose-6-phosphate | Amperometry 7]

coenzymes dehydrogenase

Oligosacchandes | amylglucosidase Electrochemical [8]

Glycerol glycerol Fluorescence 9]
dehydrogenase

Acetylcholine acetylcholine Amperometry [10]

Choline esterase

Zinc carboxypeptidase A | UV-VIS [11]

The use of enzyme-based amperometric electrodes as detection units m
HPLC has a wide application potential, and 1s generating more interest
Enzyme-based electrodes offer a sensitivity that 1s comparable to those
of IMERs, but at cheaper costs (since there 1s no need for post-columns
and an extra detector) These electrodes operate 1n special
electrochemical cells called thin-layer or flow cells A typical thin-layer
cell consists of two basic umts, the working electrode unit and a

connection block unit The working electrode may be glassy carbon,
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carbon paste or metal (1 e platinum, gold) electrodes The umt usually
consists of two separate electrodes embedded 1n solvent resistant plastic
matenals The two electrodes may be made from the same or different
materials The electrode surface(s) ts subsequently modified with the
sensing enzyme(s) and the immobilising agents The connection block 1s
usually made of stainless steel It contains the reference and counter
electrodes, and 1n addition the column efluent flows through it The
working electrode unit 1s mounted and adjusted, so that its surface 1s
level with that of the connection block The column effluent passes
through a pipe mmto the connection block, in a direction that 1s
perpendicular to the centre of the electrode surface It then passes the
electrodes and flows toward another cylmderical layer, where the outlet
1s connected A typical thin-layer amperometric cell 1s shown m Figure

62

reference electrode
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K. B
connection unii I_
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quick release 5
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Figure 6 2 A thin-layer/flow amperometric cell
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Yao and Wasa [12] reported the application of L- and D- amino acid
oxidase-modified glassy carbon electrode to the HPLC analysis of L- and
D- 1somners of several ammo acids The ammo acids detected included
methionine, tyrosine, leucine, phenyalanine, valme, proline, histidine and
arginine The detection limit of the first four acids was 2 pM The
detection did not require any form of complicated sample pretreatment
In a stmilar way, Nordlmg et al [13] reported on a dual-electrode
detection system for the simultaneous determination of glucose and
soluble cellodextrines after LC separation The cellodextrins detected
were cellobiose, cellotriose, cellotetraose and cellopentaose The sensing
enzymes, glucose oxidase and cellobiose oxidase, were immobilised by

“wiring” with an osmium polymer onto glassy carbon electrodes

Marko-Varga and coworkers [14] used carbon paste electrodes modified
with alcohol oxidase and horseradish peroxidase as HPLC detectors for
methanol and ethanol The enzymes were covalently immobilised onto
carbon paste, which was then packed 1nto a plastic tube and inserted mto
the thin-layer cell The developed detector was used to monitor ethanol
produced from paper pulp industrial waste water after fermentation with
Saccharomyces cerevisiae The results obtamed were comparable with
those obtained with a refractive mdex detector In another study [15], the
same group described the use of phenol oxidase-based biosensors as
detection units 1 LC for the determination of phenolic compounds The
best sensiivity and stability was obtamned when the enzyme was
immobilised by covalent coupling and cross-linking with glutaraldehyde

on solid graphite electrodes Catechol, phenol and p-cresol were detected
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with this biosensor after their reversed-phase separation on a C;3 bonded
silica analytical column The phenol oxidase-modified graphite
electrodes exhibited better selectivity comnpared to the UV detector in

detecting the analytes as listed above

The ability of immobilised enzymes to retain catalytic activity in polar
organic solvents (as discussed m chapters 4 and 5) has generated
renewed 1nterests i the application of enzyme-based amperometric
electrodes as detectors in reversed-phase HPLC This 1s because the
mobile phase 1n reverse-phase HPLC 1s usually a polar organic solvent
such as acetonitrile and methanol in combination with water, or 1n some
cases buffers This section of the thesis reports on the development of a
reversed-phase HPLC separation of phenolic compounds using binary
muxtures of methanol and water, and their subsequent detection with a
tyrosinase-osmium polymer-modified glassy carbon electrode The
selectivity and sensitivity of the enzyme-based biosensor detection
system was compared with a UV detector for the determination of

phenolic compounds 1n cigarette smoke

6.2. HPLC ANALYSIS OF PHENOLIC COMPOUNDS

6.2.1. OPTIMISATION OF CHROMATOGRAPHIC SEPARATION

The effects of operating conditions such as the column packing,

temperature, or more 1mportantly the mobile phase composition, on the
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retention property of an analyte 1s usually measured m terms of the
capacity factor, k', value k' 1s defined as the ratio of the adjusted

retention time of the analyte (tz") to that of the mobile phase (ty) [4]

k'= (tR-tM)/ tm= tr'/tm (6.1)

where tg 15 the tune after injection, for the peak maximum of a analyte,
to be separated 1 e the unadjusted retentton time The capacity factor 1s
independent of the mobile phase flow rate or the physical dimensions of
the column Its values are usually between 1 and 10 to achieve adequate

resolution and reasonable analysis time

Table 6 3 shows the capacity factor values for catechol, phenol, p-cresol
and p-chlorophenol with different mobile phase compositions These
values mdicate that the most favourable k' values were obtamed with
binary mixtures of 30-50 % methanol and 70-30 % water The mobile
phase contaming 60 % methanol gave high retention times, but there was
a poor resolution between the analyte peaks However, resolution
mcreased as the amount of water m the mobile phase mcreased The
substitution of 50 % methanol with 50 % acetomtrile resulted in shorter
retention times with very little resolution between the analyte peaks This
indicates that acetonitrile, compared to methanol, competes effectively
with the analytes for occupation of the octadecyl groups on the stationary
phase [16], and therefore reduces the amount of interaction occurring

between the analytes and the stationary phase
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Table 6 3 Evaluated capacity factor values for catachol, phenol, P-
cresol and P-chlorophenol with different mobile phase compositions

SOLVENT ‘CAPACITY FACTOR VALUES
catechol phenol P-cresol P-chlorophenol

acetonitrile water 04 05 06 07

(50 50)

methanol water 07 09 11 13

(60 50)

methanol water 04 06 10 14

(50 50)

methano] water 04 07 15 23

(40 60)

methanol water 05 12 30 47

(30 70)

methanol water 04 06 09 13

(50 50), + 10 mM

TEATS

methanol water 04 06 09 13

(50 50), + 25 mM

TEATS

®methanol buffer 08 10 15 21

pH 5 (50 50)

methanol buffer 08 10 15 20

pH 6 (50 50)

methanol buffer 04 - 06 09 13

pH 7 (50 50)

methano! buffer 05 08 11 15

pH 8 (50 50)

a the retention times of the respective organic components was measured
as the retention time of the first deviation of the baseline after its
mjection

b the buffer used m all experiments was 0 025 M phosphate buffer and
the pH was adjusted with diluted phosphoric acid and sodium hydroxide
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Organic phase amperometric tyrosinase-based sensors have been shown
to operate within a pH range of 5-8 [15] and in the presence of some
amount of conducting salts, usually tetraalkylammonmun salts [17]

Simularly, the chromatographic separation of phenols 1s dependent on the
mobile phase pH and the presence of tetraalkylammomum salts [18]

Therefore the effects of the mobile phase pH and the presence of 10 and
25 mM tetraethylammomum-p-toluenesulphonate (TEATS) on the
retention of the analytes was evaluated (see Table 6 3) The k' values
mndicate that the addition of 10 and 25 mM TEATS to the mobile phase
did not result in any significant change m the retention and resolution of
these components Also, there was little variation 1n the retention of the
analytes as the pH was varied The four compounds are all weakly acidic
with pK, values 1n the range of 9-10 Therefore, at the stated pH values,
they are uniomzed and are expected to undergo hydrophobic interactions
with the C;g groups on the stationary phase The shightly higher retention
times as observed with the mobile phases that had a pH of 5 and 6 may
be as a result of decreased electrostatic repulsion between the analytes
and the sulphonate groups on the column Methanol/0 025 M phosphate
buffer, pH 6 0 mixtures, (50 50 and 30 70) was used as mobile phase 1n

the rest of the experiments

6.2.2. OPTIMISATION OF UV DETECTION WAVELENGTH

The wavelength used for UV detection usually requires a careful
selection Thus 1s because the wavelength primarily determines both the

sensitivity and selectivity of the detector response to a particular analyte

Most of the previous studies have reported UV detection of phenols at
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erther 254 nm [19,20] or 280 nm [21,22] Figure 6 3 shows the response
of the UV detector to a mixture of 0 S mM catechol, phenol, p-cresol and
p-chlorophenol at wavelengths between 210 and 300 nm The absorption
spectra showed local maxima at 220 nm and at 270-290 nm, with a sharp
decrease between 230 and 260 nm The response at 220 nm was higher
by a factor of 7-9 than that observed at 280 nm for all the analytes
However, in order to avoid eluent absorption (which occurs for most
solvents at wavelengths < 230 nm), 280 nm was chosen as the optimum

wavelength for UV detection of the phenolic compounds

200 -

Peak area, cm?

T T g T v
210 240 270 300
Absorption wavelength, nm

Figure 63 Response of a UV detector to 05 mM of catechol (A),
phenol (B), p-cresol (C) and p-chlorophenol (D) at wavelengths of 210
nm to 300 nm
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6.2.3. TYROSINASE-BASED SENSOR FOR THE DETECTION
OF PHENOLS

The detection mechanism for the tyrosinase-based phenol sensor varies
from one study to the other Nonetheless, they can be generally grouped
into three mam classes (1) those that detect the consumption of oxygen
during the catalytic oxidation of phenolic compounds [23, 24], (u) those
based on detectmg o-quinoid products of the enzyme reaction at a
cathodically potentiostated carbon electrode (as described m section
5.3.2), and (m1) those that use redox mediators [25-27] or redox
conducting polymers [28] to reduce the o-qumones In this study,
tyrosinase was immobilised onto a glassy carbon electrode, with a
conducting poly(1-vinylimidazole)-based osmium redox polymer,
[Os(bpy)2(PVI);oCI]** The polymer 1s basically a complex of osmium
2,2-bipyndyl chlonde, [Os(bpy);Cl]"”™ and poly(1-vinylimdazole) It 1s
known to combine 1ts médiating functions with being an immobilisation
matrix for the enzyme [29] The immobilization process, mvolves the use
of a cross-linking agent, poly(ethylene glycol) (PEG), to link the amino
groups of the enzyme with the free imidazole mitrogen of the polymer,
resulting m a “reagentless”, portable and disposable phenol sensor
Poly(vinyl imidazole)-based osmium polymers, compared to the more
popular poly(vinyl pyridine)-based ones are water soluble, and therefore
do not require modifications to bind easily with water soluble cross-
linkers such as PEG [30, 31] In addition the redox potentials of
poly(vinyl mmidazole)-based osmium polymers are lower by about 80-
100 mV  Figure ' 63 shows the chemical structure of
[Os(bpy)(PVD)1oCl]"** used 1 this study Robmson et al [32] have
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described an enzyme inhibition electrode based on the co-immobilization

of this polymer with tyrosinase The electrode was used to detect azide, a

potent respiratory poision at concentrations as low as 5 uM

Figure 63  Chemical structure of the poly(1-vinylimidazole) and
osmium bipyridyl chlonide polymeric complex, where x =1 and y = 10

232




6.2.3.1. OPTIMISATION OF ELECTRODE MODIFICATION
PARAMETERS

The most sigmficant vanable parameters m the electrode modification
process are the concentrations of the osmium polymer and the cross-
linking agent, poly(ethylene glycol) glycidyl ether Figure 6 4 shows the
effect of changes in the osmium polymer concentrations on the
sensitivity of the detector response to p-aminophenol, phenol, p-cresol
and p-chlorophenol The sensitivity values are the slopes of the straight-
line calibration curves obtained for the analytes The sensitivity of the
sensor to p-amimophenol decreased by 22 5 % when the osmium polymer
concentration was increased from 0 04 to 0 11 mg/cm® This may be due
to electrostatic attraction/repulsion of this analyte or its qumnoid
intermediate with the chain constituents of the redox polymer or with the
enzyme-polymer complex In contrast, and as expected, the sensitivity of
the sensor for the other three analytes increased as the concentration
ratio of the osmium polymer to the enzyme increased Phenol was not
detected with an osmium concentration of 0 04 mg/cm?, while the largest

increase of 200 % was observed with p-cresol

The sensitivity of the sensor for all the analytes mcreased as the
concentration of PEG was increased from 004 to 0 18 mg/cm’® (see
Figure 6 5) It 1s believed that at the lower PEG concentration, a poor
network structure was formed because the cross-linker was not sufficient
to form strong intermolecular bridges between the enzyme molecules
[33] However, as the PEG concentration increased, the network

structure and 1ts charge-mediating abilities improved, thus leading to
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increases tn the sensor sensitivity This increase, however, differed
significantly between the analytes Phenol p-cresol, p-chlorophenol and

p-ammophenol increased by factors of 8, 10, 2, and 1 4, respectively

400
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Figure 64 The biosensor sensitivites for the detection of p-
aminophenol (PAP), phenol, p-cresol and p-chlorophenol (PCP), at
different concentrations of the osmium polymer The mobile phase was a
binary mixture of methanol and 0025 M phosphate buffer pH 6 5
(50 50) containing 0 025 M TEATS The mobile phase flow rate was
080 ml/min The analytes were separated on 5 pm C18 column The
biosensor was a glassy carbon electrode modified with tyrosinase (120
U/em?), PEG (0 18 mg/cm?®), and the osmum polymer Experiments
were performed at -200 mV versus SCE
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Figure 65 The biosensor sensitivities for the detectton of p-
aminophenol (PAP), phenol, p-cresol and p-chlorophenol (PCP) at
different concentrations of poly(ethylene glycol) The osmium-polymer
concentration was 0 11 mg/cm? Other experimental conditions are as
described m Figure 6 4
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6.2.3.2. CHARACTERISTICS OF THE PHENOL SENSOR

A typical chromatogram as obtamned with this sensor, for a 20 pl sample
containing 1 pM phenol and p-ammophenol and 0 1 uM p-cresol and p-
chlorophenol 1s shown 1n Figure 6 6 Similar measurements performed
with an osmmum polymer/poly(ethylene glycol)-modified electrode (1 e

in the absence of tyrosinase) did not give any response

The phenol sensor exhibits favourable dynamic properties, and as
mdicated in Figure 6 6, the analysis time 1s less than S minutes, thus
allowing for 15-20 sample 1njections per hour The response time of the
biosensor was estimated by comparing the retention times of the analytes
obtamed with a UV detector and those obtained with the modified
electrodes (Table 6 5) The difference 1n the retention times was less
than 3 seconds for all the analytes If the time the sample plug spends 1n
the connection tubings (linking the UV detector to the modified
electrode) 1s considered, then these values imply that the response time
of the phenol sensor was far less than 3 seconds This 1s a 10-fold
miprovement over the response tume obtamed with Eastman
polymer/tyrosmase-modified electrodes It can therefore be concluded
that the properties of the osmium polymer immobilization matrix results
m significantly faster enzymatic redox reactions and electron transfer

kinetics
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Figure 66 A 1s the response of the biosensor to 10 puM p-
aminophenol (I), 1 0 pM phenol (II), 0 1 uM p-cresol (III) and 0 1 uM
p-chlorophenol (IV) B 1s the response obtained with the “enzyme-free”
osmium polymer/ poly(ethylene glycol)-modified electrode The injected
sample volume was 20 pl The electrodes was modified with 0 11
mg/cm’ osmium polymer, 0 18 mg/cm® poly(ethylene glycol), and for the
phenol sensing electrode, 120 U/cm?® of tyrosinase Other experimental
conditions are as specified in Figure 6 4

237




Table 6 5 A comparnison of the retention time values of the phenols
obtained with a UV detector and the tyrosinase-modified electrode The
UV detection wavelength was 280 nm and the mobile phase flow rate
was 1 ml/min Other experimental conditions are as described 1n Figures
64and 66

ANALYTE RETENTION TIMES (tg), seconds
*UV detector Tyrosinase-modified Aty
electrode
p-aminophenol 7272 74 4 168
Phenol 93 84 96 6 276
p-cresol 115 08 1176 252
p-chlorophenol 141 12 144 288

a the UV detector retention times were obtained from the computer,
based on Beckmann’s system gold chromatographic program

6.2.3.2.1.  Effect of mobile phase flow rate on the sensor’s response

The response of the biosensor is also affected by expenimental variables,
such as the mobile phase flow rate as well as the operating potential In a
flow system with a fixed geometry and constant sample volume, the flow
rate determines the level of convection and the time of contact between
the modified electrodes and the analyte(s) These two factors ultimately
determine the sensor response/sensitivity Elmgren ef al [34] reported
that the dependence of biosensor responses on the flow rate depends on
the concentration of the analyte as well as the enzyme kmetics Figure

6 7 shows the dependence of the biosensor response to p-amtnophenol,
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phenol, p-cresol and p-chlorophenol The lower flow rates were found to

enhance the sensitivity of the modified elctrode for these analytes except

p-ammophenol, which showed an optimum at about 1 ml/min Also,

there was significant peak width broadening at the low flow rates, hence

a flow rate of 0 8 ml/min was used 1n all subsequent experiments

Current, nA
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Figure 6 7
response of the tyrosinase/osmium polymer-modified electrode to 02

puM phenol (A), p-chlorophenol (B), p-amimophenol (C) and p-cresol
(D) Other experimental conditions are as spectfied in Figures 6 4 and

66
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The effect of vaniations in mobile phase flow rate on the
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6.2 3.2.2.  Effect of the working potential on the sensor’s response

Figure 6 8 shows the effects of the operating potential on the biosensor
responses The expected sigmoidal shape was observed with p-cresol,
which 1indicates negligible ohmic distortions The reponses to p-
aminophenol increased as the potential shifted to the higher negative
values On the contrary, phenol and p-chlorophenol showed an optimum
sensor response at -150 mV and -200 mV, respectively Therefore, the

working electrode was polanised at -200 mV versus SCE for all

experniments
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Figure 68  The response of the modified electrode to 02 pM phenol
(A), p-chlorophenol (B), p-cresol (C) and p-aminophenol (D), as the
working electrode potential was shifted to the higher negative potentials
Other experimental conditions are as described 1n Figures 6 4 and 6 6
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6 2.3.2.3.  Calibration characteristics of the biosensor

Table 6 6 shows the calibration characteristics of the tyrosinase/osmium
polymer-modified glassy carbon electrodes for the named analytes

Sensitivity of the sensor for these compounds was measured from the
slope of their respective straight-lme calibration curves These values
indicate that the sensor was most sensitive to p-cresol and least sensitive
to phenol The observed sensitivity trend 1 e p-cresol > p-aminophenol >
p-chlorophenol > phenol 1s similar to that reported for the detection of
these compounds (except p-ammophenol) with a tyrosmase-graphite-
epoxy biocomposite electrode [35] The selectivity pattern was believed
to have been induced by the hydrophobic nature of the immobilization

matrix

Table 6 6 Comparison of calibration features for phenolic compounds as
obtaned with a osmmum polymer/tyrosinase-modified electrode
Experimental conditions are as described m Figures 6 4 and 6 6

Features p-aminophenol Pheneol p-cresol p-chlerophenol
Sensitivity, 160 46 319 149
nA/ pM
Correlation 09974 09940 09934 09968
cocflicient
Detection 42 58 4 13
limit, nM
Coefficient of 11 45 13 11
vanation (%o)
forn=8
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Favourable signal to noise characteristics allowed detection limits 1n the
range of 4 nM (obtained with p-cresol) to S8 nM ( obtained with phenol),
the detection limits being the analyte concentrations that would generate
a current three times the noise of the background current The precision
of the detection was evaluated on the basis of vanations 1n 8 consecutive
measurements The coefficient of vanation values indicate that the
sensor’s precision 1s higher 1n detecting p-amuinophenol and p-cresol
While 1t was considerably lower in detecting phenol and 1n particular p-
chlorophenol, 1e the two compounds to which the sensor 1s least
sensitive The lower sensor precision 1n detecting these analytes may be
due to unfavourable electronic and/or steric effects within the enzyme

layer

The accuracy of the responses of the phenol detector was validated by its
use 1 the analysis of phenolic compounds 1in pharmaceutical samples
The samples were an antiseptic cream, with a known phenol
concentration of 2 4 % w/w, and a cold/flu relieving salt, that contained
10 % w/w p-acetamidophenol (paracetamol) The percent relative error
was determimned as {(Xg-x)/x;} x 100, where x, 1s the true/known
concentration of the analyte and x4 1s the experimentally determined
concentration of the analyte The percent relative error of the biosensor
in determining phenol and paracetamol 1n the stated samples were -10 %

and +14 %, respectively
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6.2.3.2.4.  Operational stability of the biosensor

The operational stability of the sensor was investigated by performing
consecutive assays of a standard sample containing 0 6 uM, of catechol,
p-cresol and p-chlorophenol The sample was injected 120 times over a
ten-hour period 1 e each analysis taking 5 minutes Initially, the response
of the sensor to catechol increased (relative to the imtial response) as the
number of 1njections increased And then 1t appeared to stabilise after 60
injections (Figure 6 9) On the contrary, the responses to p-cresol and p-
chlorophenol continued to decrease gradually At the end of the ten-hour
period, the biosensor retained only 78 % and 45 % of 1ts 1nitial response
to p-cresol and p-chlorophenol, respectively The structure of the
microenvironment of polymers and/or enzymes tends to change towards
more favourable and reactive conformations within the first 24 hours of
biosensor preparations [36] These changes are believed to be
responsible for the increase/decrease 1n the sensor response as observed
in this study Tyrosinase has two different active centres (1 e catecholase
and cresolase activities), both acting independently in the presence of
their analytes The observed increases in the response to catechol, and
the concurrent decrease for p-cresol and p-chlorophenol implies these
changes m the conformation of the polymer and/or enzyme, are
favourable for the catacholase activity and unfavourable for the cresolase

activity of the enzyme
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Figure 6 9 Operational stability of the phenol sensor as determined by

consecutive assays of 06 puM catechol, p-cresol and p-chlorophenol
Experimental conditions are as described 1n Figures 6 4 and 6 6
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6.2.3.3. DETERMINATION OF THE PHENOLIC COMPOUNDS
IN CIGARETTE FILTER TIPS

The possible application of the phenol biosensor to complex sample
matrix was demonstrated by its use m the liqud chromatographic
analyses of cigarette filter tips Phenolic compounds are known to
contribute to the aroma, flavour and biological activity of tobacco smoke
[37] In order to protect the smoker from inhaling large doses of these
compounds, cellulose acetate-based filters are placed at one end of
commercial cigarettes These filters act by selectively removing phenols
and other carcinogenic compounds These filters are also used as sample
collectors during evaluations of the residual phenolics m the mainstream

tobacco smoke [38,39]

The mobile phase 1n this study was 30 70, methanol 0 025 M phosphate
buffer, pH 6 5 to ensure satisfactory resolution between the analytes
Table 6 7 (A) shows the calibration features for the analytes The mobile
phase change resulted 1n better sensitivity and detection limts for phenol
and p-cresol, while there was a considerable loss in the precision
However, the general features follow a similar trend to that described
mtially for the biosensor m Table 6 6 The UV detector was found to be
less sensitive than the phenol biosensor The analytes could not be
detected within the biosensor’s hinear range on the UV detector The
calibration features of 10-80 pM of these compounds as obtained with
the UV detector 1s shown 1n Table 6 7 (B)
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Table 6 7 (A) Calibration features of the sensor in the analysts of
phenolic compounds in cigarette filter tips The mobile phase was 30 70
binary muxture of methanol 0 025 M phosphate buffer pH 6 5 Other
experimental conditions are described 1n Figures 6 4 and 6 6

FEATURE CATECHOL | PHENOL p-CRESOL m-CRESOL
Slope, nA/nM | 299 023 363 005
Intercept 121 264 214 -182
Correlation 09983 09992 09992 0 9904
coefficient

Limit of [ 16 146 11 156 4
detection, nM

Coefficient of | 28 102 102 57
varaition, %

Table 6 7 (B) Calibration features for the analytes as obtamed with a UV
detector The detection wavelength was 280 nm Other expenmental
conditions are as specified in Table 6 7(A) and Figure 6 4

FEATURE CATECHOL PHENOL p-CRESOL
Slope, absorption | 0 11 006 019
umts/pM
Correlation 09989 09979 09961
coefficient
Limit of detection, | 6 8 8
uM
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The filter of four different brands of commercial cigarettes were
analysed For each brand, one spent filter stub was soaked m 50 ml of
methanol and left overnight at 4°C Figure 6 10 shows the typical
chromatogram as obtamed with the biosensor for a 20 pl njection of the
cigarette filter extract By comparison with chromatograms obtamed with
the standards, peaks IV, V VI and VII have been 1dentified as those of
catechol, phenol, p-cresol and m-cresol, respectively From available
literature, [39-43], the presence of approximately 20 phenolic
compounds have been identified However, tyrosinase 1s specific for
(and would therefore respond to) only 8 of these compounds These are
3-ethylphenol, 4-ethylphenol, 4-methoxyphenol, 3-methyoxyphenol and
the four analytes detected in this study Peaks I-III and VIII as observed

in Figure 6 10 are possibly those of the above-named compounds

Table 6 8 shows the evaluated concentrations of catechol, phenol, p-
cresol and m-cresol 1n the 4 different brands of cigarettes analysed

BRAND CONCENTRATION, pM/cigarette
Catechol | Phenol | p-Cresol | m-Cresol
Benson & Hedges | 1 6 329 06 15
Marlboro 13 2717 06 9
Stlk cut 075 12 46 02 12
Marlboro hights | 1 3 285 0 65 15
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Figure 6 10 The response of the biosensor to a 20 pl ijection of a
cigarette filter extract (Marlboro Lights brand) I, II, IIT and VIII are
umdentified phenolic compounds, while IV, V, VI and VII are catechol
phenol, p-cresol and m-cresol, respectively All experimental condmon;
are as specified 1n Table 6 7(A)
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6.3. CONCLUSIONS

An enzyme-based umt for the HPLC analysis of phenolic compounds has
been described This brosensor 1s capable of detectmg a wide vanety of
phenolic compounds However, those that have been identified in this
study (by running pure standards), are catechol, phenol, p-aminophenol,
p-chlorophenol, p-cresol p-acetamidophenol and in-cresol In comparison
to a UV detector, overwhelmingly mcrease in sensitivity and detection
limts was obtained with the tyrosinase-based biosensor It also displayed
good reproducibility However, the differential loss m the sensitivity of
this sensor within the first 12 hours of usage as well as its comparatively
high percent relative error are problems that still need to be addressed

This might be done by mproving the cross-linking of the enzyme and the
uniformity of the network The developed biosensor was able to detect
catechol, phenol, p-cresol, m-cresol and 4 other phenolic compounds 1n
cigarette filter tips This shows that the sensor 1s capable of being used as
a detection unit 1n the analysis of complex sample matrices without any
form of sample pre-treatment or punification It 1s envisaged that this
biosensor would be useful in areas where high sensitivities and detection
limits for complex phenolic-compound matrices 1s required 1 e forensic,

environmental and chinical applications
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CHAPTER SEVEN: CONCLUSIONS AND FUTURE TRENDS




7.1. CONCLUSIONS AND FUTURE TRENDS

The greatest advantage 1n the use of organic-phase enzyme electrodes as
analytical tools, 1s the possibility of directly analysing samples that are
insoluble or only partially soluble in water, but soluble m orgamc
solvents However, to date, the only commercial organic-phase biosensor
reported 1s an alcohol oxidase-based sensor, for the determunation of
alcohols m petrol and other petroleum products [1, 2] This sensor was
developed by Phillips Petroleumn and was constructed by immobilising
the enzyme onto the surface of an oxygen electrode with a semu-
permeable membrane The slow commercialisation and development of
industrial orgamc-phase biosensors 1s because these sensors are a
relatively recent feature mn analytical chemistry Nonetheless, 1t 1s
established that the greatest drawback for organic-phase biosensors, 1s
the madequate knowledge of the physico-chemical behaviour of enzymes
1n non-aqueous media [1,3] This thesis has provided nsights nto (1) the
sensor performance-determuning processes such as analyte diffusion as
well as enzyme kinetics 1n organic solvents and (1) the application of
OPEE:s as detectors for HPLC analysis It 1s expected that future research
work would target addressing crucial questions that have emanated 1n the

course of this work

For 1nstance, 1t 1s important to determine 1f the catalytic mechamsms of
enzymes like horseradish peroxidase and tyrosinase 1s comparatively the
same 1n the various organic media, as well as m water Similar studies
using Hammett analysis and kinetic 1sotope effect examination, have

been reported for subtilisin carlsberg (serine protease fromn Bacillus
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licheniformis) [4,5] In addition , solid-statt NMR and electron spin
resonance techmiques could be used to ascertan that the active site
structures of these enzymes 1n the organic solvents and water are really
indistinguishable [6] These facts when combined with results reported in
chapters 4 and 5 of this thesis, 1s sure to provide possible routes to
maproving (1) analyte specificity, as well as the detection range and
limuts, () the stability, and (111) the response times of orgamic-phase

biosensors

In this study, the biosensor responses have been analysed using simple
Michaelis-Menten kinetics model Future mterests m the kinetic studies
and analysis of organic-phase biosensors may be directed at considering
coupled mass transport and enzyme kinetics as well as the effects of the
fimite enzyme layer thickness Similar analysis and studies have been
developed by Bartlett and coworkers for aqueous-phase enzyme
electrodes [7, 8]

The on-going trend of developmg immobilisation matenals and methods
that would allow both aqueous and non-aqueous applications of
developed enzyme electrode 1s desirable [9, 10] In a sumlar way, Deng
and Dong [11] have also reported an immobilisation technique that
allowed tyrosinase to maintain 1ts biocatalytic activity for up to three
months m pure chloroform and chlorobenzene These findings would
allow direct theoretical comparisons of the performance of biosensors m
pure organic, biphasic organic-water and aqueous media And more
importantly, 1t would allow for the easy adaptation of developed sensors

as detectors 1n reversed-phase as well as normal phase HPLC analysis
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In a stmilar way, the possible application of biosensors as detection units
m HPLC analysis mught provide a solution to the problems of
mterferents and multi-analyte sample matrices It 1s expected that studies
on the application of biosensors as HPLC detection umts would be
extended to other analytes, such as organic peroxides and
hydroperoxides, alcohols etc In addition, the ability of enzymes to
function 1n supercnitical, reverse micelle and detergentless
microemulsion fluids [12,13], coupled to recent analytical developments
and nterests m reverse micelles and supercritical fluid chromatography

would undoubtedly lead to more research work m these area

Finally 1t would be important to extend the enzymes (and ultimately the
analytes) being used i the development and study of organic-phase
enzyme electrodes Future interests may be directed at the use of new
enzymes such as lipases and other lipid-catalysing enzymes found in
humans Studies of this nature would definitely be of analytical and

clinical significance
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