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Abstract

Abstract 

Novel Amperometric Enzyme 
Biosensors of Environmental Interest

The performance and characteristics of amperometric enzyme-based biosensors for 
environmental monitoring are described in detail in Chapter 1. The concept of enzyme 
inhibition is also outlined including detailed theoretical evaluation of inhibitor type.

The inhibition of one or more enzymes in a metabolic pathway can have detrimental 
effects in vivo. Inhibitors range from food constituents, pesticides, halide, azide and 
cyanide compounds, drug and related therapeutic agents, respiratory poisons, oxides and 
peroxides. In Chapter 2 the use of screen printing is described as a disposable tyrosinase 
based biosensor for the monitoring of selected inhibitors. The characterisation and 
attractive performance of single use inhibitor biosensor strips is presented. Exploitation 
of mushroom tissue electrodes for the convenient monitoring of tyrosinase inhibitors is 
also outlined, including detailed elucidation of inhibitor type using native tyrosinase 
enzyme.

Tyrosinase as a polyphenol oxidase is also an ideal candidate for the biosensing of 
phenolic compounds. The use of several hydrocarbon pasting liquids for improved 
tyrosinase-based carbon paste phenol biosensors is demonstrated in Chapter 3.

Much interest has evolved in recent years on the use of sol-gel glasses in sensor 
manufacturing. Chapter 4 addresses this area with a sol-gel carbon composite electrode 
as an amperometric detector for catecholamines in liquid chromatography. An example 
of a sol-gel amperometric biosensor for the analysis of phenolics is also described.

The most recent advancement in amperometric biosensing models, has been the proposed 
use of cytochrome P450 enzyme for environmental monitoring. Cytochrome P450s are 
heamthiolate monooxygenase enzymes that result in the hydroxylation of a wide range of 
substances. This novel biosensing technique is presented in Chapter 5 in relation to the 
encapsulation of the P450 enzyme along with membrane vesicles, within a 
methyltriethoxysilane gel. The behaviour of this biosensor for the analysis of 
polyaromatic hydrocarbons is evaluated.

The thesis concludes in Chapter 6 with a critical assessment of the work performed 
there-in, along with suggestions for future work.

X
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Inhibitors and Phenols
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Chapter 1

1.1. Biosensors - An Introduction

Biosensors have often been described as the marriage of a biological component e.g. an 

enzyme or antibody with a transduction system allowing measurement and amplification 

of the signal. In enzyme-based biosensors the redox protein forms the heart of the 

system. Many transduction systems have been used in the construction of biosensors 

including optical, piezoelectronic, potentiometric and amperometric transducers. These 

transducers have many practical applications in biosensors for both environmental and 

pharmaceutical monitoring. Some applications would include a wide range of uses in 

research and development; process monitoring and control; quality control and the 

monitoring of the work environment. For example, the market for blood glucose 

monitoring is worth more than $800 million world-wide, hence emphasising the 

valuable position enzyme biosensors hold in the marketplace [1].

Although an ideal biosensor should be sensitive, selective, stable, accurate, precise, 

simple, inexpensive, have a rapid response, be ideally rugged and reagentless, in reality 

these requirements are seldom achieved. It is important to emphasise that biosensors 

are a potentially powerful tool for biochemical monitoring. However, the realisation of 

their potential requires a close appreciation of the materials required for their interfacing 

needs. An integrated approach that combines engineering with chemistry in both 

academic and industrial circles is vital if such devices are to have practical uses.

Many institutes are now recognising these demands, with many academic establishments 

working closely with industrial circles to overcome these obstacles for the successful 

development of enzyme-based biosensors. Ideally what is required are systems which 

can operate without mediators. The more simple the reaction, the less complications 

involved comprising leaching of mediators and so on. The ability of such biosensors for 

qualitative and quantitative monitoring must also be realised, if such devices are to find 

their niche in routine analysis.

1.2. Enzyme Catalysis

Two important aspects of enzymatic catalysis are molecular recognition and rate 

acceleration [2], The function of catalytic groups at the active site of enzymes is to
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Chapter 1

induce electron density changes in the substrate, thus facilitating bond cleavage and 

formation. It is therefore not surprising that these catalytic groups can also catalyse 

different reactions, but only those which involve a similar direction of electron flow to 

that of the ‘natural environment’.

The first step in enzyme catalysed reactions is the bringing together of the substrate and 

the enzyme. This binding process brings the reacting groups on the enzyme and 

substrate into close proximity. Such favourable interaction between enzyme and 

substrate is usually referred to as the ‘binding energy’. Despite the unique 3-D 

structure of enzymes, the free energy of folding amounts to only 15-60 KJ mol,'1 as 

there is a large unfavourable energy change accompanying protein folding because of 

the decrease in surface area exposed to water. This emphasises the large unfavourable 

entropic contribution upon folding as a result of the loss of internal rotations. Their 

dimensional size alone is the minimum required to obtain a unique 3-D structure. The 

large binding energies between enzymes and substrates is a result of the close packing 

of atoms within the protein which constitutes as much as 75 % of the enzyme interior.

The number of interactions between substrate and enzyme can be quite large [3], For 

example, there are eight amino acid residues in citrate synthase which form hydrogen 

bonds to citrate and another eight which form similar bonds to coenzyme A. However, 

these residues range from number 46 to number 421. Most of the 437 amino acid 

residues of citrate synthase are therefore required to bring the enzyme into the required 

geometrical conformation. Most enzymes are in the molecular weight range 30,000- 

50,000 [4], The surface to volume ratio for most enzymes is constant, and as the radius 

increases there is proportionately less surface area. The common size of enzymes 

represents the minimal required for multiple interactions within the cell. The regulatory 

control of enzyme action also requires extensive binding sites, and hence the large size 

of an enzyme molecule.

1.3. Electrochemical Enzyme Biosensors - Theoretical Aspects

The general mechanism on which an amperometric enzyme-based biosensor is based 

depends on the interaction between the analyte present in the sample, and the enzyme

3



Chapter 1

immobilised on the surface of the electrode; the consequent formation of an 

electroactive species generates an electrical signal or variation of a pre-existing one [5], 

This signal is therefore proportional to the activity of the chemical species to be 

determined. Electrochemical biosensors should be developed so as to maximise their 

sensitivity towards the specific chemical species to be detected and to minimise the time 

constant for the response.

The most general rational correlation amongst any biological, physiological or 

pharmacological effect e.g. due to an interaction between a chemical species and its 

receptor, indicated as 0 , the consequent generation of an electrical signal, and the 

activities of the chemical species involved in the interaction, can be described on the 

basis of the following considerations [5], The effect 0 , which is the interaction 

between the analyte and the enzyme, its maximum effect 0 max, the concentration of free 

agonist Cf , the concentration of occupied active sites on the receptor macromolecule, 

C zf , the total concentration of active sites, C ztot, and the equilibrium constant, K , of 

the interaction between F and Z, are connected by the following equations:

K=(CfCz)/Czf (1.1)

The effect of interaction, 0 , between the chemical species and the enzyme, is a 

parameter correlated with the fraction of active sites on the enzyme through a constant, 

k. More precisely, 0  and ©max are respectively proportional to the concentration of 

occupied active sites on the receptor macromolecule, i.e. the enzyme,

0  =  kCzF (1 .2 )

and to the total concentration of active sites on the enzyme, C zto t

0 max= kCztot (1-3)

It must be stressed that k is just a proportionality constant and it is not a velocity 

constant. This means that, since k is not dependent on the time, the effect takes place

4
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at the same time as the interaction between F and Z. The possibility of obtaining 

prompt and continuous signals by means of electrochemical biosensors is closely 

correlated with the value of an energy of interactions or sort of ‘chemical affinity’, AG*, 

that is generally relatively low.

AG* is therefore proportional to the electrical energy present under the specified 

conditions of temperature, pressure and the activity of the considered chemical species, 

and is converted into an electrical signal, according to the general equation:

AG*= -nFA'P (1.4)

where n is the electrochemical valency of the reaction, or the number of Faraday, F, per 

equivalent of reaction and AY, is the electrical potential difference. AG* is 

conventionally taken as negative, and hence AY as positive, if the reactants are written 

on the left and the products on the right hand side of the chemical equation.

The relationship between AY and 0 , given by an electrochemical enzyme-based 

biosensor is therefore self evident. Both these entities are in fact proportional to the 

concentrations of the chemical species involved in the interaction. With such

electrochemical enzyme based biosensors, the reactions involve an incredible number of

molecules and take place at a very high rate. It is a worthwhile feature that the validity 

of relationship (1.4) extends from the electrical signals of biosensors, and can be used to 

explain electrical signals associated to transport phenomena at the level of nerve fibers 

or to other facilitated transport processes. It can thus be written that:

0 / 0 m a x =  (CzF/Cztot) =  [CF/(K  + CF)] (1.5)

or by rearranging

1/0 = l /0 m„ + [(K/0mai)(l/CF)] (1.6)
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These are schematically represented by Figures 1.1 and 1.2 respectively. It clearly 

appears that by replacing the effect of the interactions with the velocities of an 

enzymatic reaction i.e., by replacing the K with Km , and the substrate concentration Cf 

with S, the concentration of substrate, equation (1.5) becomes the reciprocal of the 

Michaelis-Menten equation, also known as the Lineweaver-Burk relationship:

1/V = 1/Vm„  + [(KM/Vmax)(l/S)] (1.7)

It has therefore been demonstrated that the mechanism of action of an electrochemical 

enzyme-based biosensor, deduced in equation (1.5) and (1.6), stems from the 

Michaelis-Menten equation, which is well known in the study of enzyme kinetics.

Figure 1.1. Relationship between &/&maxand CF

Figure 1.2. Relationship between 1 /0  and 1/CF
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Figures 1.1 and 1.2 also resemble the well known variation of reaction velocity with

substrate concentration, and the Lineweaver-Burk plot for evaluation of critical 

constants, in Michaelis-Menten kinetics. The only difference in the representation here 

is that one depicts the relationship between the effect of interaction and the 

concentration o f the free substrate.

It is clear from Figure 1.1, that the interaction between enzyme and substrate 

plateaus at a certain concentration of substrate. At this point the enzyme becomes 

saturated and represents the maximum electrical signal, AY, obtainable from the 

system. Figure 1.2 allows other constants to be evaluated and recorded for such a 

system. Figure 1.3 summarises the mechanistic performance of an electrochemical 

enzyme-based biosensor.

Chemical species

General
Electrochemical Mechanism Interaction

betweenBiosensors

T
Mediators immobilised on 

electrode surface

Are derived or fomed by Ihe 
same material involved as reagents, 
products or catalysts in the considered 
biochemical pathways

t
t

Operate in an energy range o f  
the same order o f magnitude as 
most biological processes

Effect of 
Interaction Generation of an electric signal 

A1?, or variations of a preexisting 
electrical signal, proportional to 
the activities of the chemical 
species to be determined.
AG* represents an energy of 
interaction or a sort of 
“chemical affinity”.

V

Figure 1.3. Summary o f electrochemical enzyme- based biosensor mechanism.
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The validity of equations (1.5-1.6) are, however, limited to the following cases:

(a) the effect 0  must be proportional to the number o f receptorial sites occupied by the 

substrate; (b) each molecule of substrate must stoichiometrically interact with each 

receptorial site; and (c) the number of molecules of substrate must be much greater than 

the number of receptorial sites, i.e. only a small fraction of the number of total 

molecules can interact with the receptor sites.

1.4. Electrochemical Signal Transduction and Working Electrodes

In order to convert these biochemical reactions into an electronic signal that can be 

easily manipulated, a transducer is required. In electrochemical signal transduction, the 

transducer is a working electrode and can take many forms, some of which include 

glassy carbon, carbon paste and platinum electrodes respectively.

1.4.1. Glassy Carbon

Glassy carbon is widely used in electrochemistry for the analysis of electroactive 

substances and as a support for surface modified electrodes, The electrochemical 

properties of this material can be improved by surface treatment. At present, 

electrochemical pre-treatment through oxidation and reduction of the electrode surface 

is a widely used method to improve the activity and performance of glassy carbon 

electrodes for catalysis and in applications as electrochemical detectors of electroactive 

substances [6-9], For example, immobilisation of horseradish peroxidase in a 

polyphenol film at an electrochemicallly activated glassy carbon electrode showed 

excellent biocatalytic activity and stability. The enzyme electrode exhibited linear 

responses to H2O2 in a concentration range of 5x1 O'8 to lxlO 'sM and its response time 

was less than 5 s, At a moderate operating potential o f 0 V vs. SCE, the direct 

responses of H2O2 and other electroactive interferents such as ascorbate and urate, on 

the activated glassy carbon electrode were minimal. The interference of ascorbate and 

urate was further reduced by the insulating polyphenol film [10]. The long term 

stability of the enzyme electrode was investigated by measuring the response to 2x10' 

SM H2O2 in phosphate buffer and there was no apparent loss of sensitivity after 2 

months of storage. A detection limit of 2xl0 '8M was obtained.

8
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Bianco and Aghroud [11] have used glassy carbon electrodes modified with cation 

exchangers to study the electrochemical behaviour of herbicides and plant growth 

regulators from the quaternary ammonium family e g mepiquat, chlormequat and 

difenzoquat. The kinetics and stability of incorporation into the cation exchange layer 

were evaluated, providing valuable information for future environmental applications.

In a similar way, Deng and Dong [12] modified a glassy carbon electrode with a 

cobalt(II)tetraphenylporphyrin (CoTPP) and co-immobilised acetylcholinesterase in the 

layer. With the present widespread concern about human health and environmental 

conditions, more and more researchers are showing great interest in the enzyme 

acetylcholinesterase because of its important role in the metabolism of 

neurotransmitters and its blockage by some inhibitors. The use of 

cobalt(H)tetraphenylporphyrin in the biosensor protocol has the ability o f reducing the 

overvoltage by 300 - 400 mV for the electroanalysis of thiocholine, and also has 

showed high electrocatalytic activity. The biosensor composite yielded a limit of 

detection of 0.8 nmol I'1 thiocholine, with a relative standard deviation less than 2% 

and a storage stability of 3 months.

1.4.2. Carbon Paste

As one of the most important composite electrodes, the carbon paste electrode (CPE) 

was invented by Adams in 1958 [13], It is consisted of mixing electrically conducting 

graphite powder and an organic pasting liquid which is immiscible with contacting 

aqueous solution [14]. These electrodes have been used extensively in the construction 

of biosensors, due to their high versatility in immobilising their matrix co-factors, 

activators and a large spectrum of additives that improve the electrochemical and/ or 

biochemical reaction, and consequently the analytical performance of carbon paste- 

based biosensors [15].

During the past 15 years, carbon paste electrodes have received great attention and 

have been extensively used in the fields of electroanalysis and biosensors [16], The 

broad application of carbon paste electrodes is based mainly on its attractive advantages 

such as low cost, a wide potential window, ease of preparation and renewal and

9
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convenient modification. Although modification of carbon paste electrodes began in 

1964 [17], real chemical modification of such electrodes was only first attempted by 

Check and Nelson [18] in 1978, who introduced complexing functional groups to the 

electrode surface. The resultant electrode was used in the preconcentration of silver. 

Another modification was reported by Yao and Musha [19], by dissolving a modifier in 

the organic pasting liquid for electroanalysis. However, the real break-through 

regarding widespread use of carbon paste electrodes was achieved by Ravichandran and 

Baldwin [20] who directly mixed a modifier with carbon paste in 1981.

Since then, the number of publications dealing with modified carbon paste electrodes 

has exhibited an exponential increase. Since 1988, the main development in this field 

has involved doping carbon paste with a variety of biological materials such as enzymes, 

plant tissues and whole microbial cells, resulting in functionalised electrodes for the 

determination of phenols, lactate, glucose and a whole variety of other substances [16]. 

The application of carbon paste electrodes has been extended to almost all fields of 

electroanalysis. The effects o f paste composition and surface pre-treatment on reaction 

kinetics and capacitance have been evaluated [21,22], The surface properties of carbon 

paste electrodes have been studied by scanning tunnelling [23], electron and 

electrochemical scanning microscopy [24,25], as well as by electrogenerated 

chemiluminescence [26], Kulys et al. [27] recently studied electrochemical properties 

and corresponding possible mechanisms of unmodified and modified carbon paste 

electrodes using chronoamperometry and cyclic voltammetry.

1.4.3. Platinum

Platinum has been a popular electrode material because of its inherent superior response 

characteristics. Nanjo and Guilbault [28] immobilised uricase on the surface of a 

platinum working electrode for the monitoring of uric acid in biological fluids. Other 

groups have modified platinum working electrodes with polyphenol films to eliminate 

interferences in clinical analysis [29], The reduction in electrode poisoning in a 

biosensor for the monitoring of glucose has also been achieved by incorporating 

platinum electrode particles in a Nation film dispersed on glassy carbon [30],
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Moser et al. [31] have also developed advanced immobilisation techniques for glucose 

oxidase and lactate oxidase biosensors using highly purified platinum surfaces These 

immobilisation techniques have involved the use of benzene tetracarboxylic acid 

anhydride (BTCAD), succinic anhydride and carbodiimide, and BTCAD with p- 

phenylenediamine. These immobilisation techniques have resulted in outstanding 

biosensor performance by virtue of their interfacial and surface chemistry properties. 

The long term stability of the glucose biosensors incubated at A C  showed no decrease 

in sensor response even after one year. Immobilisation of the lactate oxidase resulted in 

no significant increase in enzyme stability compared to other techniques and may 

require further crosslinking of the immobilised enzyme layer in order to improve their 

long term stability.

1.5. Electron Transfer - The Mediation Process

Enzymes involved in the oxidation and reduction of biological molecules either contain 

a redox centre such as iron, copper, flavin, quinone at their active site or perform their

biological role in conjunction with a redox active cofactor such as NAD(P)+. The

difficulty in obtaining direct electrochemistry between an enzyme’s redox centre and a 

naked electrode, together with the absence of an effective electrocatalytic surface for 

the efficient recycling of reduced cofactor, led to the first enzyme electrodes indirectly 

exploiting electrochemistry to monitor enzyme activity. The classic example is the 

glucose electrode sensor proposed by Clark and Lyons [32] and described by Updike 

and Hicks [33] based on the enzyme glucose oxidase and a polarographic oxygen 

electrode. Glucose oxidase is an FAD containing enzyme which catalyses the oxidation 

of glucose to gluconic acid. During the catalytic cycle, the flavin prosthetic group is 

first reduced by glucose and then reoxidised by molecular oxygen. The amount of 

glucose present in the solution is determined by following either the rate of oxygen 

consumption or the rate at which hydrogen peroxide is produced.

Glucose + 0 2 + H20  = Gluconic acid + H20 2 (1.8)

H 20 2 = 2H* + 0 2 + 2e (1.9)
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Although 0 2 is the physiological electron acceptor for oxidases such as glucose 

oxidase, it can be replaced in the majority of cases by an electron transfer mediator. A 

mediator is a low molecular weight redox couple which shuttles electrons from the 

redox centre of the enzyme to the surface of the indicator electrode. During the 

catalytic cycle the mediator first reacts with the enzyme and then diffuses to the 

electrode surface where it undergoes rapid charge transfer.

The use of a mediator introduces a number of distinct advantages. Provided the 

mediator is unreactive with oxygen, it makes measurement virtually independent of p 0 2. 

Secondly, the working potential of the enzyme electrode is now determined by the 

formal potential (E°) of the mediator couple. This can be particularly advantageous if 

the mediator has a low E° since it lessens the chance of interference. Finally, if the 

oxidation of reduced mediator does not involve protons it can make the enzyme 

electrode relatively pH insensitive.

Molecules such as quinones, organic ions, and inorganic ions such as ferricyanide and 

redox dyes have all been used with some degree of success. A practical mediator must 

react rapidly with the enzyme. It should exhibit reversible kinetics, and should be stable 

in both oxidised and reduced forms, should not react with 0 2 and ideally be non-toxic. 

The overpotential for the regeneration of the oxidised mediator should be low and pH 

independent.

An extremely practical configuration in mediated biosensor construction is to have the 

mediator firmly anchored to the surface of the electrode or within the enzyme 

immobilised layer, in such a way that it is still electrochemically active and able to react 

with the enzyme. One of the most successful classes of mediator compounds that has 

been used in this way has been based on the use of ferrocene and its derivatives. 

Ferrocene is a transition metal 7t-arene complex which consists of an iron atom 

sandwiched between two cyclopentadienyl rings. It has a well behaved electrochemical 

redox couple (E° / (mV) vs. SCE = 165) with variation in physical and chemical 

properties available through substitution in either of the two ring systems.
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1.6. Enzyme Immobilisation Methods

Selection of support material and the method of immobilisation is made by evaluating 

the various characteristics and required features of the particular application against the 

properties of the particular support and immobilisation method. A number of practical 

considerations are required before embarking on an experimental design to ensure that 

the final immobilised enzyme will operate at optimum effectiveness.

In solution, soluble enzyme molecules behave as any other solute in that they are readily 

dispersed in the solution and have complete freedom of movement. However, once the 

enzyme is immobilised on the support surface, this freedom of rotation is somewhat 

hindered by the particular method used. The physical and chemical properties of the 

support material are important, and factors such as available surface area, degree of 

porosity, inertness towards the enzyme material, availability o f functional groups for 

modification, and regeneration and re-use o f the electrode surface all have an important 

part to play in the immobilisation process chosen. The stability of the electrode and 

resistance to microbial attack, effect of pH, temperature, and organic solvents are also 

important considerations. The most popular immobilisation methods are adsorption, 

covalent binding, entrapment, encapsulation and crosslinking.

1.6.1. Adsorption

This is the simplest method of immobilisation and involves reversible interactions 

between the enzyme and the support material. The forces involved are electrostatic in 

nature, such as van der Waals forces, ionic and hydrogen bonding interactions, although 

hydrophobic bonding can also be significant. These forces are very weak, but 

sufficiently large in number to enable reasonable binding.

Existing surface chemistry between the enzyme and the support material is utilised so 

that no chemical modification is required and little denaturisation of the enzyme is 

caused. The procedure consists of placing the biological component on the support 

material, under suitable conditions, for a certain period of time. This is a simple, cheap 

and efficient method of immobilisation and is reversible allowing regeneration of the 

support material. However, the most significant disadvantage is leakage of the enzyme
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from the support. Desorption can occur under many circumstances, and environmental 

changes in pH, temperature, and ionic strength will promote desorption. However, this 

latter factor can be turned to advantage if regeneration of the support is built into the 

operational regime, to allow rapid expulsion of the exhausted enzyme and replacement 

with fresh biocatalytic layer.

1.6.2. Covalent Binding

This immobilisation method involves the formation of a covalent bond between the 

enzyme and the support material. The bond is normally formed between functional 

groups present on the surface of the support and functional groups belonging to amino 

acid residues on the surface of the enzyme. A number of amino acid functional groups 

are suitable for participation in covalent bond formation. Those that are most often 

involved are the amino group (NH2) of lysine or argenine, the carboxyl group (CO2H) 

of aspartic acid or glutamic acid, the hydroxyl group (OH) of serine or threonine, and 

the sulfydryl group (SH) of cysteine.

Functional groups on the support material are first activated by a specific reagent, and 

then the enzyme is added in a coupling reaction to form a covalent bond with the 

support material. Normally the activation reaction is designed to make the functional 

groups on the support strongly electrophilic (electron deficient). In the coupling 

reaction, these groups will react with strong nucleophiles (electron donating), such as 

the amino (NH2) functional groups of certain amino acids on the surface of the enzyme, 

to form a covalent bond. Chemical modification increases the range of immobilisation 

methods that can be used for a given support material. Derivatisation can also be used 

to modify charges on the surface of a support material to improve binding of the 

biocatalyst.

1.6.3. Entrapment

Entrapment differs from adsorption and covalent binding in that the enzyme molecules 

are free in solution, but restricted to movement by the lattice structure of a gel. The 

porosity of the gel lattice is controlled to ensure that the structure is tight enough to 

prevent leakage of enzyme, and yet at the same time allow free movement of substrate
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and product. Entrapment can be achieved by mixing an enzyme with a polyionic 

polymer material and then crosslinking the polymer with multivalent cations in an ion- 

exchange reaction to form a lattice structure that traps the enzyme (ionotropic 

gelation). Temperature change is a simple method of gelation by phase transition using 

a 1-4% solution of agarose or gelatin. However, the gels formed are soft and unstable. 

A significant development in this area has been the introduction of tc-carrageenan 

polymers that can form gels by ionotropic gelation and by temperature-induced phase 

transition, which has introduced a greater degree of flexibility in gelation systems for 

immobilisation.

Alternatively, it is possible to mix the enzyme with chemical monomers that are then 

polymerised to form a crosslinked polymeric network, trapping the enzyme in the 

interstitial spaces of the lattice. The latter method is more widely used, and a number of 

acrylic monomers are available for the formation of hydrophilic copolymers. The pore 

size of the gel and its mechanical properties are determined by the relative amounts of 

monomer and crosslinking agent. It is therefore possible to vaiy these concentrations 

to influence the lattice structure.
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Figure 1.4. Immobilisation methods. A . Adsorption. B. Covalent Bonding. C. Encapsulation. D. 

Entrapment E. Crosslinking.
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1.6.4. Encapsulation

Encapsulation involves enveloping the biological entity within various forms of semi

permeable membranes. It is similar to entrapment in that the enzymes are free in 

solution but restricted in space. Large proteins cannot pass out of or into the 

membrane, but small substrates and products can pass freely across it. Many materials 

have been used to construct microcapsules varying from 10-100 fim in diameter; for 

example nylon and cellulose nitrate have proven popular.

1.6.5. Crosslinking

This involves joining enzymes to each other to form a large three dimensional complex 

structure, and can be achieved by chemical or physical methods. Chemical methods of 

crosslinking normally involve covalent bond formation between the cells by means of a 

bi- or multifunctional reagent, such as glutaraldehyde or toluene diisocyanate. Both

bovine serum albumin and gelatin have been used to provide additional protein

molecules as spacers to minimise the close proximity problems that can be caused by 

crosslinking a single enzyme. Crosslinking is rarely used as the only means of 

immobilisation because the absence of mechanical properties and poor stability are

severe limitations. Crosslinking is most often used to enhance other methods of

immobilisation,

1.7. Properties of Tyrosinase Enzyme

Enzymes are catalysts, which have the ability to lower the energy of reaction, hence 

increasing considerably the fraction of molecules with sufficient energy to react and 

form the product. It therefore increases the rate of the reaction without itself being 

consumed in that reaction. This process occurs at the active site of the enzyme, as 

mentioned previously in Section 1.2.

As one is aware, enzymes are non-selective, in that many compounds are capable of 

undergoing substrate catalysis. This is best exemplified by tyrosinase and its reaction to 

phenol compounds. The enzyme is a polyphenol oxidase and oxidises phenols to 

quinone products, which can then be manipulated electroanalytically by a chemical
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reduction at a working electrode surface, thus giving rise to an electrical signal. 

Tyrosinase is a bifunctional, copper-containing oxidase having both catecholase and 

cresolase activity [34], Most research work on tyrosinase has been performed using 

mushroom as the source. The enzyme is a tetramer containing four atoms of copper 

per molecule [35], and two binding sites for aromatic compounds including phenolic 

substrates. There is also a distinctively different binding site for oxygen, the copper 

site. Its kinetic properties have been widely studied and reported [36-39],
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Figure 1.5. Mechanism of tyrosinase electrocatalysis.
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The catalytic cycle of tyrosinase with catechol and subsequent electrochemical 

reduction of o-quinones occurring at the solution electrode interface are shown in 

Figure 1.5. Within one enzyme turnover, two catechol molecules participate with the 

production of o-quinone products, This step may be followed by an electrochemical 

reduction of the o-quinone to form catechol.

Tyrosinase plays a very important role in animal metabolism [40], It is the only enzyme 

involved in the synthesis of melanins in pigment producing cells called melanocytes. It 

catalyses first the hydroxylation of tyrosine to 3,4-dihydroxyphenylalanine, more 

commonly known as Dopa. Dopa, which also acts as a cofactor for this reaction, is the 

substrate for a subsequent oxidation to dopaquinone, also catalysed by tyrosinase. In 

individuals, pigmentation is thus determined by the relative amounts of red and black 

melanins in skin, of which tyrosinase plays a vital role.

1.8. Biosensors and Enzyme Inhibition

Enzyme inhibition studies are of utmost importance in analytical chemistry, The 

inhibition of one or more enzymes in a metabolic pathway can have detrimental effects 

in vivo. Inhibitors range from food constituents [41-43], pesticides [44-46], halide 

[47], azide [48], and cyanide compounds [49], drug and related therapeutic agents [50- 

61], respiratory poisons [62], oxides and peroxides [63,64], This list is by no means 

exhaustive, but highlights the necessity for analytical method development on inhibition 

work.

Many enzyme systems have been investigated for inhibition work. These have involved 

colorimetric assays using nitrate reductase [65,66] for benomyl cuparin; peroxidase [67] 

for mercury at the picogram level; malate dehydrogenase [68] for phenols; 

submitochondrial particles [69] for chlorophenols; glucose-6-phosphate dehydrogenase 

for chromium and cadmium; pyruvate kinase and hexokinase [70] for the monitoring of 

chromium, mercury and phenol inhibition respectively.
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Amperometric methods have also been used, employing tyrosinase [71], 

acetylcholinesterase [72], cytochrome oxidase [73] and cyanobacteria [74] for the 

monitoring of inhibition by atrazine and cyanide, dichlorophenols, cyanide and diuron 

respectively Inhibition of tyrosinase is associated with the interaction of a given 

compound with the copper active site of the enzyme [75], Its role in electroanalytical 

chemistry as a screening agent for inhibitor compounds is extremely important. It is an 

extremely robust enzyme, with a very high catalytic activity, allowing relative substrate 

signals to be obtained very effectively with little noise. Its compatibility with graphite 

powder and sol gels allows various composite electrodes to be prepared. Its amazing 

resistance to high temperatures allows use of screen printed technology, which requires 

high temperatures in the curing stage, resulting in the availability of low cost, highly 

sensitive disposable biosensor strips for use in inhibition studies.

1.9. Types of Enzyme Inhibition

Although enzyme inhibition has been classified into reversible, competitive, 

uncompetitive, mixed and irreversible, non-competitive inhibition, one can more easily 

simplify inhibitor classification into two groups: poor inhibitors i.e., those which show 

an equilibrium constant similar to that for binding to aqueous copper complexes; and 

good inhibitors, which are substrate analogues, binding with an equilibrium constant 

higher by an order of magnitude relative to that for binding to aqueous copper 

complexes.

Thus, poor inhibitors usually give rise to reversible inhibition due to noncovalent 

binding of the inhibitor, giving rise to competitive and uncompetitive inhibition, whereas 

a good inhibitor gives rise to irreversible inhibition as a result of covalent binding and 

hence inactivation. Almost all irreversible enzyme inhibitors are toxic substances and 

are either natural or more commonly man made.
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1.9.1. Reversible Inhibition

The various modes of reversible inhibition all involve the noncovalent binding of an 

inhibitor to the enzyme, but they differ in the mechanisms by which they decrease the 

enzyme’s activity and in how they affect the kinetics of the reaction.

1.9.1.1. Competitive Inhibition

Suppose there exists a molecule that so closely resembles the substrate for an enzyme- 

catalysed reaction that the enzyme will accept it in its binding site. If this molecule can 

also be processed by the enzyme, it is merely a competing alternative substrate. 

However, if the molecule binds to the active site but cannot undergo the catalytic step. 

Such a molecule is called a competitive inhibitor.

For whatever fraction of time a competitive inhibitor molecule is occupying the active 

site, the enzyme is unavailable for catalysis. The overall effect is as if the enzyme 

cannot bind substrate as well when the inhibitor is present. Thus, one would expect 

that the enzyme would act as if its Km, the Michaelis constant which is a measure o f the 

strength of binding of the substrate to the enzyme (see Section 1.3 equation (1.7)), 

were increased by the presence of the inhibitor. Mathematically, this can be expressed

IQ K m ktat

[El o  I +] E + S ES -> E + P (1.10)

Here I stands for the inhibitory substance and Ki is a dissociation constant for inhibitor 

binding, defined as Ki = ([E][I])/[EI]. One can solve the rate equations, noting that

[E]t =  [E] + [ES] + [El] (1.11)

Total Free Enzyme Enzyme

Enzyme Enzyme bound to bound to

Substrate Inhibitor

where [EI]=([E][I])/Ki, [I] being the concentration of free inhibitor. The result is

21



Chapter 1

V  =  ( V m„ [ S J ) / ( | S |  +  K , \ i app) (1. 12)

This resembles the Michaelis-Menten equation (see Section 1.3, equation (1.7)), except 

in this case Km3PP is the apparent Michaelis constant. Also, as mentioned, an increase in

[I] causes an increase in the KMW. Note that V,„„ is unchanged, for as [S] becomes 

very large, V approaches V ^ ,  just as in the absence of inhibition.

(a)

(b)

Km
[S]

IS]

Figure 1.6. Effects o f competitive inhibition on enzyme kinetics.

The effect of competitive inhibition on a graph of V versus [S] is shown in Figure 1.6. 

Since the system at a given [I], still obeys an equation of the Michaelis-Menton form, 

one must expect that Lineweaver-Burk plots and Eadie-Hofstee plots will still be linear 

graphs, with KM but not Vmax changed by the presence of the inhibitor. As Figure 

1.6(b) shows, this is exactly what happens. If one plots KMapp versus [I], we can 

determine both the true Km and IQ as shown in the inset. The fact that the lines cross at 

the same Vmax proves that this is competitive inhibition.
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1.9.1.2. Non-competitive Inhibition

This form of inhibition occurs when a molecule or ion can bind to a second site on an 

enzyme surface, not the active site, in such a way that it modifies kcat. It might for 

example, distort the enzyme so that the catalytic process is not as efficient, as shown in 

Figure 1.7. Such a non-competitive inhibitor can be a molecule that does not interfere 

in any way with substrate binding but completely prevents the catalytic step. In this 

case, the inhibitor will bind equally well to both E and ES. One can therefore write:

E

+

I

KiS

E l +

Km

s

Km

< >

E S

+

I

X  K!
E I S

kcat 
—> E

(1.13)

Mathematical analysis yields

V = ( k c a t* pp[ E ] t [ S ] ) / ( [ S ]  +  K m )  ( 1 . 1 4 )

The result is exactly what one would expect; the apparent KM is uninfluenced by 

inhibitor, but the apparent k^t decreases with increasing [I], Therefore Vmax is changed 

in this case (see Figure 1.7), for at high [S] we find

V  Vm ax*PP =  k c a taPP[ E ] t  =  ( k c at[ E ] t) / ( l  +  (ffl/Kj)) ( 1 . 1 5 )

The effect of non-competitive inhibition on a Lineweaver-Burk plot is shown in Figure 

1.7.(b). Also, as shown in the insert, both k ^  and Ki may be determined by plotting 

1 / V m a x a p p  versus [I],
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(b)

Figure 1.7. Effects o f noncompetitive inhibition on enzyme kinetics, (a) Reaction velocity (V) 

versus [SJ. KM is not affected, but Kuzx is decreased because the enzyme is not as catalytically 

efficient in the presence o f the inhibitor, (b) Lineweaver-Burk plots.
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1.9.1.3. Uncompetitive Inhibition

There is a third class of reversible inhibition, in which the inhibitor binds only to the 

enzyme-substrate complex

Km

E + S <-» ES

+

I

$  Kr

ESI

This binding blocks catalysis. When data for such an uncompetitive inhibition are 

plotted on a Lineweaver-Burk plot we find that both the apparent kcat and Km are 

changed by the addition of inhibitor. A series of parallel lines is obtained. The inhibitor 

therefore cannot bind to the enzyme in the absence of a substrate. Only when the 

enzyme substrate complex is formed, can the inhibitor bind. Since the inhibitor 

effectively ‘siphons off some of the enzyme substrate complex, Km actually decreases 

in the presence of I. Vmax decreases because the inhibited enzyme is less catalytically 

effective as in non-competitive inhibition.

1.9.2. Irreversible Inhibition

Some substances combine covalently with enzymes so as to inactivate them irreversibly. 

Almost all irreversible enzyme inhibitors are toxic substances. Some examples are 

shown in Table 1.1. In most cases, such substances react with some functional group in 

the active site to block the site from substrate or leave it catalytically inactive. A typical 

example of an irreversible competitive inhibitor is found in diisopropyl fluorophosphate 

(DFP). This compound reacts rapidly and irreversibly with serine hydroxyl groups to 

form the covalent adduct, as shown in Figure 1.8. Therefore, DFP acts as an 

irreversible inhibitor of enzymes that contain an essential serine in their active site. 

These include, amongst others, the serine proteases and the enzyme 

acetylcholinesterase. It is the inhibition of acetylcholinesterase that makes DFP such an 

exceedingly toxic substance to animals. The enzyme is essential for nerve conduction,

kcat

-» E

(1.16)
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and its inhibition causes rapid paralysis of vital functions. Many insecticides and nerve 

gases are potent acetylcholinesterase inhibitors.

In other cases, irreversible inhibitors may be extremely selective because they resemble 

the substrate sufficiently to be strongly bound in the active site, facilitating covalent 

adduct formation. An example is tosyl-L-phenylalaninechloromethyl ketone (TPCK). 

TPCK is an excellent inhibitor for chymotryspin, because the phenyl group fits nicely 

into the active site pocket, positioning the chlorine to react with the imidazole ring of 

the histidine amino acid number 57, HIS57. A larger number of such specific 

irreversible inhibitors have been synthesised to aid in the analysis of enzyme mechanisms 

and to control enzyme activity.

N am e Formula Source M ode o f A ction

C y an id e

Diisopropy!
(luorophosphate
(DFP)

Sarin

N-tosyl-L-phcnyl- 
alanincchloro- 
mcthyl ketone 
(TPCK)

Physostigminc

Parathion

Pcnicillin

CN

(C H 3)7 —■ CH  —  O — P  — O — CH — (CH3}7
I
o

(C H , ) 2 —  CH —  O -  P  — C H , 

O

o —C H î -  C H - C —C H 2— Cl 

NH

H b O *

° o

C H 3 — NH —C — O -

I I 
C H , C H ;

C 2HsO — P— 0 —{ >-NO,
C ,H sO

R ‘ —  C  —  O I
NH „  r H  
1 /  \  / CHl HC — CH C^
I I I^ C H ,

0 « C  — N ---- CH —  C O O -

Bitter a lm onds 

Synthetic

S ynthetic  
(nerve gas)

Synthetic

C a lab a r beans

Synthetic
(insecticide)

From  Pénicillium 
fungus

Rcacts w ith  enzym e mci 
ions (i.e., Fc, Z n , C u)

Inhibits enzym es wirh 
active site serm c

Like DFP

Rcacts w ith  His 57  o f 
chym otrypsin

Forms acyl derivative 
with acety lcholinestcrasi 
o ther enzymes

A cetylcholinesterasc
inhibition

Inhibits enzym es in 
bacterial cell wall 
synthesis

R* ■ variable group; differs on different penicillins.

Table 1.1 Irreversible enzyme inhibitors.
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Figure 1.8. Adduct form ed when DFP reacts with a serine group on a protein. The covalent bond 

renders the catalytically important serine ineffective in catalysis. The adduct also may block the site 

to substrate.

1.10. Disposable Biosensors & Screen Printing Technology

Despite the enormous number of publications concerning biosensors, very few of them 

are commercially available. One of the reasons is that there are still technical problems 

that retard their commercialisation, e.g. the reliability of biosensors is often well below 

that of the physical and chemical sensors [76], Most of the commercialised biosensing 

devices are analyses based on enzyme membrane electrodes, and are developed for the 

determination of metabolites in body fluids by clinical laboratories, Due to the trends of 

decentralised testing in the doctor’s office or by the patient, there is a need for simple to 

use analytical methods. This could be met by the development of test strips and 

disposable electrochemical biosensors.

Microfabrication of biosensors is possible through the thin film technology of 

photolithography and the thick film technology of screen printing. Although both 

technologies allow mass production of biosensors, the screen printing process is more 

popular. Such microfabrication allows the production of inexpensive biosensors, and 

since the screen printed strips are only 3 x 28 mm in size their applicability to hand held 

analysis can be realised. The screen printing process is relatively simple. It involves the 

use of a conducting ink; carbon based ones are commonly used due to electrochemical 

and economical considerations. The process then involves printing of different electrode
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patterns (through a predesigned stencil) on the surface of ceramic or plastic substrates. 

The printed films are commonly baked at elevated temperatures to drive off the solvent 

and cure the patterned ink deposit. The process itself is outlined in Figure 1.9.

There are several companies offering inks differing in composition and electrical 

conductivity. The main materials required for the screen printing process are the ceramic 

plate substrate as mentioned. Solvents such as terpineol and ethylcellulose and varying 

additives depending on the application of the ink. These reagents are usually already 

incorporated into commercial inks upon manufacture, allowing a wide range to choose 

from depending on the application of concern.

The production of, for example, conducting line pastes, require a high conductivity, and 

therefore contain metal powders such as Au, Pt, Ag and Pd, whereas pastes for the 

production of dielectric layers may contain BaTiC>3 or silica. Choice of the thick film 

substrate is also important, and must meet certain requirements. They must be 

compatible with the ink and with the process at hand, and must be electrically non

conducting. Thus, the most common materials are ceramics. High purity, generally 

96%, aluminium oxide, is the most widely used.

Disposable screen printed biosensors for the measurement of glucose have been 

developed by Wang and Chen [77], This has involved the use of palladium-dispersed 

carbon inks with glucose oxidase polyphenol films grown electrochemically on the 

electrode strips after curing. The resulting strips yield favourable RSD’s of 0.67%. The 

efficient electrocatalytic action of the Pd particles towards the oxidation of hydrogen 

peroxide together with the permselective properties of the polyphenol film led to a highly 

selective and sensitive response to the hydrogen peroxide product of the glucose oxidase 

catalysis of glucose.

Similar work has been performed on a disposable biosensor for cholesterol [78], In this 

particular case a hydrogen peroxide cobalt phthalocyanine screen printed carbon 

electrode was prepared. This was then coated with a layer of cholesterol oxidase, 

covered with a film of cellulose acetate. However, the resultant probe remained stable 

for only a period of 5 days hence limiting its application.
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Within the interests of enzyme inhibition, the use of screen printed electrodes seems a 

viable route. Cagnini et al. [79] have developed a disposable ruthenised screen printed 

choline biosensor for the monitoring of pesticides. The inhibitory effects of carbamate 

and organophosphate pesticides have been investigated. Pesticide levels as low as 1 nM 

have been detected. However, incubation times of 12 minutes were required and RSD’s 

of 15% were common

A more common practical solution to the latter sensor design is to use tyrosinase screen 

printed strips The tyrosinase enzyme itself is highly robust and can withstand the high 

temperature curing steps of screen printing. The enzyme is incorporated into the ink and 

results in the formation of a thick film enzyme-ink strip. This procedure eliminates the 

problems involved with reproducibility of cast enzyme films on cured strips as depicted 

by Cagnini et al. [79], Also, since the enzyme is trapped within the ink network, enzyme 

leaching is not a problem. Tyrosinase entrapment within the ink also eliminates time 

consuming casting procedures which are required by other enzyme systems .

METAL 
TEMPLATE

SQUEEGUE
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BOARD

ENZYME-INK
MIX

Ï
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SUBSTRATE
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CURING

Figure 1.9. Schematic o f the Screen Printing Process.
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1.11. Tissue and Cell Based Biosensors for Environmental Monitoring

There has been increased interest over the years in the use of new biocatalytic materials 

in place of native enzymes i.e. pure isolated enzymes for the development of novel 

biosensors. Several biological materials such as bacterial cells, animal tissues and plant 

tissues have been proposed and used. The use of such materials offers some 

considerable advantages over conventional native enzyme-based biosensors. Whenever a 

whole tissue is used, all additional biological components such as enzyme cofactors 

which are responsible for the catalytic activity or at least stability of the enzyme of 

interest, are already included in the biocatalytic membrane. The tissue and cell 

components have usually higher catalytic activities, better stability, longer lifetimes and 

lower costs compared to their isolated enzyme counterparts.

Mazzei et al. [80] proposed the use of an acid phosphatase potato tissue biosensor for 

the determination of organophosphorous and carbamic acid pesticides. They compared 

the results obtained by the tissue biosensor to a biosensor constructed using native 

enzyme. However, the plant tissue based biosensor exhibited a longer shelf lifetime and 

better reliability. Detection limits as low as 0.5 p.g I'1 were obtained, with RSD’s of 3.0-

3.4 %, along with a lifetime of 4 weeks.

The use of genetically engineered bacteria as biosensors for antimonite and arsenite was 

introduced by Scott el al. [81], The bacteria used in this study, Escherichia coli, had 

been genetically engineered to produce the enzyme yS-galactosidase in response to these 

ions. In the absence of antimonite or arsensite, a regulatory protein restricted the 

production of /?-galactosidase. However, in the presence of these ions, /?-galactosidase 

was produced, and the activity monitored electrochemically using p-aminophenyl fi-D- 

galactopyranoside as substrate. RSD’s of 1.1-1.7 %  were obtained with detection limits 

as low as lx l O'7 M.

Several microbial cell based biosensors for the monitoring of cyanide have been reported 

[82-84], Lee and Karube [82] developed a gas-phase biosensor using cyanide degrading 

bacteria, an oxygen electrode and a gas permeable PTFE membrane. The cyanide 

degrading bacteria, Pseudomonos fluorescens, consume oxygen upon degrading cyanide.
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The change in oxygen concentration was then detected by the oxygen electrode. The 

performance of the biosensor was unaffected by the presence of other heavy metal ions, 

and a correlation coefficient of 0.995 was obtained for cyanide concentrations in the 

range 0.1 - lmg/L, and yielded a lifetime of 1 month.

An alternative approach based on the inhibition of microbial cell respiration was 

exploited by Ikebukuro et al. [83], The sensor consisted of a reactor flow system, with 

two oxygen electrodes and a reactor containing Saccharomyces cerevisiae immobilised 

on glass beads. This system offered better operating conditions compared to a similar 

study [84] using the same microbial cells immobilised in a cellulose membrane. A linear 

response of 0 - 15 nM was obtained, with a lower detection limit of 0.15 |iM, and a 

lifetime of 9 days at ambient temperature.

A plant-tissue hydrid electrode was used for the determination of phosphate and fluoride 

by Schubert el al. [85], This was based on the coupling of potato tissue and glucose 

oxidase with a Clark oxygen electrode. The relative standard deviation was 1.7% and 

6.5%, with a lower detection limit o f 2.5 x 10'5 M and 1 x 10-4 M for phosphate and 

fluoride respectively. Mazzei et al. [86] exploited the enzyme polyphenol oxidase in 

potato tissue for the monitoring of catechol, resulting in a linear range of 2.5 x 10'5 - 2.3 

x 10"4 M for catechol and a lifetime of greater than 3 months. In a similar study, Ozsoz 

et al. [87] utilised mushroom tissue as a source of polyphenol oxidase for the 

determination of phenolic compounds.

Although plant tissue-based biosensors have their numerous advantages over 

conventional enzyme based ones, there are a number of uncertainties apparent. For 

example, incomplete knowledge about the freshness and the state of ripeness of the 

biocatalytic material is problematic, including the dependence of the biocatalytic activity 

of the plant materials on the growth conditions in which they were raised. It is therefore 

of prime importance to establish a well defined source of plant tissue materials in order 

to obtain reproducible sensor responses and lifetimes in addition to other analytical 

parameters. Navarantne and Rechnitz [88] have proposed the use of in vitro cultured 

plant tissues to overcome these problems. They have successfully cultured several plant
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tissues with high activity and impressive analytical characteristics. For example, a 

cultured tobacco callus tissue for the analysis of hydrogen peroxide, yielded a lifetime of 

more than 5 months, fast response times of less than 2 s, a wide dynamic range of 

5 x 10-6 -1.1 x 10"4 M, with an RSD of less than 9.0 %  and a detection limit of

7.5 x 10'7 M hydrogen peroxide.

1.12. Binder Modified Tyrosinase Biosensors for the Monitoring of Phenols

1.12.1. Standard Methods of Analysis for Phenolic Compounds

The concentration of phenolic compounds in natural waters vary to some degree, but on 

the whole they are usually present at the jig/L level [89,90], Concern for low level 

concentrations requires more than a total phenolic determination. Due to the varied 

effects of trace levels of phenolic compounds, it becomes necessary to evaluate them on 

an individual basis. This implies implementation of an isolation and identification scheme 

to perform the necessary analysis.

A suitable solvent must be used to extract the phenols from the environmental sample. 

Benzene, hexane, methylene chloride, chloroform and freon have been used for this 

purpose. Prior to positive identification, the phenolic compounds must then be 

successfully concentrated and isolated. Macroporous resins are usually used for this 

effort. XAD-2 resin, a copolymer of styrene-DVB, is quite popular. The phenols are 

adsorbed at an acidic pH and desorbed at a basic pH value. The desorption data is 

usually monitored using ultraviolet spectrophotometry. The last step in the analytical 

scheme involves the positive identification of the compounds. This is achieved through 

the use of gas liquid chromatography with flame ionisation detection, with a 3%  OV1 

column for separation. GC-MS has also been widely used for more in-depth studies.

Colorimetric methods are also commonly used for the analysis of phenolic compounds 

after extraction and isolation. These are based on the 4-aminoantipyrine colorimetric 

method that determines phenol, ortho- and meta-substituted phenols and under certain 

pH conditions, those para-substituted phenols where substitution is a carboxyl, halogen, 

methoxyl, or sulfonic acid group. However this method does not determine those para-
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substituted compounds containing an alkyl, aryl, nitro, benzoyl, nitroso, or aldehyde 

group. A typical example of latter groups is para-cresol, which may be present in certain 

industrial wastewaters and in polluted surface waters. These methods are therefore 

limited in their applications, and rely on gas chromatography for total analytical 

determination.

Why attempt to use biosensors in comparison to these analytical techniques? There are 

many reasons, many of which will be mentioned in the following two sections. Firstly 

biosensors are more compact, and are applicable to field analysis, making the use of hand 

analysers viable. Technical expertise is less demanding and they are easy to use. This 

holds true when one compares the corresponding GC method, which requires a skilled 

operator for the numerous troubleshooting problems of which the method is notorious 

for.

The biosensing system for phenols using tyrosinase-based biosensors is essentially 

reagentless, and therefore cost effective. Results can be obtained within real time, due to 

fast response times. Signal decay is rapid allowing numerous samples up to 60 an hour 

to be analysed. The ideal of decentralised diagnostics is realised, i.e. very little sample 

preparation, hence allowing on-site testing and eliminating unnecessary manpower. Also 

with the growing interest in screen printing technology, vast numbers of good quality 

disposable tyrosinase strips could be produced, for rapid testing in routine analytical 

environmental monitoring

1,12.2. Biosensing and Phenol Analysis

Amperometric detection of phenols is of growing importance in analytical environmental 

monitoring [91,92], This is performed at usually a positive potential resulting in the 

oxidation of the compound and hence an analytically useful signal. However, the 

application of biosensors based on tyrosinase enzyme is of immense importance. In this 

particular case the phenol compound is converted into a quinone product by the enzyme, 

which is then reduced at a negative potential hence yielding a signal. This type of 

scenario is very attractive as it operates at a negative potential hence eliminating many 

natural interferences present in samples which undergo oxidation.
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The environmental control of organic pollutants such as phenolic compounds in 

industrial waste effluents, has initiated the development of analytical techniques for fast, 

sensitive, and selective monitoring of hazardous compounds [93], This is of particular 

interest for phenols, since they have been shown to be organic carcinogens and mutagens

[94] As mentioned, phenols can be determined amperometrically through direct 

electrochemical oxidation [94], However, direct oxidation of phenols suffers from a 

number of drawbacks.

Due to the high overvoltage, a high anodic potential needs to be applied, opening up the 

detection system for interfering reactions. The high applied voltage is also followed by 

an increase in the background current and noise level. Moreover, direct electrochemical 

oxidation of phenols is coupled with fouling reactions due to the formation of 

nonconducting polyphenol films [95]. The utility of enzyme based amperometric 

biosensors to solve these obstacles for the determination of phenols has been 

experimentally demonstrated in a number of works, where enzymes such as tyrosinase 

[96-109], laccase [110,111] and peroxidase [112] have been successfully integrated with 

electrochemical transducers.

These biosensors operate in a potential window (around 0 V), where they are much less 

subjected to interfering reactions. Moreover, the sensitivity and detection limits achieved 

with biosensors are much improved compared to those obtained by direct oxidation. The 

latter is due to the amplification of the response current as a result of recycling of 

substrate at the surface of the bioelectrode.

Tyrosinase-modified electrodes have been used for the detection of monophenols and o- 

diphenols. Tyrosinase immobilisation procedures, electrode material, stability, and 

sensitivity have been extensively studied [96-109], The sensitivity and the detection 

limits of some of those electrodes for the determination of catechol are shown in Table

1.2. As can be seen the highest sensitivity was observed with carbon paste electrodes 

doped with ruthenium and solid graphite chemically modified with 

tetracyanoquinodimethane. Ruthenium on carbon [96], Medula Blue in carbon paste

[97] and chemical modification of solid graphite with tetracyanoquinodimethane [98] and
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detergents in buffer solution [99] have been experimentally demonstrated to positively 

influence the sensitivity and the stability of tyrosinase-based biosensors.

The best detection limits were demonstrated with the tyrosinase electrochemically 

polymerised in polypyyrole or covalently cross-linked with glutaraldehyde on top of a 

solid graphite electrode. The detection limits for most of the tyrosinase modified 

electrodes still have to be improved in order to measure concentrations of phenolics in 

environmental waters lower than 5 nM. In some respects, the success of future 

developments of tyrosinase-modified electrodes depends on the mechanistic studies of 

their characteristics, an area of research which is urgently needed.

Electrode Immobilisation Method Analysis Sensitivity Detection Limit

Mode AM-1 cm 2 n \ l

Glassy carbon Polypyrrole tyrosinase layer Steady state 1.5 2.0

Solid graphite Covalently cross-linked tyrosinase Flow injection 2.2 2.3

carbodiimide-activated graphite

Carbon paste Adsorbed tyrosinase Steady state 1.8 10

Graphite/ epoxy Enzyme mixed with composite Flow injection 0.4 40

Graphite/ teflon Enzyme mixed with composite Flow injection 0.01 200

Solid graphite Tyrosinase immobilised on

chemically modified surface Steady state 3.4 100-300

Carbon paste 5% Ru on carbon paste mixed

enzyme and octadeylamine Steady state 3.1 500

Carbon paste Enzyme mixed with powder Flow injection 0.8 900

Carbon paste Carbon paste and eggplant tissue Steady state 0.1 1000

Table 1.2. Comparison o f the tyrosinase-modified electrodes fo r  the detection o f catechol in aqueous 

solution [103].
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1.12.3. Binder Modified Biosensors and Phenol Analysis

As one is aware enzyme reactions have the ability to catalyse the oxidation/reduction of 

many substrates. Therefore, unlike an antibody, whose reactions are highly specific and 

selective, specificity with enzyme biosensors is not possible to achieve. However, one 

approach of improving the cognitive properties of an enzyme biosensor probe is to 

manipulate the physiochemical properties of either the surface, bulk or both. Although 

each phenol may display slightly different kinetic properties as a result of enzyme 

catalysis, it is still not enough information to characterise these compounds in a complex 

mixture. The tyrosinase biosensor operating in this mode only serves as a screening 

method for phenol compounds. A way of overcoming this is to have an array of 

tyrosinase electrodes with slightly modified surfaces and/or bulk.

In this model one could have an array of say 6 different electrode composites, operating 

via a computer controlled multichannel potentiostat. Each electrode would have 

different properties, and by virtue of the different equilibrium chemistry of the individual 

phenolic compounds, specific patterns due to partitioning effects of each phenolic 

compound at the different electrode surfaces will give rise to a specific recognition 

pattern. Ratios of times such as peak widths at half peak height, symmetry factors, such 

as the ratio of peak width of the region to the left of the maximum peak height divided 

by that shown by the region to the right. And also, the ratio of peak heights themselves 

can also yield valuable information.

The improvement in the performance of such biosensors is therefore highly desired to 

meet new challenges posed by clinical and environmental samples. One promising 

avenue to achieve such goals is to design surface micro-structures that meet specific 

detection needs [113,114], Permselective coatings represent one direction by which 

modified electrodes can benefit flow analysis. This is accomplished by rejection from the 

surface of undesired interfering species while allowing the transport of the analyte. The 

size and charge exclusion discriminating properties of polymeric coatings such as 

cellulose acetate [115,116], perfluorinated [117,118] or polyester monomers [119] and 

poly(vinyl)pyridine [120] polymers have been exploited successfully for flow 

measurements.
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An alternative route is to exploit the physiochemical properties of the various binders 

used in the construction of carbon composite electrodes. Although much research effort 

has been devoted by some research groups into the development of electrode surfaces 

derivatised with hydrophobic materials [121-124], work focusing on the entire bulk and 

surface of carbon paste electrodes is required. Such investigation would allow 

improvement in selectivity and enhanced sensitivity. The different responses of the 

various binder modified composites would suggest the possible use of this pattern 

recognition advantage in the construction of a biosensor array for the monitoring of 

phenols.
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Chapter 2

2.1. Mushroom Tissue-based Biosensor for Inhibitor Monitoring

2.1.1. Introduction

Much interest has evolved in replacing isolated enzymes with tissue materials as the 

biocatalytic entity of electrochemical sensors [1-6], The major advantages obtained from 

the use of tissue materials are high stability and activity, mainly due to the presence of 

the enzyme in large quantities in its natural environment, and low cost. Early 

tissue-based electrodes consisted of placing a tissue slice on top of the working electrode 

[7-9], but these suffered from long response times.

A much more revolutionary approach was to incorporate the tissue loading directly into 

the carbon paste matrix [10], which results in the tissue becoming an integral part of the 

sensing element, yielding extremely short response times of the order of a few seconds. 

The amperometric detection of dopamine [10], hydrogen peroxide [11], oxalate [12], 

ethanol [13] and phenols [14] at carbon paste electrodes modified with banana, 

horseradish root, beet tissue, tomato seeds and mushroom tissue respectively has been 

well documented.

In addition to substrate detection, the tissue-based biosensors can offer effective 

elimination of interferents and therefore enhanced sensitivity for the analyte of interest. 

For example, Wang et al. [15] utilised papain in papaya tree tissue to eliminate protein 

interferences in the monitoring of neurotransmitters. Papain is a thiol protease which 

breaks down proteins by hydrolysing specific peptide bonds. The papain content allowed 

samples containing both neurotransmitter and albumin to be analysed without any sample 

pre-treatment. The electrode did not experience any protein fouling, as the albumin 

interferent was digested by the papain content of the biosensor. In a similar study, the 

ascorbic acid oxidase content of zucchini plant was used to eliminate interference from 

ascorbic acid and other acid metabolites in the analysis of dopamine [16],

The goal of this present study was to expand the concept of tissue biosensors towards 

the monitoring of important enzyme inhibitors. The use of native enzyme for the 

monitoring of toxic compounds through inhibition has been well documented [17-26],
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These have included the inhibition of acetylcholinesterase by paraoxon [17, 18, 26], 

malaoxon [19], parathion [23], metrifonate [24] and fluoride [22]; the inhibition of 

lactate oxidase by atrazine, cadmium and chromium [20]; the inhibition of cytochrome 

oxidase by cyanide [21] and the inhibition of tyrosinase by carbamate pesticides [25],

In the work presented in the following sections, the rich activity of the tyrosinase content 

of mushroom tissue [27], was utilised as a tissue-based carbon paste biosensor for the 

fast and sensitive monitoring of low levels of important inhibitors. These include 

diethyldithiocarbamate, thiourea and benzoic acid. Such exploitation of whole-cell 

biosensors could lead to effective environmental monitoring based on the interaction of 

natural biological systems with toxic pollutants.
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2.1.2.1. Reagents

All solutions were prepared unless otherwise stated in deionised water prepared by 

passing distilled water through a Milli-Q-water purification system. Potassium 

dihydrogen phosphate and disodium hydrogen phosphate were supplied by Aldrich 

(Milwaukee, USA). The supporting electrolyte used was 0.05 M phosphate buffer, pH

7.4. The mushrooms used in this study were purchased from a local supplier and were 

grown on J. M. Farms Inc. (OK, USA). Catechol from Sigma (MO, USA), sodium 

diethyldithiocarbamate from Aldrich (Milwaukee, USA), thiourea from Fisher (USA) and 

benzoic acid from Baker (USA) were used without further purification.

2.1.2.2. Instrumentation

Amperometric experiments were carried out with a BAS CV27 voltammetric analyser 

(Bioanalytical Systems, BAS, W. Lafayette, USA), in connection with a BAS X-Y-t 

recorder. The carbon paste working electrode, reference electrode (Ag/ AgCl, Model 

RE-1, BAS), and platinum wire counter electrode joined the 10 ml electrochemical cell ( 

Model VC-2, BAS) through holes in its PTFE cover. The flow injection system 

consisted of a carrier reservoir, an Alitea C-4V pump, a Rainin model 501 sample 

injection valve ( 20 |il loop) interconnecting PTFE tubings, and a home-made large 

volume 20 ml wall-jet amperometric detector.

2.1.2.3. Electrode Preparation

The mushroom-based carbon paste electrode was prepared as follows. First a section of 

mushroom was removed using a scalpel, and was ground with a mortar and pestle. The 

mushroom pulp was drained of excess fluid and dried between the sheets of tissue paper. 

The desired amount of ground mushroom was then mixed thoroughly with 0.90 g of 

graphite powder Fisher (USA), with a mortar and pestle. Subsequently, 0.60 g of 

mineral oil, Aldrich ( Milwaukee, USA) was added and hand mixed with a spatula in a 

weighing boat. A portion of the resulting paste was packed into the electrode cavity ( 3 

mm diameter, 1 mm depth) of a PTFE sleeve. Electrical contact was established via a 

copper wire. The paste surface was smoothed on weighing paper.

2.1.2. Experimental
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2.1.2.4. Procedures

All measurements were performed at room temperature by applying the desired potential 

and allowing the transient current to decay prior to the amperometric monitoring. A 

stirring rate o f 300 rpm, using an Ikameg IK250 magnetic stirrer, was employed in the 

batch experiments, while a carrier flow rate of 2.0 ml/ min was used in the flow injection 

analysis studies. Figure 2.1.1. shows a schematic of the experimental set-up for the 

batch and flow injection experiments along with the corresponding response profiles 

expected from such a system. In the batch experiments a 10 ml cell was used, the 

solution was stirred, and the potential applied. When the background was settled to 

baseline substrate was added, and after steady-state was attained, subsequent aliquots of 

inhibitor were added resulting in a current-time recording inhibition profile. A plot of 

inhibition current versus inhibitor concentration allows I0.5 values to be calculated i.e. the 

concentration corresponding to 50 % inhibition.

In flow injection analysis, the substrate was injected into a flowing stream where it 

reached the wall-jet cell and underwent reaction. By using the same concentration of 

substrate and varying concentration of inhibitor, flow injection inhibition profiles were 

obtained. The difference in current represents the fraction of enzyme inhibited by that 

inhibitor at that particular concentration.
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(a) BATCH ANALYSIS

C H A R T
R E C O R D E R

P O T E N T IO S T A T

(b) FIA ANALYSIS

P U M P
TO

WASTE C H A R T

U

Substrate

Figure 2.1.1. Experimental monitoring o f enzyme inhibition, (a) Shows typical experimental set-up 

and response profile fo r batch experiments, and (b) shows the corresponding set-up and response 

profile fo r flow  injection analysis experiments.
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2.1.3. Results and Discussion

2 .1.3 .I. Investigation of Mushroom Tissue Loading and Activity Distribution

The preparation of the tissue biosensor had a profound effect upon inhibitor detection.

The influence of tissue loading on the biocomposite is displayed in Figure 2.1.2.

Inhibitor Concentration jxM

Figure 2.1.2. E ffect o f mushroom tissue loading on the inhibition responses o f sodium 

diethyldithiocarbamate (a) 37.5 %; (b) 25.0 %; (c) 12.5 %; (d) 7.5 % and (e) 5.0 % mass fraction 

respectively. Operating potential, - 0.20 V; electrolyte solution 0.05 M  phosphate buffer, pH  7.4., 

stirred at 300 rpm. AU experiments were performed at room temperature 25 °C.
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These calibration plots represent the inhibition current obtained as a function of 

increasing aliquots of sodium diethyldithiocarbamate. Although no notable response was 

observed using the 5.0 % mass fraction mushroom content (e), the sensitivity increased 

dramatically between 7.5 % mass fraction (d) and 25.0 % (b), and then more slowly.

By representing the substrate current response by Iss and the inhibition current by I in , the 

relative inhibition current response as a factor of the initial substrate steady state 

response, (Iin / Iss) * 100 %, obtained for sensors (a) to (d) were as follows: (a) 13.7 % 

to 69. 4 %; (b) 22.8 % to 94.4 %; (c) 19.4 % to 93.1 % and (d) 18.2 % to 81.9% for 

diethyldithiocarbamate concentrations ranging from 20 to 160 fiM.

A 25 % tissue loading yielded the most favourable signal to noise characteristics and was 

used in all the remaining experiments. Higher tissue loadings resulted in dryer pastes 

hence affecting mechanical stability, whilst lower tissue loadings < 12.5 % resulted in 

wetter pastes and perturbation of the sensor baseline, making pertinent analysis difficult 

to perform.

The sensitivity of the tissue biosensor was also influenced by the mushroom section used 

for constructing the electrode. It is well known that the distribution of tyrosinase activity 

in whole mushrooms is not uniform [27], This is attributed to the various biological 

functions of the different sections within the mushroom system.

Figure 2.1.3. shows calibration plots for the diethyldithiocarbamate inhibitor using 

different tissue sections. All the tissue sections exhibited useful responses, but the lower 

stalk tissue, represented by section (a), displayed a higher enzyme activity than any other 

morphological part. This is not surprising since the lower stalk region is responsible for 

the production of new growth tissue, and also for the transport of nutrients and water 

into and out of the mushroom system. The sensitivity trend: section a > section b > 

section c > section d, thus reflects the enzyme distribution patterns in a manner as 

similarly described by Rodriquez and Flurkey [27],
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Inhibitor Concentration (jM

Figure 2.1.3. Investigation o f the inhibition responses fo r  diethtydithiocarbamate using different 

tissue sections as shown in the insert at a 25 % mass fraction tissue loading. Operating potential,

-  0.20 V; electrolyte solution 0.05 M  phosphate buffer, pH  7.4., stirred at 300 rpm and performed at 

room temperature.
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2.1.3.2. Batch Response Characteristics of the Mushroom Tissue Biosensor 

The perturbed biocatalytic activity of the mushroom tyrosinase in the presence of 

different inhibitors under a fixed level of catechol substrate was used for the 

amperometric detection of these toxic compounds. Figure 2.1.4(a) shows current time 

recordings at the mushroom based biosensor to 1 x 10"4 M additions of sodium 

diethyldithiocarbamate (A, i), thiourea (B, i) and benzoic acid (C, i). The relative 

inhibitor response i.e. (Iin \ I*) x 100 %, for compounds A, B and C ranged from 34.7% 

to 98 %, 11.7 % to 47.8 % and 12.0 % to 37.4 % respectively, for inhibitor 

concentrations ranging from 20 to 160 |^M.

The tissue electrode responded very rapidly to the micromolar increments of inhibitor, as 

indicated from the decreased substrate signal. Steady state currents were achieved 

within approximately 12 s for benzoic acid, 15 s for thiourea and 30 s for 

diethyldithiocarbamate, hence requiring no incubation period. Such fast response times 

were also obtained by Wang and Lin [10] for the analysis of dopamine using banana 

tissue. These fast response times have been attributed to the large surface area of tissue 

containing enzyme exposed to solution. The absence of an external layer thus allows 

rapid transport of the inhibitor and substrate to and from the electrode surface.

Also shown in Figure 2.1.4(b) are the resulting calibration plots (I) corresponding to the 

batch profiles obtained. The trend in sensitivity, diethyldithiocarbamate > thiourea > 

benzoic acid, reflects the extent of inhibitor-enzyme interaction i.e., the degree of 

inhibition. These profiles can be used to estimate the coefficients of inhibition, I0.5, which 

correspond to the concentration corresponding to 50 % inhibition. Values of 4.8 x 10'5 

M, 5.8 x 10'5 M and 6.2 x 10'5 M were obtained for diethyldithiocarbamate, thiourea and 

benzoic acid respectively.

Figure 2.1.4.(b)(II) shows the corresponding calibration plots obtained at a native 

tyrosinase carbon paste electrode. This electrode was prepared by mixing tyrosinase 

enzyme with carbon paste resulting in a 3 % tyrosinase carbon paste composite. 

Although the response was greater than the mushroom tissue electrode, the same 

response profile was obtained allowing the inhibitors to be conveniently analysed. The
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tissue electrode, although with a compromised signal, results in a more cost efficient 

electrode design which can provide the same fundamental results as that obtained by the 

more expensive native enzyme modified electrode.

Although it has been suggested that the inhibition of tyrosinase appears to proceed 

through interaction with its active copper site [28], no information is currently available 

pertaining to the complex mechanism of the operation of inhibitor tissue electrodes. The 

exact mechanism should depend on whether the immobilised cells remain intact in the 

carbon paste matrix or are broken down during the electrode preparation. In the former 

case, the mechanism would involve transport of the inhibitor into, within and from the 

immobilised cells. The inhibitor diffusion into and out of the cell would be facilitated by 

channels present in the outer cell membrane by virtue of its biological evolution.

Alternatively, if the cells are structurally broken down, the enzyme of interest is released, 

and inhibitor entrance into the cells is not required. The fast response of the present 

electrode may support the latter mechanism. Such models are analogous to those 

suggested for the detection of substrates at tissue electrodes [5],
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Figure 2.1.4. (a) Current-time recordings at mushroom modified carbon paste electrodes upon 

addition o f tyrosinase substrate 1 x  I f f4 M  catechol follow ed by successive increments o f inhibitor (i) 

in 2 X  1<TS M  steps, (A) sodium diethyldithiocarbamate, (B) thiourea and (C) benzoic acid. Also 

shown are the corresponding calibration plots (b) fo r  the mushroom tissue electrode 25 % mass 

fraction tissue loading (I) and at a 3% tyrosinase (II) carbon paste electrode. Conditions as in 

Figure 2.1.3. The lower stalk o f the mushroom was used in these experiments.
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2.1.3.3. Flow Injection A nalysis Response Profile

The attractive dynamic properties of the inhibition tissue electrodes can be exploited for 

on-line applications, as desired for monitoring toxic compounds in flowing streams. 

Figure 2.1.5. displays a flow injection profile for FIA measurements of various inhibitors 

of mushroom tyrosinase: diethyldithiocarbamate (B); thiourea (C) and benzoic acid (D) 

in solutions containing catechol as substrate.

Chapter 2

Such detection schemes rely on the decrease of the catechol peak, compared to that 

observed without inhibitor (A). Such well defined suppressions of the substrate response 

allow convenient quantification of inhibitor present. Since the slope and width of the 

catechol peak was not affected by the presence of these inhibitors, high injection rates of 

60 samples/ hr can be realised.

B

0.100 jllA

Figure 2.1.5. Flow injection peaks at a mushroom modified carbon paste electrode fo r  5 x  I ff4 M  

catechol solutions with 2 x  I ff4 M  sodium diethyldithiocarbamate (B), thiourea (C) and benzoic acid 

(D), as well as without inhibitor (A). Carrier solution 0.05 M phosphate buffer pH  7.4. Applied 

potential - 0.20 V, flow  rate 2.0 m l/m in. Mushroom tissue loading 25 % mass fraction.
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Similar to its batch counterpart, the tissue-based flow detector responds in a non-linear 

fashion to changes in the inhibitor concentration, as expected for a classical inhibition 

profile. For example, Figure 2.1.6.(A) shows flow injection current peaks for catechol 

solutions containing increasing levels of diethyldithiocarbamate, 2 x 10’4 M to lx 10'3 M 

(b to d) along with the catechol response without inhibitor (a). The peak decreases 

rapidly upon increasing the inhibitor at first and then more slowly. The corresponding 

calibration plot is also shown.

Figure 2.1.6. Flow injection calibration (A) and precision (B) data o f mushroom carbon paste 

electrodes. In (A) 5 x  I ff4 M  catechol solution containing (  0 to 1 x  I f f3 M) sodium 

diethyldithocarbamate (a-f) were used. In (B) 5 x  I ff4 M  catechol solution containing 2 x  I ff4 M  

sodium diethyldithiocarbamate was used Conditions as in Figure 2.1.5.
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The precision of this flow injection system was demonstrated as shown in Figure 2.1.6. 

(B). The profile shows peaks for 15 repetitive injections of 2 x 10"* M 

diethyldithiocarbamate containing catechol as substrate. The series yielded a mean peak 

current of 197 nA and an RSD of 2.4 %. Such behaviour suggests rapid dissociation of 

the enzyme inhibitor complex and renewal of enzyme activity.

2.1.3.4. Detection Limits and Stability Considerations

Based on a signal to noise ratio of three, detection limits o f approximately 5 .0 x 10‘6 M 

were obtained for sodium diethyldithiocarbamate, whilst thiourea yielded a detection 

limit of 8.0 x lO-6 M and benzoic acid 1.2 x 10'5 M respectively. Such detection limits 

are comparable to those obtained at inhibitor biosensors based on native tyrosinase [29],

Although the electrodes yielded favourable operational characteristics as shown in the 

previous sections, the electrodes could not be reused on a day to day basis. It was 

observed that the electrode surfaces cracked whilst left overnight in phosphate buffer at 

4 °C, resulting in erratic baselines. Investigation of other methods of storage will need to 

be explored, or alternatively the exploitation of a different electrode preparation method 

to improve the mechanical stability o f these electrodes. The current method could be 

replaced with a rigid graphite epoxy material [30] within the bulk of which the 

mushroom tissue could be dispersed. This would result in a polishable renewable 

enzyme probe with enhanced mechanical stability.

Table 2.1.1. Summary o f coefficients o f inhibition Ios and detection limits, LOD.

Compound io.s / 1 0 5 m LOD / jiM

Sodium Diethdithiocarbamate 4.8 5.0

Thiourea 5.8 8.0

Benzoic Acid 6.2 12.0
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2.1.4. Conclusion

It has been demonstrated that a tissue electrode can be employed for the rapid 

monitoring of micromolar levels of inhibitors. Such tissue electrodes are extremely 

inexpensive when compared to their native enzyme counterparts. Other pollutants 

inhibiting tyrosinase activity including heavy metals, pesticides or cyanide may be 

monitored in a similar fashion. Such biosensors hold great promise for rapid low cost 

toxicity testing once their mechanical stability can be improved.

The exploitation of the mushroom electrodes in organic solvents as demonstrated by 

Deng and Dong [31] and by Wang et al. [32] using native tyrosinase and horseradish 

peroxidase, could expand the scope of such inhibitor measurements to new 

environments. Whilst this concept is proposed for mushroom tissue electrodes, it could 

be expanded to other plant and animal tissue and to whole cell counterparts in general. 

Fundamental studies concerning the complex structure of the tissue-carbon paste 

composite, inhibitor transport, associated interactions and mechanical stability are 

needed.
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2.2. Screen Printed Tyrosinase containing Electrodes for

the Biosensing of Inhibitors

2.2.1. Introduction

Electrochemical biosensors hold great promise for the task of on-site environmental 

monitoring [33, 34], One promising strategy is to employ enzyme electrodes for 

measuring various toxic compounds via the perturbation/ inhibition of the enzymes’ 

biocatalytic activity [18],

Screen printing offers a simple and fast method for the mass production of disposable 

electrochemical sensors. Single use sensors have several advantages which include 

avoidance of contamination between samples, ease of use, portable capabilities and high 

reproducibility with simple inexpensive fabrication techniques. The earliest applications 

of screen-printed biosensors focused mainly on the determination of glucose in blood 

samples. However, over the years applications have expanded to include the 

determination of pesticides, metals and potential environmental pollutants.

Gilmartin et al. [35] developed a disposable biosensor strip consisting of a Ag/ AgCl 

reference electrode and a carbon electrode containing cobalt phthalocyanine as mediator 

coated with a layer of cellulose acetate and glucose oxidase for the amperometric 

determination of glucose. The monitoring of lactate was exploited by Sprules et al. [36] 

by screen printing a Medola blue-containing modified electrode coated with lactate 

dehydrogenase. Other applications have involved the use of screen printed electrodes for 

the monitoring of uric acid [37], ethanol [38], ethanethiol [39] and nucleic acids [40],

With environmental applications in mind, Wang et al. [41] developed a palladium-doped 

screen printed electrode for formaldehyde monitoring in river water samples. It was 

found that the screen printed electrodes required a short pre-conditioning step to 

electrogenerate Pd° which acts as the electrocatalyst in the reaction, and converts 

aldehyde into methanol, thus allowing the aldehyde content o f river water samples in the 

0.01 to 0.10 mM range to be determined. Similar studies for the monitoring of

60



Chapter 2

hydrazines [42], nitrite [43], hydroquinone [44], phenols [45] and heavy metals [46] have 

been documented.

The use of screen printed biosensors for the monitoring of pesticides and herbicides 

through the inhibition of enzymatic activity has proved quite popular in recent years [47- 

51]. Cagnini et al. [47] developed an acetylcholinesterase based screen printed biosensor 

for the analysis of organophosphorous and carbamate pesticides, in a manner similar to 

the method of Hart and Hartley [48], Inhibition of alkaline phosphatase was successfully 

exploited by Su et al. [49] for the determination of various pesticides. These electrode 

strip devices consisted of a ruthenised carbon working electrode, a Ag/ AgCl reference 

electrode and a silver counter electrode screen printed on a polyester supporting 

substrate.

In the work presented in this section, the characterisation and attractive performance of 

single-use inhibitor strips based on the screen printing of tyrosinase-containing carbon 

inks is described. Tyrosinase is prone to inhibition by a wide range of water pollutants

[29], Such inhibition is known to occur through interaction with the active copper site 

[28], The one step preparation of tyrosinase-based screen printed strips has already been 

reported by Wang and Chen [45] for the analysis of phenols. The remarkable tolerance 

of tyrosinase to the high temperature firing conditions resulted in a greatly simplified 

fabrication protocol and convenient quantification of phenolic substrates. Similarly, in 

the following sections, the suitability of these thick-film strips for the amperometric 

monitoring of tyrosinase inhibitors is presented.
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2.2.2.1. Reagents

Chemicals were analytical grade and used as received. All solutions were prepared 

unless otherwise stated in deionised water prepared by passing distilled water through a 

Milli-Q-water purification system. Potassium dihydrogen phosphate and disodium 

hydrogen phosphate were supplied by Aldrich ( Milwaukee, USA). The enzyme used, 

tyrosinase 4400 units mg'1 solid, was obtained from Sigma, (MO, USA), (T-7755, E.C.

1 14.18.1.). The supporting electrolyte was a 0.05 M phosphate buffer solution, pH 7.4. 

Catechol, 2,4-dichlorophenoxyacetic acid, 4,6-dinitro-o-cresol, warfarin, and sodium 

azide were obtained from Sigma (MO, USA). Sodium diethyldithocarbamate, 

pentachlorophenol, sodium nitrate, cadmium and lead atomic absorption standard 

solutions were obtained from Aldrich (Milwaukee, USA). Benzoic acid was supplied by 

Baker (USA) and atrazine was supplied by Chem Service (USA). Thiourea was supplied 

by Fisher (USA).

2.2.2.2. Instrumentation

All voltammetric experiments were carried out using an EG & G PAR Model 264 A 

voltammetric analyser, in connection with a Houston Omniscribe strip-chart X-Y-t 

recorder. The experiments were performed at room temperature in a 10 ml 

electrochemical cell ( BAS, Model VC-2). The working electrode strip, reference 

electrode (Ag/AgCl, Model RE-1, BAS) and platinum wire electrode joined the cell 

through holes in the Teflon cover.

2.2.2.3. Screen Printing Fabrication

A semi-automatic screen printer machine (Model TF-100, MPM Inc., Franklin, MA) was 

used for fabricating the working electrode strips. The modified inks were prepared by 

thoroughly mixing for 1 h the appropriate amount of a commercial carbon ink (Product 

No. C10903D14, Gwent Electronic Materials Ltd., UK) with the enzyme. Typical 

preparations were 0.6 % enzyme/ ink (w/w). A group of 10 electrodes were printed 

each time onto an alumina ceramic plate (1.33 in. x 4.00 in.) through a patterned stencil. 

This allowed batches of 30 electrodes to be printed by using 1 g ink mixed with 6 mg of

2.2.2. Experimental
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enzyme. Each electrode consisted of a 1.0 x 30 mm2 area. The film was cured at a 

temperature of 110°C for 2 h. Then a layer of insulation was screen printed onto part of 

the ink, leaving a defined 1.0 x 5 mm2 working electrode area.

2.2.2.4. Procedures

The screen printed electrodes were used without any further pre-treatment. The 

amperometric experiments were performed at a potential o f - 0.2 V, using a stirring rate 

of 400 rpm. The substrate addition, 5 x 10'5 M catechol was followed by additions of the 

target inhibitor, using microliter aliquots of the corresponding solutions. All 

measurements were performed at room temperature.
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2.2.3.1. Investigation of Tyrosinase Enzyme Loading

Figure 2.2.1. displays the amperometric response of strips containing different tyrosinase 

loadings to catechol (S) followed by successive additions of diethyldithiocarbamate (I). 

The sensor responded very rapidly to these substrate and pesticide additions, indicating 

that its biocatalytic and inhibition activities were maintained despite the 2 hour curing at 

110 °C A similar observation was made by Wang and Chen [45] with biosensor strips 

for the monitoring of phenol.

Steady state currents were obtained in approximately one minute. Such fast responses 

are attributed to the absence of external membranes which may prolong response times. 

No incubation time was required allowing direct instantaneous monitoring of the 

inhibitor content, whereas strips based on acetylcholinesterase require several minutes 

for the signal to establish itself [52],

As shown in Figure 2.2.1. both the substrate and inhibitor responses increased upon 

increasing the enzyme loading in the ink. This represents the fraction of enzyme 

activated by substrate and inhibited by inhibitor under those conditions respectively. The 

resulting calibration plots indicate that the inhibitor response is nearly proportional to 

enzymatic activity. For example, the ratio of inhibition signal to substrate signal,

( W  Iss), increased initially from 0.14 to 0.26 upon raising the enzyme loading from 

0.3 % to 0.6 %  w/w, and then decreased slightly to 0.24 for the 1 %  loading. Indicating 

that maximum catalytic efficiency was obtained at mass fractions of 0.6 % and greater. 

For this reason a 0.6 % enzyme content was used in all further experiments.

2.2.3. R esults and D iscussion
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IN H IB ITO R  CO N C EN T R A T IO N  pM

fs

Figure 2.2.1. Enzyme loading studies at various tyrosinase screen printed electrodes. 

Enzyme loading : (A) 0.3 %; (B) 0.6%  and (C) 1.0 % w/w. Also shown are the respective 

current-time recordings. Catechol (5 x  1(T5 M) was used as substrate (S); 

diethyldithiocarbamate, 1 x  l f f sM  per step, was used as inhibitor (I). Applied potential 

- 0.2 V; PBS 0.05 M p H  7.4. Stirring rate 400 rpm.
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The influence of the substrate concentration upon the response of the screen printed 

biosensor strips is shown in Figure 2.2.2. The diethyldithiocarbamate signal nearly 

doubles upon raising the catechol level from 2 x 10'5 M to 5 x 10‘s M, and between 5 x 

I O'5 M and 1 xlO-4 M respectively. Increasing the catechol level increases the fraction of 

activated enzyme which can be inhibited. A substrate level of 5 x 10'5 M yielded the 

most favourable inhibition profile and was utilised in the remainder of the experiments.

INHIBITOR CONCENTRATION

1
4-

c
B
A

Figure 2.2.2. E ffect o f substrate concentration on inhibition response at the 0.6%  

tyrosinase strips. Catechol concentration (A) 2 x  I ff5 M; (B) 5 x  I f f5 M; (C) 1 x  I ff4 M. Also 

shown are the corresponding current-time recordings. Sodium diethyl dithiocarbamate, 

l f f sM per step, was used as inhibitor (I). Other conditions as given in Figure 2.2.1.
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Chapter 2

2.2.3.2. Inhibitor Screening

Figure 2.2.3. shows the calibration plots obtained with 0.6 % w/w tyrosinase-containing 

strips for sub-millimolar concentrations of the pesticide diethyldithiocarbamate (A); for 

thiourea (B), which is the breakdown product o f the latter compound; for the antifimgal 

agent benzoic acid (C), and the herbicides 2,4 dichloroacetic acid (D) and 4,6 dinitro-o- 

cresol (E). These new strips allowed convenient quantitation of these toxic compounds 

and yielded characteristic inhibition profiles. The trend in sensitivity: 

diethyldithiocarbamate > thiourea > benzoic acid > 2,4 dichloroacetic acid > 4,6 dinitro- 

o-cresol, reflects the degree of inhibition obtained.

INHIBITOR CONCENTRATION mM

Figure 2.2.3. Calibration plots obtained fo r  inhibition at the 0.6 % tyrosinase strip for: (A) sodium 

diethyldithiocarbamate; (B) thiourea; (C) benzoic acid; (D) 2,4 -dichlorophenoxyacetic acid and (E) 

4,6-dinitro-o-cresoL Other conditions as given in Figure 2.2.1.
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These profiles were used to estimate the apparent coefficients of inhibition, I0.5, i.e. the 

concentration corresponding to 50 % of the inhibition signal. The I0.s values were 

estimated for only diethyldithiocarbamate, benzoic acid and 4,6-dintro-o-cresol, as the 

profiles for thiourea and 2,4-dichlorophenoxyacetic acid failed to saturate within the 

concentration range investigated. The I0.5 values were as follows: 9.2 x 10'5 M 

diethyldithiocarbamate, 1.0 x 104 M benzoic acid and 2.0 x 10"4 4,6-dinitro-o-cresol 

respectively.

Atrazine, pentachlorophenol and warfarin were also screened at these biosensor strips, 

but inhibition was negligible and required concentrations of greater than 3 mM to effect 

an inhibition response. No responses were obtained for similar investigations involving 

nitrate, nitrite, fluoride, azide, lead or cadmium over the concentration range 0.1 to 10.0 

ppm for each ion throughout that concentration range. The tyrosinase-free carbon ink 

strips used as controls, were not responsive to any of the above 14 compounds under the 

experimental conditions investigated.

The environmental utility of the tyrosinase-based inhibitor biosensor is illustrated in 

Figure 2.2.4. This shows the response for an untreated river water sample taken from 

the Rio Grande, New Mexico, and spiked with increasing levels of 

diethyldithiocarbamate in 1 x 10'5 M steps. The strip responded rapidly to these 

micromolar concentration increments despite the absence of added electrolyte. Similar 

to assays of standard samples, the response rose sharply with the inhibitor concentration 

at first and then more slowly, yielding a characteristic inhibition profile as expected.
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INHIBITOR CONCENTRATION jiM

Figure 2.2.4. Calibration plot obtained using a water sample from the Rio Grande river. No 

supporting electrolyte was used in this experiment The inset shows the corresponding current time 

recording. Catechol 5  x  1(T5 M was used as substrate (S ) sodium diethyldithiocarbamate ( I) , I f f 5 M  

per step, was used as inhibitor.
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2.2.3.3. Detection Limits, Reproducibility and Stability Properties 

The reproducibility of sensor response and stability over a period of time is vital in the 

successful application of such electrodes in the marketplace. Detailed intra-assay, i.e. 

assessment of response variation within a batch of electrodes, and inter-assay studies, 

where the response of electrodes from different batches are evaluated, is of immense 

importance. Figure 2.2.5. shows the inhibition profiles obtained for 

diethyldithiocarbamate at 5 random electrodes from a 30 electrode batch. The intra

assay relative standard deviation ranged from 6.2 % for the response of 1 x 10'5 M 

diethyldithiocarbamate up to and not exceeding 11.8 % for inhibitor concentrations of 8 

x 10'5 M. Such reproducibility requires a uniform dispersion of tyrosinase in the ink. 

However, the inter-assay variation between electrodes from different batches was as 

much as 30 %, thereby emphasising the need for separate calibration for each new batch 

based on the ratio of the inhibition signal to that of the substrate steady state response.

The limits of detection obtained based on a signal to noise ratio of 3 were as follows : 

2.0 x 10"6 diethyldithiocarbamate; 4.0 x 10“6 thiourea; 5.0 x 10-6 M benzoic acid; 7.0 x 

10"6 M 2,4-dichlorophenoxyacetic acid and 9.0 x 10'5 M 4,6-dinitro-o-cresol. Storage 

stability was also impressive where new strips displayed only ~ 4 % and ~ 15 % decrease 

in response after storage for 30 and 60 days respectively in phosphate buffer at 5 °C. 

Similar results were obtained by Wang and Chen [45] in their sensor strips for the 

analysis of phenol samples.
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Figure 2.2.5. Calibration plots obtainedfor diethyldithiocarbamate at five random 

electrodes from a 30 electrode batch. Conditions as given in Figure 2.2.3.
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2.2.4. Conclusion

The above experiments have demonstrated for the first time the utility of tyrosinase 

based thick film electrode strips for the monitoring of enzyme inhibitors. The new strips 

offer convenient quantitation of micromolar concentrations of various water pollutants 

and require no incubation period. A convenient one-step fabrication step was 

accomplished by incorporating the enzyme within the ink matrix.

As is common for enzyme inhibition processes, such detection would not be specific in 

complex environmental samples. Such samples would thus benefit from designing arrays 

of several enzyme inhibition electrodes of different properties. Further improvements in 

detection could be achieved through the use of metallised carbon inks or 

bioamplification/ recycling reaction schemes. The same strips could be useful for the on

site environmental screening of toxic pollutants.
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2.3. Elucidation of Tyrosinase Inhibition and Inhibition Type

2.3.1. Introduction

Elucidation of inhibitor type is of utmost importance in environmental monitoring. 

Inhibition of one or more enzymes in a metabolic pathway can have detrimental effects in 

vivo. In the previous two sections, the exploitation of biosensors for the monitoring of 

potential enzyme inhibitors was presented. The sensors responded in an efficient and 

instantaneous manner to the screened analytes and yielded micromolar detection limits. 

However, the determination of the inhibitor type and the manner in which inhibition was 

achieved at the tyrosinase enzyme was not investigated.

The purpose of this section is to address these issues with a postulated approach to 

explain tyrosinase inhibition using diethyldithiocarbamate as a model compound. The 

experimental elucidation of inhibition caused by the latter compound, thiourea and 

benzoic acid is also demonstrated.
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2.3.2.1. Reagents

All solutions were prepared unless otherwise stated in deionised water prepared by 

passing distilled water through a Milli-Q-water purification system. Potassium 

dihydrogen phosphate and disodium hydrogen phosphate were supplied by Aldrich 

(Milwaukee, USA). The enzyme used, tyrosinase, 4400 units mg'1 solid was obtained 

from Sigma (MO, USA), (T-7755, E. C. 1.14.18.1.). The supporting electrolyte was a

0.05 M phosphate buffer solution pH 7.4. Catechol was supplied by Sigma (MO, USA), 

thiourea was supplied by Fisher (USA) and benzoic acid from Baker (USA) were used 

without further purification. Graphite powder was supplied by Fisher (USA) and mineral 

oil was supplied by Aldrich ( Milwaukee, USA).

2.3.2.2. Instrumentation

All analyses were performed on a BAS 100B integrated, automated electrochemical 

workstation from Bioanalytical Systems ( Stockport, UK (BAS)), connected to a three 

electrode 10 ml cell, containing a 3 % tyrosinase carbon paste electrode as the working 

electrode, platinum wire mesh counter electrode and silver/ silver chloride as the 

reference electrode ( BAS Technicol, Stockport, UK). Solutions were stirred at 300 rpm 

on an Ikemeg IK50 stirring mantle.

2.3.2.3. Electrode Preparation

The carbon paste was prepared by mixing thoroughly a 70:30 composition of graphite 

powder and mineral oil. 97 mg of the resultant paste was mixed with 3 mg of tyrosinase 

enzyme to result in an electrode composite containing 3 % tyrosinase. A portion of this 

composite was then packed into the electrode cavity ( 3 mm diameter, 1 mm depth) of a 

PTFE sleeve. Electrical contact was established via a copper wire. The paste surface 

was smoothed on weighing paper.

2.3.2.4. Procedures

All experiments were performed in steady state mode. The electrodes were placed in 10 

ml phosphate buffer 0.05 M pH 7.4. and were stirred at 300 rpm. A potential of - 0.2 V

2.3.2. Experimental
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was applied and the baseline allowed to stabilise. Steady state batch experiments were 

then performed in solutions containing both substrate and inhibitor aliquots respectively.
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2.3.3.1. Theoretical Treatism on Inhibition by Sodium Diethyldithiocarbamate 

As mentioned earlier in Chapter 1, tyrosinase is a bifunctional copper-containing oxidase 

having both catholase and cresolase activity [53], The enzyme is a tetramer containing 

four atoms of copper per molecule [54], and two binding sites for aromatic compounds 

mainly phenolic substrates. There is also a distinctively different binding site for oxygen. 

The kinetics of tyrosinase catalysis have been well documented [55-58],

Figure 2 .3 1(a) shows a proposed schematic of the active site o f tyrosinase. The enzyme 

is shown in its resting state along with the two substrate binding and oxygen binding sites 

respectively. The mechanism of substrate catalysis at the active site is outlined in Figure 

2.3.1(b). Within one enzyme turnover, two catechol molecules participate in the 

catalysis process resulting in the production of o-quinone products. At a biosensor 

surface this quinone product would then be reduced at a negative potential resulting in a 

signal and regeneration of the catechol substrate as shown earlier in Figure 1.5. of 

Chapter 1.

Sodium diethyldithiocarbamate was used as a model compound to propose the various 

manners in which substrate catalysis at the active site could be perturbed. 

Diethyldithiocarbamate belongs to the carbamate family of pesticides which accounted 

for over 60 % of pesticide usage world-wide in the 1950s [59], They function through 

the chelation of the metal centres of enzyme active sites, thereby inhibiting enzymatic and 

maintaining pest control. Lacoste et al. [60] have shown that sodium 

diethyldithiocarbamate chelates copper stronger than any other metal which could 

explain its effective inhibition of tyrosinase enzyme experienced in our studies.

2.3.3. Results & Discussion
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(a) (H) 
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Figure 2.3.1(a) Tyrosinase active site and (b) catalysis at the active site using catechol as substrate.
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Many possibilities exist for the inhibition of tyrosinase by sodium diethyldithiocarbamate. 

They include inhibition of the enzyme in its resting state and inhibition of the enzyme in 

its reduced state, amongst others. Figure 2 3 2(a) depicts chelation of the active site 

copper by diethyldithiocarbamate. As one can see, chelation prevents binding of the 

substrate and hence inhibits the enzyme. The substrate must then compete with the 

inhibitor for access to the active site. This scenario could also arise in stage (III) of the 

catalysis process shown in Figure 2.3.1(a), whereby the inhibitor may bind and inactivate 

the enzyme after the initial substrate (I) and oxygen binding reaction (II) respectively.

Alternatively, as shown in Figure 2.3.2(b), the inhibitor may bind after the Initial 

substrate binding reaction, thus preventing the binding of oxygen and completion of the 

catalytic process. In this scenario the oxygen must compete with the inhibitor for 

binding to the copper active site. However since oxygen-copper binding is a lot stronger 

than diethyldithiocarbamate, i.e. the electronegativity of oxygen is 3.5 compared to 2.5 

for sulphur, one would assume that inhibition of the enzyme at substrate binding sites (I) 

and (III) is more frequent, and that the inhibition process results from a competition 

between the substrate and inhibitor for binding to the enzyme active site, along with a 

less dominant competition between diethyldithiocarbamate and oxygen for the oxygen 

binding site.
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Figure 2.3.2(a) Inhibition of the enzyme in its resting state, (b) Inhibition of the enzyme in its 

reduced state.
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It is also important to take into consideration secondary interactions between the 

inhibitor and the enzyme, which could present added difficulty for the substrate to 

remove the imposing inhibitor. Such interactions may involve hydrogen bonding 

interactions amongst others, between functional groups on amino acids in the active site 

facinity and groups present on the inhibitor. For example, aspartic acid, glutamic acid, 

asparagine, glutamine, acidic amino acids and their amide residues may have a role to 

play.

Figure 2.3.3. shows the binding of two molecules of diethyldithiocarbamate to active site 

copper in its resting stage. The polypeptide chain shown to the right represents amino 

acid residues in close proximity to the active site centre. Shown as a dotted line is the 

partial charge interaction between the amino groups of the diethyldithiocarbamate 

molecules and the carbonyl groups of glutamine and asparagine residues respectively. 

Secondary interactions between the partial positive charge (8+) on the carbonyl carbon of 

the amino acid residues and the partial negative charge (5') on the amine groups of 

diethyldithiocarbamate, make it difficult for the substrate to remove inhibitor and react 

with the enzyme.
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Figure 2.3.3. Secondary interactions between the amine nitrogen of diethyldithiocarbamate and the 

carbonyl carbon of glutamine and asparagine residues ofpolypeptide chains in close proximity to the 

copper active site.
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2.3.3.2. Experimental Elucidation of Inhibitor Type

Earlier in Chapter 1, Section 1.9., the various types of enzyme inhibition and their 

respective classes were introduced. Generally there are two types of enzyme inhibitors: 

reversible and irreversible. Reversible enzyme inhibition is attributed to the non-covalent 

binding of inhibitor and includes: competitive, non-competitive and uncompetitive

inhibition. Covalent binding of inhibitors to an enzyme’s active site results in irreversible 

inhibition and is detrimental to human health.

Figure 2.3.4. shows the Lineweaver-Burk plots for enzyme catalysis in the presence of 

substrate and in the presence of substrate and inhibitor, for diethyldithiocarbamate, 

thiourea and benzoic acid. For thiourea and benzoic acid, the Lineweaver plots 

intersected at the same Vmax value and yielded different apparent Michaelis-Menten 

constants, Kmapp values, as expected for a competitive inhibition process.

The corresponding plot for diethyldithiocarbamate resulted in the Lineweaver-Burk plots 

intersecting at the same point on the baseline, suggesting a fully non-competitive process. 

The Kmapp value was unaffected by the presence of the inhibitor, but the Vmax values were 

changed as expected for non-competitive inhibition. These results are in agreement with 

those obtained by other researchers [25, 31, 32, 61], Wang et al. [32] obtained 

reversible competitive inhibition for benzoic acid and thiourea, and reversible non

competitive inhibition for diethyldithocarbamate. Similar results were obtained by Deng 

and Dong [31] for benzoic acid and thiourea.
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Figure 2.3.4. Litteweaver-Burk plots for catechol substrate (I) and catechol substrate additions 

containing 60 fiM of inhibitor (II) where (A) is sodium diethyldithiocarbamate, (B) thiourea and (C) 
benzoic acid at a tyrosinase (3%) carbon paste electrode. Solutions were stirred at 300 rpm, 

phosphate buffer solution 0.05 M  pH  7.4. Experiments were performed at 25 °C.
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An example of the substrate calibration plots obtained for a tyrosinase (3% w/w) carbon 

paste electrode before and after exposure to phosphate buffer solutions containing 60 

jiM thiourea for a duration o f 30 minutes are shown in Figure 2.3.5. As one can see, the 

substrate profile almost returned to its original profile after the consecutive rinses 

following exposure to the inhibitor solution, hence emphasising the reversible 

competitive inhibition nature of thiourea. Table 2.3.1. summarises the results obtained 

earlier for inhibitor type for the various compounds investigated.
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Figure 2.3.5. Substrate response profiles before(A) and after exposure (B) to solutions containing 60 

ftM thiourea for a duration of 30 minutes. (B) represents the average of three consecutive rinses. 

Solutions were stirred at 300 rpm. 0.05 M  phosphate buffer, pH 7.4., applied potential - 0.2 V. 

Experiments performed at 25 "C.
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Table 2.3.1. Summary o f inhibitor type and class.

Compound Inhibitor Type Class

h 3c h 2c  c\ y
N------- r

H3CH2C/ /  SNa 

Sodium Diethyldithiocarbamate

Reversible Non-competitive

H2N

) ^ s
h2n

Thiourea

Reversible Competitive

y------ V o

(  /  C
Benzoic Acid

Reversible Competitive
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2.3.4. Conclusion

Elucidation of inhibitor type and method of inhibition is extremely important in 

determining the influence of certain toxic compounds on enzymatic systems and also 

understanding the complexity o f the inhibition process. It has been postulated that an 

inhibitor may inhibit the active site o f tyrosinase through binding at the respective 

substrate bindings sites and/or alternatively binding to the oxygen binding site. 

Experiment studies have shown that all three inhibitor compounds resulted in reversible 

inhibition. Diethyldithocarbamate was found to be a non-competitive inhibitor whilst 

thiourea and benzoic acid were found to be competitive inhibitors respectively.
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Chapter 3

3.1. Introduction

Phenols and substituted phenols are products of many industrial processes. In view of 

the high toxicity of various phenolic derivatives, reliable analytical procedures are 

required for their determination at low levels in various environmental matrices. 

Amperometric biosensors based on the enzyme tyrosinase have proved to be very useful 

for this task [1-5], The enzyme tyrosinase, also known as polyphenol oxidase E.C.

1.14.18.1., is a copper-containing oxidase that catalyses the conversion of monophenols 

and diphenols to the corresponding quinones [6],

Reagentless devices based on the immobilisation of tyrosinase onto various carbon or 

platinum transducers have been developed [1], Such devices rely on monitoring the 

liberation of the quinone product or consumption of the oxygen cofactor. Tyrosinase 

based electrodes can be used as detectors for liquid chromatography, hence providing 

quantitation of the individual phenolic substrates [4,5,7,8], Such liquid 

chromatographic-electrochemical (LCEC) detection operation benefits from the organic 

phase stability of tyrosinase [9, 10], Such activity has led also to the common use of 

carbon-paste transducers as hosts for the enzyme. By mixing tyrosinase, together with 

graphite powder and an organic pasting liquid, it is possible to obtain fast responding, 

versatile and renewable biosensors.

This chapter describes the evaluation of new pasting liquids for enhancing the 

performance of tyrosinase-based carbon paste biosensors. It is known that the exact 

composition of carbon paste bioelectrodes has a profound effect upon their performance

[11], Lutz et al. [12] demonstrated the influence of different additives on the sensitivity 

and operational stability of tyrosinase-containing carbon paste electrodes. Lindgren et al.

[13] examined the effect of tyrosinase from different sources on the response of carbon 

paste flow detectors. Pravda et al. [4] reported on the improved stability and 

reproducibility associated with the use of solid paraffin-based carbon paste phenol 

biosensors. Marko-Varga [1] reported on the effect of various silicone and paraffin oils 

upon the response to tyrosinase-modified carbon paste electrodes.
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In the following sections the greatly improved sensitivity o f tyrosinase biosensors are 

illustrated in association with the use of hydrocarbon pasting liquids. The role of the 

hydrocarbon chain length upon the response is elucidated along with detailed comments 

concerning the extracting properties of the pasting liquid. The utility of the new 

bioelectrodes for flow injection and the chromatographic analysis of phenols is 

demonstrated.
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3.2.1. Reagents

Chemicals were analytical reagent grade and used as received. Tyrosinase was obtained 

from Sigma (MO, USA) (t-7755, E C. 1.14.18.1., 4, 400 units mg"1). Catechol, phenol, 

2,4-dimethylphenol, p-cresol, o-cresol, p-chlorophenol and o-chlorophenol were supplied 

from Aldrich ( Milwaukee, USA). The graphite powder grade # 38 was obtained from 

Fisher (USA). The various binders: mineral oil; silicon oil; decane; dodecane; 

tetradecane and hexadecane were all supplied by Aldrich (Milwaukee, USA). 

Acetonitrile (HPLC grade) from Fisher (USA) was used for preparing mobile phases. 

Potassium dihydrogen phosphate and disodium hydrogen phosphate were supplied by 

Aldrich (Milwaukee, USA). Deionised water was used where appropriate and was 

prepared by passing distilled water through a Milli-Q-water purification system. All 

filters and membranes were obtained from Bioanalytical Systems Inc. (W. Lafayette, 

USA). Nylon membranes ( 0.2 jim pore size, 47 mm diameter, BAS, MF 5621) were 

used for filtering mobile phase. Microfilters ( BAS, MF 5500) and microfilter 

membranes ( BAS, MF 5658) were used for filtering samples. Ultra high purity helium 

gas ( Argile Welding Supply, Albuquerque, NM, USA) was used as received for 

degassing mobile phase and solutions.

3.2.2. Instrumentation and Procedure

Amperometric flow injection analysis and batch experiments were carried out using a 

BAS CV-27 Voltammograph operating at - 0.05 V ( vs. Ag/ AgCl), in connection with a 

BAS X-Y recorder. A 10 ml electrochemical cell ( BAS, Model VC-2) was used in the 

batch experiments. The working electrode, reference electrode ( Ag/ AgCl, Model RE- 

1, BAS) and platinum wire electrode joined the cell through holes in the Teflon cover. A 

large volume wall-jet detector was used in the FLA experiments, along with an Alitea C- 

4V pump operating at 1.5 ml min'1. All experiments were performed at room 

temperature using a 0.05M phosphate buffer, pH 7.4. Chromatographic experiments 

were performed on a HPLC system (BAS, Model 480) in connection with a dual 

reciprocating pump (PM-80, BAS) and an amperometric detector (BAS., Model LC- 4C) 

with a thin layer cell ( BAS, CV-5). Injections were made through a Rheodyne valve

3.2. Experimental

94



C h a p te r  3

with a 20 pi loop onto a Ci8 DB reverse phase column ( LC 18 DB, No.: 88773A, 

Supelco Inc., 5 pm, 4.6 x 250 mm). Chromatograms were recorded on an Omniscribe 

strip-chart recorder ( Houston Instruments). The mobile phase used composed of 25 : 

75 acetonitrile : phosphate buffer (0.05 M, pH 6.5). All analyte standard solutions were 

prepared in the mobile phase. The mobile phase was filtered and degassed prior to use.

3.2.3. Electrode Preparation

The tyrosinase carbon paste electrodes were prepared by mixing 60 mg graphite powder 

with 40 mg of the corresponding pasting liquid binder; 3 mg of tyrosinase enzyme was 

then mixed with 97 mg carbon paste. A portion of the corresponding paste was packed 

into the electrode cavity ( 3 mm diameter, and 1 mm depth) of a PTFE sleeve. The paste 

surface was smoothed on weighing paper.
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3.3.1. Characteristics and Performance o f the Hydrocarbon Pasting Liquid 

Modified Biosensors

The flow injection analysis response peaks for phenol, catechol and p-chlorophenol at 

tyrosinase modified carbon paste electrodes based on mineral oil and dodecane pasting 

liquids are shown in Figure 3.1. Both detectors employed the same enzyme loading and 

carbon content. Yet, the dodecane based detector resulted in a significantly higher 

sensitivity for all three substrates where sensitivity was almost 10-fold that observed at 

the mineral oil composite. It is also interesting to notice the changes in response time 

apparent at the two electrodes, particularly the slower return to the baseline of the 

hydrocarbon based enzyme electrode, e.g. a response time of almost 2.5 min was 

observed for catechol at the dodecane modified biosensor compared to ~1.0 min at the 

mineral oil bioelectrode.

3.3. Results and Discussion

O  c5 mm

B u u

A
a b c

Figure 3.1. Amperometric flow injection peaks for 1 x Iff4 M phenol (a), catechol (b) and p- 

chlorophenol (c) using mineral oil (A) and dodecane (B) based carbon paste tyrosinase electrodes. 

Applied potential - 0.05 V, flow rate 1.5 mlAnin, carrier solution, 0.05 M  phosphate buffer, pH 7.4.
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This observation prompted the investigation of various other hydrocarbons as pasting 

liquids for phenol biosensors. Figure 3.2 shows the dependence of the flow injection 

response of six different phenolic substrates upon the hydrocarbon pasting liquid. Also 

shown for comparison are the responses of a mineral oil-based biosensor. The response 

of three of these substrates: p-cresol (a); p-chlorophenol (b) and phenol (c) decreased 

rapidly upon increasing the chain length of the hydrocarbon pasting liquid from decane to 

tetradecane, followed by a plateau region for tetradecane and hexadecane similar to that 

of mineral oil. The other three substrates displayed a significantly smaller response, that 

decreases gradually upon varying the chain length from decane to tetradecane, and then 

plateaus out thereafter. Changes in the extracting properties of the carbon paste 

electrodes upon changing the length of hydrocarbon pasting liquids may be responsible 

for such a trend as similarly experienced by Wang et al. [14] for enhancing the sensitivity 

of stripping measurements for phenothiazine drugs.

Figure 3.2. Response of carbon paste tyrosinase electrodes based on different binders to various 

phenolic compounds 0.1 mM (a) p-cresol; (b) p-chlorophenol; (c) phenol; (d) 2,4-dimethylphenol; (e) 

o-chlorophenol and (f) o-cresoL Other conditions as given in Figure 3.1.
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The data of Figures 3 .1 and 3 .2 can be explained in terms of the extracting properties of 

the pasting liquid. Since carbon paste electrodes consist of a mixture of graphite and 

organic liquid, various organic compounds can be extracted into the paste [1, 14-16], 

The partition of target analytes into the organic pasting liquid depends upon the polarity 

of the liquid and the structure of the analyte. Accordingly, the relatively polar phenolic 

compounds are extracted more readily into the shorter hydrocarbon liquids, i.e. decane 

and dodecane.

The penetration of phenolic substrates into the bulk of the electrodes exposes them to 

the enzyme present in the interior. Combining this higher apparent biocatalytic activity 

with the extractive accumulation of the substrates thus results in greatly enhanced 

sensitivity. In contrast, conventional mineral oil-containing carbon paste electrodes 

result in only a limited extractive preconcentration taking place and the surface rather 

than the bulk biocatalytic activity is responsible for most of the response. The 

hydrocarbon modified biosensors therefore result in highly sensitive peak responses 

accompanied by longer response times attributed to the extracting properties of the 

particular paste.

In addition to sensitivity enhancements, changing the carbon paste binder may be useful 

for manipulating the selectivity of the tyrosinase electrodes. Figure 3.3. compares the 

relative response of six phenolic compounds ( normalised to phenols as 100 %) at the 

dodecane, mineral oil and silicon-oil based carbon paste bioelectrodes. At the silicon oil 

based sensor the trend in sensitivity observed was: p-chlorophenol > p-cresol > phenol > 

o-chlorophenol > 2,4-dimethylphenol > o-cresol. In contrast, using the mineral oil or 

dodecane carbon pastes results in a slightly different trend: p-cresol > p-chlorophenol > 

phenol > o-chlorophenol > o-cresol > 2,4-dimethylphenol.

The differences in the relative responses of these biosensors should be noticed, with the 

dodecane electrode suppressing the signals of the ortho compounds to approximately 

10% of the phenol response, thereby enhancing the selectivity between para- and ortho- 

chlorophenols at biosensors o f this type. In addition, the p-cresol response at the mineral
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oil and dodecane carbon paste electrodes are about 3.8 and 2.2 fold larger than the 

phenol signal respectively

Dodecane
200

2 150

t ^ 1 0 0

B Silicon oil
150

100

Mineral Oil
400'

g  300

X
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Figure 3.3. Relative response of carbon paste tyrosinase electrodes based on different binders: 

dodecane (A), silicon oil (B) and mineral oil (C) to different phenolic compounds: (a) phenol; (b) 2,4- 

dimethylphenol; (c) p-chlorophenol; (d) o-chlorophenol; (e) p-cresol and (f) o-cresoL The response 

was normalised in comparison to phenol taken as 100%. Concentration 0.1 mM. Other conditions as 

in Figure 3.1.
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The different response patterns of Figure 3.3 reflect the combined effect of the 

biocatalytic activity of tyrosinase and the extracting properties of the pasting liquid. 

Changes in the oxygen (co-substrate) solubility should also be considered. Note also 

that in accordance to the principles of organic-phase enzymology, the tyrosinase 

specificity in the electrode interior may also be affected by the surrounding pasting liquid. 

Differences in the relative response to catchol and phenol at different silicon oil 

tyrosinase electrodes have been reported by Marko-Varga et al. [1] in a similar manner 

to the findings of this work.

3.3.2. Sensitivity, Reproducibility and Limits o f Detection

Calibration profiles for p-cresol at dodecane (a), hexadecane (b) and mineral oil (c) based 

tyrosinase carbon paste electrodes are shown in Figure 3.4(A). As expected from Figure

3.3., the dodecane containing biosensor offered a substantially higher sensitivity than the 

hexadecane or mineral oil electrodes respectively. The sensitivity of the dodecane-based 

biosensor was about 12 fold higher than those of the hexadecane or mineral oil 

electrodes. Figure 3.4(B) shows the corresponding Lineweaver-Burk plots. The 

apparent Michealis-Menten constants, KMapp, were thus estimated and found to be 

133 |iM for mineral oil; 168 jiM for hexadecane and 245 pM for dodecane. In view of 

the great complexity of carbon paste enzyme electrodes, such values reflect the interplay 

between various factors, including the diffusional constraints of the substrate in the 

pasting liquid, the oxygen (co-substrate) solubility in this binder and also the specificity 

of the enzyme for the substrate and its behaviour in that particular matrix.

The analytical utility of the hydrocarbon based phenol biosensors were demonstrated 

using flow injection analysis. Figure 3.5. illustrates flow injection amperometric peaks at 

the dodecane-based tyrosinase carbon paste detector for increasing levels of phenol (A) 

and catechol (B). Well-defined peaks were observed for these low micromolar 

concentrations. Excellent linearity was observed with catechol displaying a curvature 

above 100 pM. Based on a signal to noise ratio of three, the limit of detection for 

catechol was found to be 6 nM, emphasising the potential of these novel biosensors for 

phenol monitoring in environmental samples. Even lower detection limits could be
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methods.

ach ieved variou s b ioam p lifica tion , m u ltien zym e and b io accu m u la tion
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Figure 3.4. Calibration plots (A) and Lineweaver-Burk (B) plots for p-cresol at tyrosinase modified 

carbon paste electrodes with different binders: (a) dodecane, (b) hexadecane and mineral oil (c). 

Other conditions as in Figure 3.1.
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A

B

l L _

Figure 3.5. Flow-injection profiles at the dodecane-based carbon paste tyrosinase detector: (A) 

Response peaks for phenol solutions of increasing levels: 1 fiM (d) to 10 ftM (f') as shown in insert 

(B) Response peaks for catechol solutions of increasing levels: 10 pM (a) to 100 pM (g) as shown in 

insert Other conditions as in Figure 3.1.
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The reproducibility of the dodecane modified biosensors was assessed by using 30 

repetitive injections of 6 phenol and 60 catechol respectively. The results o f the

precision study are shown in Figure 3.6. The response remained highly stable 

throughout this study, yielding average currents of 17.7 nA for phenol and 214.3 nA for 

catechol with relative standard deviations of 3.0 % and 2.6 % respectively.

A

S  m in

JwA U lu yiMji JUuvJl,

B

m VJ VJ
5 min

V

Figure 3.6. Precision studies at the dodecane modified tyrosinase biosensor for 6 fiM phenol (A) and 

60 fiM catechol (B). Other conditions as given in Figure 3.1.
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3.3.3. Applicability to Chromatographic Analysis of Phenols

Amperometric monitoring of phenols in chromatographic effluents is illustrated in Figure 

3.7. A dual tyrosinase electrode detector based on hexadecane (bottom) and mineral oil 

(top) carbon pastes were used for standard (A) and river (B) water samples spiked with 

four phenolic compounds. Both carbon paste biosensors readily detected the respective 

phenols in the effluent stream. The hexadecane-based detector offered substantial 

enhancement of the peak current as shown by the different current-time recording scales 

Attempts to use the more sensitive dodecane modified biosensor were hindered by 

stability problems after exposure to the acetonitrile mobile phase and could not be used 

in this detection mode respectively.

Although the sensitivity enhancement is important, the main advantage for such 

chromatographic detection is the new dimension of information provided by the dual 

electrode operation. Dual electrode parallel detectors commonly rely on poising two 

identical electrodes at different potentials, and monitoring the dual response ratio to 

evaluate the peak identity [17-20], In the scheme used in Figure 3.7. the selectivity was 

improved by recording two equipotential chromatograms, and obtaining the dual 

response ratios based on the solvent extractability into the different pasting liquid 

binders. For example, while the p-methoxyphenol and phenol peaks appeared similar at 

the conventional mineral oil biosensor detector, differences in their extractability into the 

hydrocarbon paste liquid lead to a much greater phenol peak at the hexadecane based 

enzyme electrode. As a result distinct changes in the (hexadecane/ mineral oil ) peak 

ratios were obtained: 1.5; 5.6; 5.1 and 6.1, for p-methoxyphenol, phenol, p-cresol and p- 

chlorophenol respectively.

Such trends in peak ratios reflect the relative extractability of the substrate into both 

pasting liquids. The peak ratios therefore offer useful information on the identification of 

individual analytes by virtue of the solvent extraction properties experienced at the 

electrode surfaces and the resultant biocatalysis under those conditions. For example the 

ratio of half-peak widths for p-methoxyphenol was 2.8 compared to values of only 1.5, 

1.4 and 1.5 obtained for phenol, p-cresol and p-chlorophenol respectively.
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The data of Figure 3.7. was used to estimate the percentage recovery for the spiked Rio 

Grande river water samples. Percent recoveries of 95-110 % and 89-101 % were 

calculated for the various phenols at the mineral oil and hexadecane-based enzyme 

electrodes respectively.

Figure 3.7. Chromatograms obtained with the hexadecane (bottom) and mineral oil (top) based 

modified carbon paste tyrosinase detectors for standard (A) and Rio Grande river water (B) samples 

spiked with 8 mMp-methoxyphenol, 1 mMphenol (b), 1 mMp-cresol (c) and 1 mM p-chlorophenol 

(d). Mobile phase: 0.05 M  phosphate buffer (pH 6.5) acetonitrile (75:25); flow rate 1.0 ml/nun, 

applied potential -0.05 V. Electrodes were operated in parallel mode.
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3.4. Conclusion

It has been demonstrated that short chain hydrocarbons offer an attractive alternative to 

mineral oil binders in the preparation of carbon paste tyrosinase electrodes. The new 

pasting liquids greatly enhance the sensitivity of the resulting phenol biosensors through 

the extractive accumulation of the substrates. The solvent extraction principles may also 

be used to influence and tune the selectivity of tyrosinase carbon paste electrodes. 

Similar responses could be expected for other phenolic pollutants. The hydrocarbon 

binders provide a favourable environment for tyrosinase and do not appear to strip the 

enzyme of its essential water o f hydration which would have resulted in deterioration of 

the sensor response.

While this work sheds some insights into biocatalytic activity in the presence of different 

carbon paste binders, detailed studies are needed for elucidating the complex behaviour 

of the hydrocarbon/ graphite/ tyrosinase network. Additional improvements may be 

achieved by combining the new pasting liquids with various additives or enzyme 

stabilisers or in connection with a bioamplification technique. Also by investigating other 

enzyme systems, the capabilities of practical biosensors for other environmental 

pollutants is limitless.
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4.1. Sol-Gels

4.1.1. An Introduction to Sol-Gels

Many conventional methods of enzyme immobilisation include covalent bonding, 

physical adsorption or crosslinking to a suitable carrier matrix. Alternatively, enzymes 

can be physically entrapped and microencapsulated in polymeric matrices [1], However, 

for optimum biostability and reaction efficiency, the preferred host matrix appears to be 

one that isolates the biomolecule, protecting it from self aggregation and microbial 

attack, while providing essentially the same local microenvironment as in a biological 

matrix.

Recent research has demonstrated that silicate glasses obtained by the sol-gel method can 

provide such a host matrix, and biomolecules immobilised by this method retain their 

functional characteristics to a large extent [2-4], These functional glasses have been 

manipulated not only as host-bulk matrices, but also as membranes to maintain the host 

on the desired substrate transducer.

These biofimctional glasses make it possible to retain the specificity and reactivity of 

biological molecules in the solid state and provide morphological and structural control 

that is not available when the biological molecules are simply dissolved in aqueous 

media. Furthermore, the amorphous nature of the glassy material does not impart a 

geometric order to the entrapped molecules. Many of the characteristics of the liquid 

state are retained despite the fact that the molecule is trapped in a solid material. The 

process of biomolecular encapsulation is outlined in Figure 4.1.1.

The sol-gel method is a convenient way to synthesise a host matrix. The utility of sol-gel 

matrices as hosts for organic and organometallic dopants has been known for some time; 

however, it was not until 1990 that Braun et al. [2] reported the first attempts at protein 

encapsulation inside silica glasses. They described the preparation of biochemically 

active glasses with alkaline phosphatase trapped in the matrix. As one is aware, covalent 

attachment of proteins to a surface substrate requires that specific functionalities be
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present in the biomolecule, whereas entrapment in sol-gel matrices is independent of the 

functionalities on the protein.

Another advantage of the sol-gel encapsulation method over covalent attachment is that 

physical entrapment is functionally non-invasive and preserves the integrity and 

directional homogeneity of the protein surface microstructure. By contrast, covalent 

attachment of proteins via surface modification fixes the orientation of the exposed 

protein and in certain cases may block substrate excess to the protein active site. The 

success of sol-gel entrapment is largely independent of the size of the biomolecule 

because the matrix forms around it. *

Silica biogels contain a sufficient amount of trapped interstitial water to provide an 

environment that is still essentially aqueous, thereby contributing to the retention of 

structure and reactivity of the encapsulated biomolecules. The absence of covalent 

interactions between the protein and the surrounding medium are of utmost importance 

for maintaining stability and reactivity [5],

The large sizes and high molecular weights o f proteins prevent their leaching from the 

sol-gel matrix. Although the pore-size distribution in a monolithic glass varies, the 

average biomolecule is larger than any of the pores in the gel. However, many biological 

analytes i.e. enzyme substrates/ immunological antigens are small enough to diffuse into 

them. As a result, the biogel monolith provides an efficient biosensing design in which 

the movement of the recognition molecule is restricted, but the flow of smaller analytes 

through the pores of the gel is allowed.
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(a) (b)

Figure 4.1.1. Protein entrapment in a silicate matrix during sol-gel polymerisation.

(a) Formation of sol particles during initial hydrolysis and polycondensation, (b) Addition ofprotein 

to the soL (c) The growing silicate network begins to trap the dopant protein molecules, (d) The 

protein molecules are immobilised in the gel.

4.1.2. Sol-Gel Processing

Silicon is the most abundant element in the earth’s crust [6], Evidence of silicate 

hydrolysis and condensation to form polysilicate gels and particles is seen in many natural 

systems e.g. precious opal is composed of amorphous silica particles held together by a 

lower-density silica gel. The essential ingredients required to form opals are an abundant 

supply of readily soluble silica and a source of water flint. Our ancient ancestors 

recognised opal as the toughest stone available in those times, and was apparently 

formed from the siliceous skeletons of ancient sponges. Since the 1970s it has been 

recognised that soluble silica in trace amounts also plays a role in the development of 

mammals e.g. every 100th atom in the human body is silicon.

The +4 oxidation state is the only important one in the chemistry of silicon in naturally 

occurring systems [7], and the co-ordination number of silicon is most often four. 

Formation of the sol-gel network takes the following steps: (1) polymerisation of 

monomer to form particles; (2) growth of particles; (3) linking of particles into chains; 

then (4) the formation of networks that extend throughout the liquid medium, thickening 

it into a gel.
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Silicate gels are most often synthesised by hydrolysing monomeric, tetrafunctional 

alkoxide precursors employing a mineral acid or base as the catalyst. At the functional 

group level, three reactions are generally used to describe the sol-gel process.

Hydrolysis

Si(OR)4 + H20  <-» HO-Si(OR)3 + ROH (4.1.1)

Silane Silanol

Water Condensation

(OR)3Si-OH + HO-Si(OR)3 <-> (0R)3Si-0-Si(0R)3 + H20  (4.1.2),

Alcohol Condensation

(OR)3Si-OH + HO-Si(OR)3 <-> (0R )3Si-0-Si(0R)3 + ROH (4.1.3)

The hydrolysis reaction replaces alkoxide groups (OR) with hydroxyl groups (OH), 

converting the silane into silanol. Depending on the amount of water and catalyst 

present, hydrolysis may go to completion, or stop while the silicon is only partially 

hydrolysed Si(OR)4-n(OH)n.

HCl

Si(OR)4 + 4H20  <-> Si(OH)4 + 4ROH (4.1.4)

Subsequent condensation reactions involving silanol groups produce siloxane bonds (Si- 

O-Si) plus the by-product alcohol (ROH) or water. Under most conditions, 

condensation commences before hydrolysis is complete. Water condensation dominates 

the early stages o f the sol-gel process, followed by a dominant alcohol condensation 

phase, solubilising the forming network.
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In the hydrolysis reaction, the alkoxide group is protonated in a rapid first step. Electron 

density is withdrawn from silicon, making it more electrophilic and thus more susceptible 

to attack by water:

RO
\  \O + RO—{
J  V

The water molecule attacks from the rear and acquires a partial positive charge. The 

positive charge of the prontonated alkoxide is correspondingly reduced, making alcohol 

a better leaving group. The transition state decays by displacement of alcohol 

accompanied by inversion of the silicon tetrahedron.

The condensation reactions continue on, resulting in larger silicon polymers. Formation 

of dimers, chains and rings are possible. Since a fully hydrolysed monomer Si(OH)4 is 

tetrafunctional (f=4), complex branching can occur. Hence polyfunctional units with f  

>2 are capable of forming three dimensional structures by crosslinking linear chains or 

rings formed by functional units of f  = 2.

The acid catalyst can influence both the hydrolysis or condensation rates and the 

structure of the condensed products. Acids serve to protonate negatively charged 

alkoxide groups, enhancing the reaction kinetics by producing good leaving groups.

The term ‘ageing’ is applied to the process of change in structure and properties after 

gelation. Some gels exhibit spontaneous shrinkage, called syneresis, as bond formation 

or attraction between particles induces contraction of the network and expulsion of 

liquid through the pores.

Although sol-gels form amorphous non-crystalline networks after drying, crystalline 

models may be formed upon heating the network. If the application requires the 

presence of absolutely no pores, a process called sintering will remove them, once a 

suitably high temperature is applied.

RO

OH
IH

OR

- S i  OOR
/

OR

HO Si— OR +  ROH + H*
OR

OR

(4.1.5.)
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One can tailor-make a functional sol-gel network by use of certain precursor agents such 

as R1 Si (OR)3 or R12(OR)2; where R1 represents the non-hydrolysable substituent. This 

substituent imparts specific properties to the resultant gel. For example, the silicone 

industry is based on poly-diorganosilanes, and many different products are possible using 

the various other organic substituents available [8],

4.1.2.1. Structural Evolution

The structural evolution of sol-gels, from the initial mixing of silanes and silanols in the 

hydrolysis stage, to complex condensation reactions, resulting in the growth of clusters 

that eventually collide and link together into a gel, and the period thereafter, drying and 

ageing, have been studied in detail using spectroscopy [9],

Nuclear magnetic resonance (NMR) spectroscopy, *H & 29Si, has been used extensively 

to evaluate the kinetics of the early stages of the gelation process. Infrared and Raman 

Spectroscopy have been used in combination with NMR to identify oligomeric species in 

solution and to follow the evolution of inorganic frameworks by comparisons with model 

compounds of known structures.

Small angle scattering investigations utilising neutrons, X-rays or visible light i.e., static 

light scattering or quasi-elastic light scattering have been employed to investigate the 

growth and topology of macromolecular networks that preceded gelation, the 

aggregation of colloids and the structure o f porous gels.

4.1.3. Sol-Gel Film Formation - Spin Coating

The preceding section, 4.1.1., has focused on the encapsulation of enzymes in the bulk 

sol-gel network. However it is possible to entrap the biomolecule of interest on the 

transducer surface by means of a sol-gel coat. This is an attractive entrapment method, 

as the biomolecule is too large to leach from the sol-gel film composite, and the pores 

are small enough to ensure diffusion of the respective analyte through the sol-gel film 

and to the heart of the catalytic system, i.e. the enzyme.
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Spin coating consists of four stages: deposition, spin-up, spin-off and evaporation. 

Firstly, an excess of liquid is dispersed on the surface during the deposition stage. The 

electrode is then spun at a certain rate, called the spin-up stage. In the spin-off stage, 

excess liquid flows to the perimeter and leaves as droplets, as shown in Figure 4.1.2. As 

the film thins, the rate of removal of excess liquid by spin-off slows down, because the 

thinner the film, the greater the resistance to flow. Also, since the concentration of non

volatile components increases, hence raising the viscosity, evaporation takes over as the 

primary mechanism of thinning during the fourth stage of spin coating.

An advantage of spin coating is that a film of liquid tends to become uniform in thickness 

during spin-off, and once uniform tends to remain so, provided that the viscosity is not 

shear dependent and does not vary over the surface. This tendency arises due to the 

balance between two main forces: a centrifugal force, which drives flow radially 

outward, and a viscous force (friction), which cuts radially inward. During spin-up, the 

centrifugal forces overwhelm the force of gravity, and the rapid thinning quickly 

squelches all inertial forces other than the centrifugal force.

Although the underlying physics and chemistry that govern polymer growth and gelation 

are essentially the same for films as bulk gels, several factors distinguish structural 

evolution in films. The overlap of the deposition and evaporation stages establishes a 

competition between evaporation, which compacts the structure, and continuing 

condensation reactions, which stiffen the structure thereby increasing the resistance to 

completion. However, in bulk systems the gelation and drying stages are normally 

separated.

Compared to the bulk system, aggregation, gelation and drying occur in seconds to 

minutes during spin coating rather than days or weeks as observed in bulk systems. The 

short duration of the deposition and drying stages causes films to experience less ageing, 

i.e. crosslinking, than bulk gels. This generally results in more compact dried structures. 

Fluid flow, due to draining, evaporation, or spin-off, combined with attachment of the 

precursor species to the surface substrate, impose a shear-stress within the film during 

deposition. After gelation, continued shrinkage due to drying and further condensation
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reactions creates a tensile stress within the film. Bulk gels are not constrained in any 

dimension However, it does suffice to note that films, for a particular sol-gel precursor, 

will usually crack on drying if they exceed a critical thickness.

(a) (b) (c)

Rotation Axis

Radial Forces

(d)

Centrifugal
Forces

Figure 4.1.2. Spin coating process: (a) Enzyme mix on surface; (b) Deposition; (c) Spin- 

up and spin-off and (d) Evaporation and resultant film formation.

4.1.4. Universal Sol-Gel Applications

Applications for sol-gel processing derive from the various special shapes obtained 

directly from the gel state, e.g. monoliths, films, fibers and monosized powders, 

combined with compositional and microstructural control and low processing 

temperatures. The sol-gel method is exothermic and occurs readily at room temperature. 

As a result of the high surface areas and small pore sizes experienced in such gel systems,
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the crystallisation and phase separation characteristic o f glass manufacturing is avoided 

resulting in a plethora of new materials made available to the technologist.

4.1.4.1. Thin Films and Coatings

Films and coatings represent the earliest commercial application of sol-gel technology

[10], Thin films (normally < 1 nm in thickness) formed by dipping or spinning use little 

in the way of raw materials and may be processed quickly without cracking, overcoming 

most of the disadvantages of bulk sol-gel processing. In addition, large substrates can be 

accommodated and it is possible to uniformly coat both sides of planer and axially 

symmetric substrates such as pipes, tubes, rods and fibers, not easily handled by more 

conventional coating processes. The earliest applications for sol-gel films were in optical 

coatings, as reviewed by Schroeder [10], Since then many new uses for sol-gel films 

have appeared in electronic, protective, membrane and sensor applications.

4.1.41.1. Optical Coatings

Optical coatings alter the reflectance, transmission or adsorption of the substrate. 

IROX® coated architectural glass is the best example of the current state of the art which 

is commonly used in the glass of skyscrapers [11], Si0 2  controls the reflectivity and the 

palladium content, due to its intrinsic properties, provides the desired absorption. In this 

manner buildings appear uniformly reflective, whilst light transmission is controlled in 

accordance with sun exposure to minimise cooling costs.

41.4.1.2. Protective Films

Protective films impart corrosion or abrasion resistance, promote adhesion, increase 

strength or provide passivation properties [12], Such applications have included the use 

of a flexible metal-mirror developed for terrestrial and low earth orbit solar applications. 

In these applications sol-gel films perform several protective functions: (a) the

planarisation layer prevents corrosion of the Fe-Ag galvanic couple; (b) planarizing the 

stainless steel substrate significantly improves the specularity of satellite mirrors and (c) 

the overlayer prevents corrosion and abrasion of the underlying silver reflective surface. 

Organically modified silicate films are being used as antiscratch coatings on acrylic and
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polycarbonate windows and lenses, and as the protective coatings to protect medieval 

glass from corrosion.

4.1.4.2. Monoliths

Monoliths are defined as bulk gels (smallest dimension > 1 mm) cast to shape and 

processed without cracking. Monolithic gels are of potential interest because complex 

shapes may be formed at room temperature and consolidated at rather high temperatures 

without melting. The principle applications for monolithic gels are optical ones: fiber 

optic preforms, lenses and other optical components, graded refractive index glasses and 

transparent foams used in superinsulation [13],

4.1.4.3. Powders, Grains, Spheres & Fibers

Powders are the starting point for most polycrystalline ceramic processing schemes. 

Ceramic powders and grains are also used as catalysts, pigments, abrasives and fillers, 

and they are employed in electro-optical and magnetic devices [14], Potential 

advantages of sol-gel powders over conventional powders (often physical mixtures of 

minerals and chemicals), are controlled size and shape, molecular scale homogeneity and 

enhanced reactivity. Sol-gel methods have also been used to prepare continuous 

refractivity, polycrystalline fibers that exhibit high strength and stiffness in addition to 

chemical durability [15],

4.1.4.4. Composites

Composites combine different types of materials to obtain synergistic properties 

unattainable by one material alone. Mixed organic-inorganic and ceramic-metal 

composites are also possible. High performance ceramic-ceramic composites such as 

SiC-reinforced alumina are candidate materials for turbine blades as well as highly 

efficient ceramic diesel engines. Epoxysilanes have been exploited for scratch-resistant 

materials. Thermoplastic and photocurable ligands such as methacryl, vinyl, or alkyl 

groups combined with a variety of polmerizable monomers have been utilised for 

coatings, adhesive films and bulk materials respectively [16],
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4.1.4.5. Porous Gels & Membranes

High surface areas and small pore sizes characteristic of sol-gels are properties 

unattainable by conventional ceramic processing methods, These unique properties may 

be exploited in applications such as filtration, separations, catalysis and chromatography. 

One such application involves the microfiltration of water, wine and beverages and also 

the ultrafiltration of milk [17].

4.1.5. Biosensor Applications of Sol-Gel Systems

4.1.5.1. Optical Methods 

4.1.5.11, Dissolved Oxygen Biosensor

Biorecognition of dissolved oxygen is possible with haemoglobin and myoglobin, using 

optical based enzyme sol-gel systems [18], Haemoglobin (Hb) and myoglobin (Mb) are 

two haem proteins that reversibly bind atmospheric oxygen. The high affinity of these 

proteins for oxygen, coupled with the changes in visible absorption spectra that occur 

when oxygen is bound, provides an opportunity to develop an oxygen sensor based on 

these proteins.

Measuring the prominent differences in absorption maxima of the deoxy and oxy forms 

of the proteins in the 430 nm region is a convenient way to quantify oxygen interactions. 

By monitoring the rate of absorbance changes o f the 436 nm transition for the deoxy 

form, a linear relationship can be established between the optical response of the enzyme 

and the concentration of dissolved oxygen. Since myoglobin also binds carbon 

monoxide, the myoglobin biogel can also be used as a sensor for carbon monoxide, by 

taking advantage of the distinct changes in the absorption spectrum for that interaction at 

another particular wavelength.
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4.1.5.1.2, Nitric Oxide Biosensor

This is based on the enzyme manganese myoglobin (MnMb). At trace levels, nitric oxide 

is involved in a variety of biological functions including muscle relaxation, platelet 

inhibition, neurotransmission and immune regulation. Although the Fe-containing types 

of haemoglobin and myoglobin can bind nitric oxide, under aerobic conditions the 

reaction is non-specific, and competitive oxygen adduct formation also takes place. To 

avoid interference from atmospheric oxygen, manganese-containing myoglobin is chosen 

because of its proven specificity for nitric oxide [19]. The important diagnostic feature 

of this novel optical sensor is its ability to bind specifically to nitric oxide in an aerobic 

environment and to detect it at levels similar to those found under physiological 

conditions [20],

41.5.1.3. Glucose Biosensor

Monitoring blood glucose levels is important in many clinical applications. Biosensors 

for glucose use the enzyme glucose oxidase (GOx), which catalyses the oxidation of 

P-D-glucose to yield gluconic acid and hydrogen peroxide. Yamanaka et al [21], 

developed a glucose sensor based on biogel methodology, which contained glucose 

oxidase immobilised in combination with horseradish peroxidase (HRP), and suitable 

quinoneimine dye precursors in a sol-gel system. The dye precursors 4-aminoantipyrene 

and p-hydroxybenzene sulfonate formed a quinoneimine dye with an absorption maxima 

at 510 nm. When the sensor was exposed to glucose, the glucose oxidase component 

catalysed the generation of hydrogen peroxide that in turn triggered the HRP-catalysed 

formation of dye from its precursors. The rate of formation of coloured dye was directly 

proportional to glucose oxidase reactivity and to the concentration of glucose in the 

sample.

4.1.5.2. Electrochemical Methods

The dielectric nature of silicate glasses allows the flow of charge only to the ionic 

impurity carriers, and the conductivities are thus very low. The lack of electronic 

conduction in silica glass means that electrochemical methods must rely on electron 

transport mediators for signal transduction.
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Sanchez et al. [22] have demonstrated the generation of catalytic currents in the presence 

of glucose by using immobilised GOx with hydroxymethylferrocene as the mediator. 

Pankratov et al [23] presented an excellent report on sol-gel derived renewable surface 

biosensors, incorporating an organically modified silica backbone with percolating 

carbon powder to provide electrical conductivity. The silica backbone provides rigidity, 

and the organically modified surface ensures minimal surface contamination. Similar 

work was performed earlier by Narang et al. [24],

Park et al. [25-27] presented a selection of enzyme modified glassy carbon surfaces. One 

consisted of a glucose biosensor similar to the bulk sol-gel sensors of Pankratov et al.

[23] and Narang et al. [24] except in this case a multilayered glucose osmium redox 

polymer with sol-gel film coat was applied [25], This work also included an inhibition 

based amperometric biosensor for the detection of low levels of cyanide [26], where 

potential interferents sodium azide, potassium thiocyanide and thiourea gave no 

response.

4.1.6. Experimental Overview

As one has seen, sol-gels have been used extensively in a wide spectrum of applications. 

They are easy to prepare, the reactions are exothermic and occur at room temperature. 

They can be shaped into any size or form, and can be tailor-made for specific 

applications.

In the following sections, two examples of sol-gel methodology for use in 

electrochemical sensor applications are demonstrated. The first section represents the 

exploitation of bulk sol-gel in a carbon composite electrode as an electrochemical 

detector for the chromatographic analysis of catecholamines, whereas the next section 

represents an example of a horseradish peroxidase based biosensor for the analysis of 

phenols.
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4.2. Sol-Gel Carbon Composite Electrode as an Amperometric 

Detector for Liquid Chromatography of Catecholamines

4.2.1. Introduction

In this particular application the use of bulk sol-gel for constructing a sol-gel modified 

carbon paste composite electrode for use as a liquid chromatography electrochemical 

detector (LCEC) for various catecholamines is described. Although the work 

demonstrated within is purely a pharmaceutical application, the sensors can be easily 

utilised in any environmental monitoring mode.

Cathecholamines (CA) play an important role in higher animals as neurotransmitters 

between nerve cells. Their over and under production in disease states result in the 

breakdown of the homeostasis of the body e.g. epinephrine is used to treat shock and 

cardiac arrest, to control and prevent local haemorrhages, to explore the retina, to treat 

some glaucomas and bronchial asthma and to inhibit womb contractions. Thus, the 

determination of catecholamines in various samples is required for the diagnosis of their 

related diseases such as pheochromocytoma, neuroblastoma, idiopathic oedema and 

hypertension.

One of the major breakthroughs in probing the brain chemistry of catecholamines was 

achieved by Adams in 1976 [28], Adams introduced in vivo voltammetry whereby a 

miniaturised carbon paste voltammetric electrode could be implanted in the brain and 

oxidation currents from catecholamimes could be observed. Following this work, 

Ponchon et al [29] investigated the use of electrodes made of other carbon based 

materials for detecting catecholamines. They encased a carbon fiber in a glass 

micropipette and created an electrode that was small enough to be implanted into brain 

tissue, and in combination with differential pulse voltammetry, could detect catechol and 

indole-based catecholamines.

Although the work of Adams and others showed that voltammetric measurements in vivo 

were possible, selectivity and sensitivity needed to be improved because other oxidisable 

molecules, notably ascorbic acid, obscured the current response. Two breakthroughs in
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selectivity were achieved with the use of Nafion coating [30], an anionic polymer that 

reduced interference from ascorbic acid and acid metabolites, and with electrochemical 

pre-treatment [31] which shifted the oxidation potentials of interferences.

Since then a whole plethora of electrochemical and analytical techniques for the 

monitoring of catecholamines evolved. Some have included the application of various 

immobilised crown ether platinum modified electrodes as potentiometric and 

amperometric detectors for flow injection analysis of catecholamimes [32], The diffusion 

and reaction characteristics of catecholamines using electroactive polymer films has also 

been documented [33],

The recycling and amplification characteristics of a biosensor reactor based on tyrosinase 

and L-ascorbic acid has also been exploited [34, 35], The production of o-quinone 

compounds from the oxidation of catecholamines by tyrosinase are chemically 

reconverted to the original substrate compound by L-ascorbic acid resulting in an 

enhanced current output. The use of microelectrodes has also proved quite popular 

where detection limits in the femtomole and subfemtomole region have been realised [36- 

43], Techniques involving capillary electrophoresis with electrochemical detection [44- 

46], capillary electrophoresis with luminescence detection [47], capillary electrophoresis 

with mass spectroscopy [48], reverse phase high performance liquid chromatography 

with spectroscopic detection [49-52], titrimetry [53], fluorimetry [54, 55] and 

spectroscopy [56-58] are widely used for the analysis and characterisation of these 

compounds.

Much interest has evolved throughout the years in the use of electrochemical detection in 

liquid chromatography as a sensitive and selective tool for the determination of a wide 

variety of electroactive compounds [59, 60], The large selection of working electrode 

materials has been responsible for the success of LCEC. Such materials include glassy 

carbon, gold, platinum, carbon paste and modified electrodes of the latter origin to 

mention but a few. Choice of electrode depends mainly on the redox behaviour of the 

target analytes and the background current, and associated noise characteristics, at the
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operating potential of interest. Other considerations include the potential window, 

mechanical properties, electrical conductivity and cost.

Carbon-based electrodes have typically served as working electrodes for the detection of 

oxidisable species in the anodic region. A variety of carbon electrode materials have 

been developed for LCEC, with glassy carbon and carbon paste being most popular. 

Yet, the development of new and improved electrode materials remains a very important 

need in LCEC [60],

In the work presented here, the performance characteristics of a wall-jet amperometric 

detector was evaluated using a sol-gel carbon composite. The use of LCEC for the 

monitoring of catecholamines has been well documented [61-73], However, sol-gel 

carbon composites represent a new class of carbon-based electrodes, that are composed 

of graphite powder homogeneously dispersed in modified silica ceramics [74], Recent 

electroanalytical applications of these carbon ceramic electrodes include amperometric 

biosensing [23, 75] and gas phase monitoring [76], As desired for LCEC, such sol-gel 

derived carbon electrodes display favourable electron-transfer kinetics and a wide 

potential window, are physically rigid, have a renewable surface, and are amenable to 

chemical or biological modification. Such attractive features are combined with the 

versatility of sol-gel processes [77],

Sol-gel carbon materials thus appear to be a viable alternative to other carbon based 

working electrodes used in LCEC. The opportunities accrued from the development of 

LCEC detectors based on sol-gel carbon composite electrodes are explored in the 

following sections.
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4.2.2.1. Reagents

All solutions were prepared unless otherwise stated in deionised water prepared by 

passing distilled water through a Milli-Q-water purification system. Catechol, 

epinephrine, norepinephrine and dopamine, were purchased from Sigma (MO, USA). 

Methyltrimethoxysilane was purchased from Fluka (Germany), absolute alcohol 

analytical grade 200 proof, Quantum Chemistry Company, (TX, USA) and graphite 

powder, grade # 38, Fisher Scientific were used for the preparation of the sol-gel carbon 

composite electrodes. Chloroacetic acid from Aldrich (Milwaukee, USA)' and 

ethylenediaminetetraacetic acid (EDTA) disodium salt from Fisher Scientific (USA), 

were used for the preparation of the mobile phase. Nylon membranes (0.2 (im pore size, 

47 mm diameter, MF 5621) were used for filtering the mobile phase. Micro filters (MF 

5500) and microfilter membranes (MF 5658) were used for filtering the samples. All 

were obtained from Bioanalytical Systems (BAS) Inc., (W. Lafayette, USA). Ultrahigh 

purity helium gas (Agile Welding Supply, Albuquerque, USA), was used as received for 

degassing the mobile phase and solutions.

4.2.2.2. High Performance Liquid Chromatography

All experiments were performed on a reverse phase high performance liquid 

chromatography system (BAS Model 480) in connection with a dual reciprocating pump 

(BAS, PM-80) and an amperometric detector (BAS Model LC-4C) along with a 

homemade wall-jet electrode configuration, as shown in Figure 4.2.1. Injections were 

made through a Rheodyne valve with 20 |il loop onto a Ci» column (ODS-3, BAS, 

Model MF 6213, 3 nm, 3.2 x 100 mm). Chromatograms were recorded on an 

Omniscribe strip-chart dual pen recorder (Houston Instruments). The sol-gel carbon 

working electrode, the Ag/AgCl (Re-1, BAS), reference electrode and the platinum wire 

counter electrode were joined through the holes in the Teflon cover of the wall-jet cell.

4.2.2. Experimental
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Figure 4.2.1. Schematic of Wall-Jet Detector

4.2.2.3. Electrode Preparation

Sol-gel derived carbon electrodes were prepared by mixing 500 1̂

methyltrimethoxysilane, 750 jxl ethanol and 50 jri 11 M hydrochloric acid, sonicating the 

mixture for 1 min and adding 2.0 g of graphite powder. This mixture was then further 

sonicated, mixed thoroughly and filled into the cavities of 3 mm (i.d.) glass tubes. These 

composites were dried under ambient conditions for 24 h. Similar procedures were used 

for making more porous sol-gel electrodes, except for the fact that the initial mixture 

(before addition of graphite) was sonicated for the longer times of 15 and 30 min. The 

sol-gel carbon electrodes were polished after drying on a 400 grade emery paper and 

polished again on weighing paper. The resultant electrode surfaces were shiny and

127



Chapter 4

smooth. Carbon-paste electrodes were prepared by thoroughly mixing graphite powder 

and mineral oil in the ratio of 70:30. This mixture was filled into the cavities of 3 mm

i.d. glass tubes. The connections were made by inserting a copper wire through the 

other end of the capillary in both sol-gel and carbon paste electrodes.

4.2.2.4. Procedures

All the measurements were carried out under ambient conditions. Amperometric 

measurements were carried out after applying the appropriate potential to the electrode 

and allowing the transient signal to reach steady-state value. The mobile phase used was 

0.1 M chloroacetic acid solution containing 0.2 g of disodium ethylenediaminetetraacetic 

acid (EDTA) adjusted to pH 3.5 with phosphoric acid. All mobile phase and standard 

solution samples were filtered and degassed prior to use.
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4.2.3.1. Mechanism of Catecholamine Oxidation

Catecholamines have shown to  be unstable in alkaline solutions [40, 43, 78], where they 

tend to  decompose quite rapidly. Irreversible electrochemistry is also observed in 

solutions o f  high pH as shown in Figure 4.2.2. In acidic solutions this cÿclisation 1,4- 

Michael addition reaction is prohibited resulting in reversible electrochemistry [40, 43], 

The mechanism involves a  2 electron oxidation resulting in the formation o f  

catecholamine o-quinones. For this reason a mobile phase o f  pH  3.5 0.1 M  chloroacetic 

acid containing ethylenediaminetetraacetic acid was used as reported similarly elsewhere 

[38, 65, 69, 72],

(a). R evers ib le  E le c tro ch em is try  - A cid ic  pH s

4.2.3. Results and Discussion

Catecholam ine Catecholam ine o-quinone

(b ). Irrev e rs ib le  E le c tro c h e m is try  - A lkaline  pH s.

|  1,4 - M ichael A ddition

Figure 4.2.2. Reaction scheme for the electrochemical oxidation of catecholamines, 

(a) Represents reversible electrochemistry in acidic solutions and (b) represents 

irreversible electrochemistry in alkaline solutions. For each of the catecholamines, 

R and R! are respectively as follows: dopamine H, H; norepinephrine, OH, H  and 

epinephrine OH, CH3.
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4.2.3.2. Choice of Sol-Gel Porositie ’s

The sol-gel process involves a low-temperature production o f  ceramic materials through 

the hydrolysis and polycondensation o f alkoxides [77], By incorporating graphite 

powder in the initial sol-gel mixture, it is possible to obtain black rigid xerogels with 

percolating graphite powder in the silica backbone [74], The preparation conditions can 

be controlled to manipulate the physical characteristics, particularly the microporosity o f  

the resultant electrodes [79], Due to the carbon character o f  these sol-gel derived 

electrodes their performance is compared with that o f  common carbon-paste based 

detectors.

For example, Figure 4.2.3. compares chromatograms for a mixture o f  0.1 mM 

norepinephrine, epinephrine, dopamine and catechol, obtained with a conventional 

carbon-paste electrode and using sol-gel carbon composite surfaces o f  different 

porosities. The well defined peaks and low  noise level o f  the non porous sol-gel 

composite compare favourably with those o f  the carbon-paste detector, (compare B and 

A). In contrast, the porous composite electrodes display a large noise level and drifting 

baseline, and overall an inferior performance, associated with the penetration o f  mobile 

phase into the electrode interior. All subsequent w ork was thus carried out using the non 

porous sol-gel carbon composite detector.
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Figure 4.2.3. Chromatograms of 100 /.iM norepinephrine, (a), 100 pM epinephrine (b), 
100 pM dopamine (c), and 100 pM catechol (d), at a carbon-paste electrode (A) or sol-gel 
carbon composite electrodes with 1 min (B), 15 min (C), or 30 min (D), sonication times. 
Applied potential: 0.75 V; flow rate: 0.5 ml min1; mobile phase: 0.15 M chloroacetic acid 
with 0.2g disodium EDTA.
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4.2.3.3. Hydrodynamic Voltammetry

Hydrodynamic voltammograms (HV) provide useful electrochemical information 

concerning half-wave potentials and reversibility [80], The shape o f  the H V  has an 

influence on selectivity, the steeper the hydrodynamic wave, the better the selectivity. 

For a reversible oxidation [81] the equation for the H V  is:

E = E ,/2 +  (RT/nF)[ In (i/(im„  - i))] (4.2.1)

where E is the potential in V; Ei/2 is the half wave potential in V; R  is the Universal gas 

constant, 8.314 J m ol'1 K '1; T is the temperature in K; n is the number o f electrons; F is 

Faradays constant, 96 480 C mol'1 ; i is the current in A  and ium is the anodic limiting 

current.

However, In (i/(imax - i)) versus E  plots for catecholamines deviate substantially from 

linearity, and hence do not yield pertinent information concerning the reversibility o f  the 

system [82, 83], This is attributed to  the presence o f quasi-reversible reactions and 

possible overlapping o f electron waves. Another way to interpret the data is to  quote the 

difference in potential (AE) between i =  0.05iim and i =  0.95);™, and for a  tw o electron 

reaction, equation 4.2.1. predicts a AE o f  75.6 mV.

The hydrodynamic voltammograms for norepinephrine, epinephrine, dopamine and 

catechol are shown in Figure 4.2.4. The AE values obtained for the sol-gel composite 

systems range from 62.5 ±  2.8 mV to  79.6 ±  3.8 mV as shown in Table 4.2.1., and from 

54.0 ±  1.5 to  70.3 ±  3.1 for the carbon paste composites.

Table 4.2.2. shows the corresponding half-wave potentials, E 1/2, for the various 

neurotransmitters at the working electrode surfaces. The E 1/2 values for epinephrine,

534.9 ±  4.2 mV and dopamine 444.1 ± 3 .2  mV at the sol-gel composite electrode are in 

well agreement w ith values o f  510 mV and 470 mV obtained by Aoki et al using 

microelectrode arrays [80],
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Table 4.2.1. AE values from  hydrodynamic voltammograms

Compound A E/m V  

Sol-gel Composite

A E/m V  

Carbon Paste Composite

Norepinephrine 73.7 + 3.8 70.3 + 3.1

Epinephrine 79.6 + 3.8 64.3 ± 1.6

Dopamine 62.5 + 2.8 70.2 ± 2.7

Catechol 7 5 .3 + 2 .9 54.0 ± 1.5

Table 4.2.2. Ei/2 values front hydrodynamic voltammograms

Compound E i/2 /  mV 

Sol-gel Composite

Ei/2/m V  

Carbon Paste Composite

Norepinephrine 533.8 + 4 .2 636.7 +  3.9

Epinephrine 534.9 +  4.2 580.8 + 1.8

Dopamine 444.1 + 3 .2 569.4 +  3.1

Catechol 496.5 + 3 .1 543.4 + 1.7

As can be seen from Figure 4.2.4., the sol-gel composite electrodes display well-defined 

hydrodynamic waves for all four compounds. The anodic w ave starts at + 0.25 V  and 

rises rapidly. A  limiting current plateau is reached at potentials greater than + 0.65 V  for 

dopamine and + 0.70 V  for epinephrine, norepinephrine and catechol.

The sol-gel composite detector offers a substantial decrease in the potential o f the 

voltammetric wave for all four compounds when compared w ith the carbon paste surface 

as shown by the data in Table 4.2.2. Also there is a considerable increase in the current 

response observed at the sol-gel composite. In view o f the use o f  the same graphite 

pow der as the carbon paste composite, the more favourable redox behaviour observed at
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the sol-gel detector may be attributed to  a catalytic action by the silicon oxide 

component. Enhanced electron-transfer kinetics by metal-oxide surface catalysts has 

been used previously to  lower the operating potential o f  LCEC detectors [84], Based on 

the data obtained in Figure 4.2.4. an applied potential o f  +  0.75 V  was used throughout 

this study.

E, m V E, rrV

E,mV E, nW

Figure 4.2.4. Hydrodynamic voltammograms of 100 fiM norepinehrine (A), 100 fiM 

epinephrine (B), 100 fiM dopamine (C) and 100 fiM catechol (D), at sol-gel carbon 

composite electrodes with 1 min hydrolysis (a) and a carbon-paste electrode composite (b) 

in HPLC detection. Other conditions as in Figure 4.2.3. Boltzman sigmoidal plots were 

fitted to the experimental data.
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4.2.3.4. Operational Characteristics and Performance of the LCEC 

The dependence o f  the chromatographic peak currents upon the flow rate is shown in 

Figure 4.2.5. The peak heights increase linearly with the flow rate at first, between 0.1 

and 0.3 ml min'1, and then more slowly up to  0.5 ml min'1. The sensor response than 

decreases after 0.5 ml min'1 up to  0.8 ml min'1.

The amperometric signal is therefore related to  the instantaneous flow rate and the 

concentration o f  electroactive species at the detector. In the case o f  a wall-jet cell [85], 

the peak current is given by:

Ip = 1.38 nFCm»D 2/3v -5/2a1/2V3/V /4 (4.2.2)

where Ip is the peak current; n  is the number o f  electrons, F is Faraday’s constant; Cmax is 

the concentration at the peak o f  the solute profile in the cell; D  is the diffusion constant; 

v is the kinematic viscosity; a  is the diameter o f  the inlet flow line, see Figure 4.2.1.; V  is 

the volume flow rate, and r is the radius o f  the working electrode.

Row Rate mL/min

Figure 4.2.5. Effect offlow rate on the amperometric peak current in the HPLC detection of 100 fiM  
norepinephrine (a), 100 fiM  epinephrine (b), 100 fiM  dopamine (c) and 100 ftM  catechol (d) at a sol- 

gel carbon composite electrode. Other conditions as in Figure 4.2.3.

134



Chapter 4

Equation 4.2.2. predicts that the peak current is related to  the volume flow rate to  the 

power o f  3/4. A  plot o f  the log o f peak current versus the log o f  flow rate for catechol 

from 0.5 ml min"1 to  0.8 ml min'1, yielded a gradient o f  0.70 which is in close agreement 

with the theoretical value o f  0.75 [85],

The oxidation efficiency o f  the catecholamines decreased as the flow rate increase 

beyond 0.5 ml min'1 because o f  the decrease in residence time o f the electroactive species 

at the working electrode surface [86], A  flow rate o f  0.5 ml min'1 was chosen as 

optimum for all further studies.

The sensitivity and linearity o f  the response w ere evaluated using the average o f  11 

successive injections o f  mixtures containing increasing concentrations o f  various 

catecholamines (from 5 to  100 (iM) as shown in Figure 4.2.6. The current response 

increased linearly upon increasing the concentration o f  these compounds. The slopes o f  

these calibration plots correspond to  sensitivities o f  3.84 ±  0.05 (norepinephrine), 2.95 ±

0.04 (epinephrine), 2.43 ±  0.04 (dopamine) and 2.62 ±  0.03 (catechol) 

nA (iivr1, with correlation coefficients o f  0.999 for all four plots.

Concentration pM

Figure 4.2.6. Calibration plots of norepinephrine (a), epinephrine (b), dopamine (c) and 

catechol (d), at a sol-gel carbon composite electrode for the successive additions of the 

analytes in HPLC detection. Other conditions as given in Figure 4.2.3.
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An example o f  chromatograms obtained for 20 pM  to  100 pM  catecholamine mixtures is 

shown in Figure 4.2.7. Excellent efficiency factors o f  ~  1.0 w ere obtained for all four 

compounds and selectivity, i.e. peak separation, was achievable to almost baseline 

resolution. Retention times o f  2.0 min, 3.4 min, 7.0 min and 8.7 min w ere obtained for 

norepinephrine, epinephrine, dopamine and catechol respectively, allowing repetitive 

samples to be run every 10 minutes, with a sampling capacity o f  6 mixtures per hour.

J
4min

40nA

U  J IL
1

Figure 4.2.7. Chromatograms for norepinephrine (a), epinephrine (b), dopamine (c) and 
catechol (d), at a sol-gel carbon composite electrode for the successive additions of the 
analytes in HPLC detection. 1-5 represents the concentrations o f20 -100 fiM, 
respectively. Other conditions as given in Figure 4.2.3.

4.2.3.5. Detection Limits and Reproducibility

An injection o f  a 0.5 pM  mixture o f  the catecholamines w as used to  estimate the 

minimum detectable quantities at a  signal to  noise ratio o f  three. From  the data obtained 

in Figure 4.2.8.(a), the detection limits w ere extrapolated based on a signal-to-noise ratio 

o f  three. They were found to  be 25 nM  (norepinephrine), 32 nM  (epinephrine), 50 nM 

(dopamine) and 25 nM  (catechol). Such levels correspond to 85, 110, 170 and 55 pg, 

respectively, based on an injection volume o f 20 pi.

Such extremely low detection limits are attributed to  the composite character o f  the sol- 

gel derived carbon surface. These detection limits are quite impressive compared to 

detection limits at the 10'7 M  level obtained through
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capillary electrophoresis with mass spectroscopy and luminescence detection [47, 48]; 

detection limits o f  1CT6 M using crown ether modified electrodes [32]; detection limits o f  

10'7 for a  multicyclinder microelectrode system [37], and detection limits o f  250 pg for a 

platinum working electrode in a wall-jet configuration [65],

The reproducibility o f  the electrodes was assessed from a series o f  20 successive 

injections o f  a mixture containing 100 jtM o f  the various catecholamines during an 

unbroken 200 min period, conditions as given in Figure 4.2.3. The mean peak currents 

were found to  be 405 nA epinephrine, 288 nA epinephrine, 218 nA dopamine and 256 

nA catechol with relative standard deviations o f  2.6 %, 3.1 %, 3.2 %  and 3.7?%  

respectively, which are well acceptable in the realms o f  analytical chemistry.

A 40 p A  2

4 niiu

8nA

8  i n  i n

t?

Figure 4.2.8. Chromatograms for submicromolar (0.5 pM) concentrations of catecholamines (A) and 
a urine sample diluted (1:50) in mobile phase (B) at a sol-gel composite electrode, (a) - (d) represent 
norepinephrine,epinephrine, dopamine and catechol respectively, whilst 1 and 2 represent ascorbic 
acid and uric add. Other conditions as given in Figure 4.2.3.

As mentioned earlier in Section 4.2.1., the problems w ith the initial ground breaking 

work in probing brain chemistry by Adams [28], were mainly due to the oxidation o f  

acids presence in biological fluids. Figure 4.2 .8 .(b) shows the response o f  the sol-gel 

composite electrode to  a 1:50 dilution o f  a  human urine sample. The sample displayed 

clearly defined peaks at retention times o f  2.0 min and 3.5 min respectively.
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These retention times corresponded to  ascorbic acid and uric acid present in the urine, 

thus obscuring the possibility o f  identifying norepinephrine o r epinephrine if  they w ere 

present in the sample, which have corresponding retention times o f  2.0 min and 3.4 min 

as shown earlier.

Therefore treatm ent o f  the electrodes w ith Nafion films to reduce interference from 

ascorbic acid and acid metabolites and also sample pre-treatm ent as described by others 

[62, 78] will be required if  these sol-gel composites are to  be used routinely in clinical

analysis.
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4.2.4. Conclusion

The experiments performed in the previous sections clearly indicate that sol-gel carbon 

composites can provide versatile, easy to  prepare, renewable LCEC detectors, 

possessing high sensitivity, selectivity and stability. While such features are presented in 

connection w ith a wall-jet detector, other detector configurations could benefit from  the 

attractive properties o f  sol-gel carbon composites. The shape and form  o f  the sol-gel 

derived electrodes can be controlled to  suit the specific application. Application o f  this 

detector for monitoring other electroactive compounds in chromatographic effluents 

appears promising. Enzyme-based detectors ( e.g. for phenols, amino acids or 

carbohydrates) could benefit from the attractive, low-tem perature encapsulation o f 

biocomponents within sol-gel networks. Doping o f  the sol-gel carbon composite w ith an 

electrocatalyst (e.g. dispersed metal particles) could offer additional detection 

advantages.
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4.3. Development of a Sol-Gel based Amperometric Biosensor

for the Analysis of Phenolics

4.3.1. In tro d u c tio n

The analysis o f  phenols is o f  immense importance in environmental monitoring. The 

concentration o f  these compounds in natural w aters may vary to  some degree, but on the 

whole they are usually present at the (ag/L level [87-90], The detrimental effect o f 

phenols on human health requires a stringent mandate for the analysis and quantitation o f 

such compounds.

Many detailed methods o f  analysis exist for the monitoring o f  these compounds, 

including gas chromatography w ith flame ionisation detection [91, 92] and gas 

chromatography with mass spectroscopy detection [93-98] for more detailed studies. 

However, these techniques are highly demanding, requiring skilled operators for the 

numerous troubleshooting problems which may arise. Biosensors based on the marriage 

o f  a biological entity w ith a suitable transducer offer an alternative route. Technical 

expertise is less demanding, the  analysis can be performed in nearly real time i.e., the 

response times are in the order o f  several seconds. They are inexpensive, robust, easy to  

prepare and are capable o f  being mass produced economically using currently available 

technology.

The use o f  the polyphenol oxidase enzyme tyrosinase for the measurement o f  phenols has 

been well documented [99-103], It oxidises phenols to  quinone products, which are then 

reduced at a w orking electrode surface giving rise to  an electrical signal. In this 

particular study the use o f  a horseradish peroxidase (HRP)/osmium polymer/sol-gel 

based amperometric biosensor for the analysis o f  phenols is presented.

Several methods exist for the construction o f  horseradish peroxidase biosensors. These 

can be characterised into the following distinctions: (a) electrode surfaces modified with 

either adsorbed or covalently linked peroxidase; (b) electrodes modified with a redox or 

electron conducting polymer, into which peroxidase molecules are physically or

140



Chapter 4

chemically attached, and (c) bulk modified composite electrodes where peroxidase 

molecules are homogeneously incorporated into the bulk electrode.

The most popular covalent linkage method used has been based on the use o f 

carbodiimide [104, 105], although glutaraldehyde has also proved popular [106], 

Peroxidase has also been incorporated into electropolymerised polypyrole [107] and o- 

phenylenediamine [108]. Bulk modified composite electrodes have also been widely 

used, examples include epoxy [109, 110], silicon [111, 112] and paraffin oil [113, 114] 

composites respectively. Peroxidase tissue rich modified carbon paste electrodes based 

on asparagus [115], tobacco callus tissue [116], horseradish roo t [117] and kohlralh skin

[118] have also been well studied.

In the model presented in this study the osmium polymer [Os(bpy)2(PVP)ioCl]Cl 

functions as a non-diffiisional mediator, electrostatically bound to HRP through 

interaction o f  the positive osmium centres with negatively charged amino acid residues o f 

HRP. This “molecular wiring” process results in direct electron transfer between the 

HRP Fe3+/2+ centres and the electrode due to  the presence o f  the stable Os2+/ 3+ redox 

couple, which permits rapid electron self-exchange. The length and flexibility o f  the 

osmium polymer allows it to  fold along the protein chains o f  the enzyme resulting in 

extremely effective molecular wiring. The use o f  such polymers in glucose oxidase 

biosensors has been well documented [119-121],

Much interest has evolved in recent years on the use o f  sol-gel glasses as biosensor 

encapsulation matrices and membrane layers [21-27], Sol-gels are produced from the 

acid or base hydrolysis o f  silane monomers. This process is followed by water and 

alcohol condensations, linking chains and forming extensive networks resulting in the 

formation o f  a  gel. The synthetic process occurs at room  temperature, the starting 

materials are inexpensive, the gels can be shaped into any shape or size and can be tailor- 

made to  contain pores o f  a required diameter. This engineering o f  pore size is extremely 

important as the resultant pores in a sol-gel layer can be made sufficiently large enough 

to allow diffusion o f  the analyte to  the enzyme-electrode redox surface, and yet be 

sufficiently small enough to  prevent leaching o f  the enzyme.
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Due to the lack o f  electronic conduction, electrochemical methods must rely on an 

electron transport mediator for signal transduction. In this work, horseradish peroxidase 

functions as the redox enzyme, the osmium polymer functions as the mediator and the 

sol-gel functions as a membrane layer.

The principle o f  direct and mediated electron transfer o f  peroxidases has been dealt with 

in detail by Ruzgas et al. [122], Operational characteristics o f  an osmium-polymer 

mediated horseradish peroxidase biosensor in the absence o f  phenols has been 

demonstrated by Iwuoha et al. [123], The principle o f  operation o f  this biosensor is that 

the oxyferryl horseradish peroxidase compound, produced by the reaction o f  H 2O2 and 

HRP in its ferric peroxidase resting state, catalyses the one electron oxidation o f  phenol. 

The osmium polymer redox species acts as an electron donor for the reduction o f  the 

hydroxyferryl HRP compound, regenerating the enzyme, whilst the osmium polymer is 

regenerated through reduction at the electrode surface (Figure 4.3.1).

This w ork outlines the electrochemical behaviour o f  this biosensor to  both hydrogen 

peroxide and cumeme hydroperoxide substrates in aqueous and organic solvents. The 

performance o f  this biosensor for the screening o f  a selection o f  phenols is also 

demonstrated.
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Figure 4.3.1. Substrate and phenol catalysis at the 

horseradish peroxidase/osmium polymcr/sol-gel based electrode.
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4.3.2.1. Reagents

Pentachlorophenol, m-aminophenol, o-aminophenol, p-aminophenol, m-chlorophenol, o- 

chlorophenol, p-chlorophenol, o-cresol, p-cresol, 2,6-dimethoxyphenol, 1-naphthol, 2- 

naphthol and L-tyrosine were all supplied by Sigma (MO, USA). Potassium dihydrogen 

phosphate and disodium hydrogen phosphate w ere supplied by Aldrich (Milwaukee, 

USA). HPLC grade acetonitrile, obtained from Lab-Scan (Dublin, Ireland), was used to  

dissolve all phenolic compounds. 0.05 M  tetraethylammonium p-toulenesulphonate, 

obtained from Aldrich (Milwaukee, USA), was used as electrolyte in the organic phase 

analyses. Analytical grade argon Air-Products Pic (UK) was used to degas all samples. 

Horseradish peroxidase, EC. 1.11.1.7., 727 U/mg, was supplied by Fluka Biochemika 

(Buchs, Switzerland). Sol-gel layers were prepared from methyltriethoxysilane (Aldrich, 

Milwaukee, USA). Osmium polymer, see Figure 4.3.2., was synthesised according to  

the method o f  Forster et al [124], Buehler (IL, USA) alumina micropolish and polishing 

pads w ere used for electrode polishing. All solutions w ere prepared in deionised w ater 

prepared by passing distilled w ater through a Milli-Q-water purification system. 

Hydrogen peroxide and cumene hydroperoxide w ere obtained from  Sigma (M O, USA).

4.3.2.2. Instrumentation

All analyses were performed on a com puter operated BAS100B electrochemical 

analyser, connected to  a three electrode 10 ml cell, containing glassy carbon as the 

working electrode, platinum counter electrode and silver/silver chloride as the reference 

electrode. A  H eto (Denmark) thermostatically controlled waterbath was used to  

maintain the experimental temperature at 25 °C. A  home-made Ikameg Reo spin coater 

and a Steinal H L 1800E heated gun w ere used to  prepare the electrodes.

4.3.2. Experimental
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4.3.2.3. Sol-Gel and Electrode Preparation

The sol-gel was prepared by mixing 500 pi methyltriethoxysilane with

750 pi deionised w ater and 50 pi 0.1 M  HC1, in a 10 ml glass reaction vessel. This was

stirred at 300 rpm for one hour, and left for 24 hr before use. The glassy carbon

electrodes w ere polished prior to  use using 1.0 (am, 0.3 pm  and 0.05 pm grade alumina,

rinsed thoroughly with deionised w ater and allowed to  dry. The glassy carbon electrodes

were then mounted in the spin coater and a 3 pi (50:50) mixture o f  1% osmium polymer

in methanol and horseradish peroxidase (2 mg/ 0.1 ml) was deposited on the electrode

surface. The electrodes were spun at a rate o f  400 rpm for a duration o f  1 hr under low

heat. Then a 3 pi coat o f  the methyltriethoxysilane derived sol-gel was applied to  the

modified surface, and left to  spin under the same conditions for another hour. The

electrodes w ere then stored for 12 hours at room temperature in a closed vessel in

darkness.
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4.3.2.4. Procedures

For the aqueous phase analyses, 10 ml 0.01 M  phosphate buffer, pH  7.4. was used. For 

the organic phase analyses, acetonitrile made 0.05 M  in tetraethylammonium p- 

toluenesulfonate, was used as the electrolyte. Hydrogen peroxide and cumene 

hydroperoxide w ere used as substrates respectively. All samples w ere degassed for a 

period o f  15 minutes prior to  analysis and kept under an argon atmosphere for the 

duration o f  the experiment. All experiments were carried out at a  thermostatically 

controlled temperature o f  25 °C.
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4.3.3.1. Electrochemical Behaviour of the Biosensor

Focusing firstly on the kinetic performance o f  this biosensor, the hydrodynamic C V ’s for 

the GCE/OsHRP/Sol-gel composite are displayed in Figure 4.3 .3(a). Scans from 2 mV/ 

s to  200 mV/ s were performed. It can be seen that electron transfer is better in the 80%

: 20% acetonitrile : H 20  than the corresponding phosphate buffer one. Using a Randles- 

Sevcik plot [125], the diffusion coefficients were evaluated for both systems:

Ip = 2.69x10s nm  De12 Cm v1'2 (4.3.1)

where Ip is the peak current in amperes; n is the number o f  electrons; D e is the diffusion 

coefficient in cm2 s '1; Cmis the concentration in mol cm '3 and v is the scan rate in V s '1. 

Substituting the appropriate term s it was found for the phosphate buffer system that 

D e(aq) = 0 .69x l0 '10 cm2 s '1, and the corresponding diffusion coefficient in 80% : 20% 

acetonitrile : H 20  yielded a D e(org) =  3.19x1 O'10 cm2 s '1. The current was proportional 

to  v 1/2 as shown in Figure 4.3.3(b), implying that the electroreduction current o f the 

biosensor composite is a diffusion controlled current [126], Although electron transfer 

was faster in the organic phase, solvent resistivities, solvation o f  substrate and analyte, 

and also diffusion and partitioning through the sol-gel coating, will have a part to  play in 

responses observed when the substrate and analyte are used ..

Since the osmium polymer w as cast as an electrostatic enzyme polymer film one would 

have expected the peak current to  have varied linearly with scan rate as discussed in 

Section 5.3.3. However, since the osmium polymer is extremely complex, where the 

osmium centres are found along lenghtly polyvinylpyridine chains, see Figure 4.3.2., the 

non-diffiisional mediator displayed the same characteristics as a mediator in solution. 

There is also the possibility o f  repulsion o f  the osmium-enzyme layer from the electrode 

surface under certain conditions, which may very well explain the observed 

electrochemistry o f  the biosensor in aqueous solutions as seen in Figure 4.3.3.(a)(i).

4.3.3. Results & Discussion
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Figure 4.3.3. (a) Hydrodynamic CVs of a GCE/OsHRP/Sol-gel composite in (i) phosphate buffer 

solution, O.Ol M, pH 7.4., and (ii) 80% : 20% acetonitrile : H20. Cathodic current (+ve), anodic 

current (-ve). Scan rates are 2, 5, 10, 20, 50, 100 and 200 mV/s. (b) Randle Sevcik Plots for the 

cathodic organic (A) and aqueous (B) peak currents, and the corresponding anodic aqueous (C) and 

organic (D) peak currents.

According to studies by Pankratov et al. [23], when tetramethoxysilane sol-gel 

monomers are used as precursors, the resultant sol-gel membrane network is highly 

hydrophilic and water easily penetrates through the layer. W hen it was attempted to  use 

tetramethoxysilane in this study, the resultant gel layer cracked and peeled after curing, 

making it inappropriate for this application. Methyltriethoxysilane was used instead, 

resulting in a hydrophobically modified membrane network.
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4.3.3.2. Biosensor Catalytic Response

An example o f  the electrocatalysis o f  hydrogen peroxide at the biosensor is shown in 

Figure 4.3.4(A). The scan (I) represents the diffusional current o f  the biosensor 

GCE/OsHRP/Sol-gel composite in the absence o f  substrate, whilst scan (II) represents 

the catalytic current when the substrate hydrogen peroxide was added. The 

electrocatalytic peak reduction current occurred at +  178 mV vs. Ag/ AgCl reaching a 

plateau thereafter. In order to  obtain a high electrocatalytic response, and at the same 

time minimise the electroreduction o f  interferents, the operating potential in steady state 

modes w as maintained at 0 mV vs. Ag/ AgCl.

Figure 4.3.4(B-D) shows comparative substrate catalytic currents for H2O2 in 80%: 20% 

acetonitrile: H 20 ,  B, and for cumene hydroperoxide in phosphate buffer C, and 80%: 

20% acetonitrile: H 2O D, respectively. The kinetically controlled current values (Ik) for 

H2O2 show greater sensor responses in phosphate buffer than acetonitrile, due to  the 

more facile diffusion o f  H20 2 in aqueous buffer. The lower catalytic current observed in 

acetonitrile can be attributed to  the solvation o f  the sol-gePs hydrophobic membrane’s 

outer surface and inner lining o f  silica pores by acetonitrile, hence making it more 

difficult for the hydrogen peroxide to  diffuse through.

The IK values for cumene hydroperoxide in phosphate buffer and 80% : 20% acetonitrile 

: H 20  differ slightly. However, the Ik value for cumene hydroperoxide in the buffer 

system is greater than that in acetonitrile. One might have expected the trend in this case 

to  be the reverse. However, one can explain the poorer response in acetonitrile as 

follows. The acetonitrile probably solvates the cumene hydroperoxide greater than it 

solvates the sol-gel membrane layer. Since one is dealing with a partitioning effect 

whereby the substrate must diffuse through a liquid organic phase, and then a ‘solid’ sol- 

gel layer, its affinity for the liquid phase is obviously greater than that for the ‘solid’ sol- 

gel layer. The response times are also in agreement with this experimental observation,

i.e. for H 2O2 in phosphate buffer a response time o f 14.2 s w as obtained, compared to a 

response time o f 15 s in acetonitrile. Similarly, for cumene hydroperoxide in phosphate
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buffer a response time o f 15.7 s w as obtained whereas a response time o f  14.5 s w as 

obtained in acetonitrile.

There is also a noticeable shift to  higher catalytic potentials as a result o f  the iR drop in 

organic solvents. For example, for the H 2O2 substrate system, the optimal cathodic peak 

potential in phosphate buffer was + 1 7 8  mV, followed by a shift o f  + 27 mV to  an EpjC o f  

+ 205 mV in 80% acetonitrile. Similarly, for the eumene hydroperoxide substrate 

system, the EpjC in phosphate buffer was + 178 mV, followed by a shift o f  +  40 mV to  + 

218 mV in 80% : 20% acetonitrile: H 2O. The higher resistivity o f  the organic phase is 

responsible for this trend.

potwhalA

potenhalA

POTENTIAL/V

Figure 4.3.4. Cyclic Voltammograms in the presence (II) and absence (I), of substrate: 1 mM 

hydrogen peroxide in (A) & (B); 5 mM cumene hydroperoxide in (C) & (D), at a GCE/OsHRP/Sol-gel 

composite, in the following media: phosphate buffer solution 0.01 M, pH 7.4., for (A) & (C); and 

80:20 acetonitrile: H20  for (B) & (D), containing tetraethylammonium p-toulenesulphonate 0.05 M, 

as electrolyte. A scan rate of 2 mV/s was used in (A) & (B), and a scan rate of 1 mV/s was used in (C) 

& (D). AU experiments were performed at 25°C.
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As mentioned before, IK is the kinetically controlled current or catalytic current, and is 

controlled by the enzyme kinetics at the steady state. The polarographic wave in the 

absence o f  substrate depends on diffusion at the electrode surface and is represented by 

Id. Therefore, the catalytic efficiency, Ceff, o f  a biosensor is determined as the ratio o f  

the peak current controlled by the enzyme catalytic reduction o f  the substrate to  that 

controlled by diffusion due to  the osmium polymer at the electrode surface, i.e.

Ceff = (IK/ I d) (4.3.2)

After evaluating the Ceff values for both substrates, it has been established that the Ceff 

for H2O2 in both aqueous and organic systems is greater than that o f  cumene 

hydroperoxide, i.e. Ceff (aq) 3.9 (H2O2) vs. 1.7 (cumene hydroperoxide), and Ceff(org)

2.9 (H2O2) vs. 1.1 (cumene hydroperoxide) respectively. This trend is no t surprising as 

acetonitrile can strip the enzyme o f  essential w ater o f  hydration hence resulting in 

decreased sensor performance.

Analysis o f  the Tafel regions on the kinetically controlled current, Ik o f  the CVs o f the 

substrate w ere carried out to  ascertain the number o f  electrons transferred at the 

electrode according to  the equation:

logl = loglo + (anF/ 2.3RT)E (4.3.3)

where I is the catalytic current, A; Io is the exchange current, A; a is the transfer

coefficient; n is the number o f  electrons transferred at the electrode, and is 2 for

horseradish peroxidase; E  is the potential, V; R  is the Universal gas constant, 8.314 J

mol"1 K '1 and T is the tem perature in K.

In these studies, Tafel slopes o f  116 m V/ decade and 102 mV/ decade w ere obtained for 

hydrogen peroxide and cumene hydroperoxide in phosphate buffer respectively, which 

are in good agreement w ith the theoretical value o f  118 mV/ decade for a tw o electron 

transfer process, as expected with horseradish peroxidase [122, 123], Figure 4.3.5. 

shows the Tafel plots for the electrocatalysis o f  1 mM H 20 2 at the biosensor ifli
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phosphate buffer. The insert shows the extended electrocatalysis region from which the 

plots were taken.

However, for hydrogen peroxide and cumene hydroperoxide in acetonitrile, Tafel slopes 

o f  only 61 and 81 mV/ decade w ere obtained. It is quite possible that the resisitivity o f  

the acetonitrile has a role to  play resulting in a large Ohmic iR drop. Hence, by 

decreasing the acetonitrile content or alternatively increasing the electrolyte 

concentration, these slopes could approach the theore tically  expected one.

POTENTIAL/mV

Figure 4.3.5. Tafel plots for the electrocatalysis of 1 mM H20 2 at a glassy 

carbon electrode modified with osmium polymer-horseradish peroxidase 

sol-gel composite, in phosphate buffer, 0.01M, pH 7.4. (A) cathodic current 

(B) anodic current Inset shows extended catalytic region. Other conditions 

as in Figure 4.3.4.
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4.3.3.3. Steady State Amperometry

Ik/Id values are usually evaluated from cyclic voltammetry experiments. One can also 

evaluate a similar catalytic efficiency from  steady-state current time recordings [127], 

This takes the form o f  M ichaelis-Menten kinetics:

I= [S ][IniJ ([S ] + K /M)'1 (4.3.4)

where I is the current in amperes; [S] is the concentration o f  substrate in mol cm'3; Imax is 

the maximum current in amperes, i.e. the current at which enzyme activity is saturated by 

substrate; K m is the apparent M ichaelis-M enten constant, and is a measure o f  substrate- 

enzyme binding. This equation can also be represented as follows:

I  = [S ](nFA£cati[H R P ])([S ] + K 'm) 1 (4.3.5)

where k^t is the rate o f  catalysis, s '1; F  is Faraday’s constant; n  is the number o f  electrons 

involved; i  is the thickness o f  the enzyme layer, cm, and [HRP] is the concentration o f  

enzyme, mol cm'3. The term  /:cati[HRP] defines the maximum response o f  the biosensor 

realisable at saturating concentrations o f  substrate. By replacing £cati[HRP] with # cat, the 

apparent rate o f  catalysis, mol cm'2 s'1, w e get:

I  = [S](nFAA'cat)([S ] + K 'm)’1 (4.3.6)

Since this equation resembles equation (4.3.4), it suffices that

Imai = nFAAcat (4.3.7)

The /  Km values, known as the substrate specificity factor or catalytic efficiency, are 

indicators o f  the biosensor’s electrocatalytic reaction and are an indication o f sensor 

performance. The higher this value, the better the sensor performance [128], For this 

biosensor it was found that for H 2O2 the /  Km values w ere greater than that for 

cumene hydroperoxide and hence in agreement with the earlier observed catalytic 

efficiencies.
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4.3.3.4. Temperature Optimisation

A temperature study to  determine the optimum temperature o f performance was 

established using H2O2 as substrate in phosphate buffer. The well known relationship 

between reaction rate and temperature is represented by the Arrhenius equation [129], 

which implies that reactions go faster at higher temperatures:

k = A e ’™  (4.3.8)

where k  is the rate o f  reaction, s '1; A  is called the pre-exponential term; Ea is the energy 

o f  activation, KJ m ol'1; R  is the universal gas constant, 8.314 J mol'1 K '1, and P i s  the 

temperature in K. By taking natural logarithms o f  both sides, the following relationship 

is obtained:

In ft =  In A  - (E a /  R T ) (4.3.9)

The catalytic efficiencies were plot against the temperature in Kelvin as shown in the 

insert o f  Figure 4.3.6, and the activation energy was evaluated from a plot o f  In k  the 

reaction rate versus 1/T. The activation energy was evaluated from the slope o f the line 

and was found to  be E a = 24.1 K J m ol'1, suggesting that on exceeding temperatures o f  

308 K, the transition state o f  the enzymatic reaction is destabilised, resulting in protein 

unfolding and dénaturation.
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1/T, K

Figure 4.3.6. Temperature study for energy of activation evaluation 

and optimum temperature assessment

The same trend was observed on repeating this study. There w as little variation between 

reaction rate at 298 K  and 303 K, so a temperature o f  298 K  w as used throughout the 

experiment. Although the optimum temperature w as found to  lie at 308 K, a sharp 

decline in reaction rate was observed at temperatures exceeding this.

4.3.3.5. Screening o f  Phenols

Using the information obtained from  the preliminary assessment o f  sensor performance, 

screening o f phenolic compounds was then evaluated. An example o f  the catalysis 

mechanism was shown earlier in Figure 4.3 .1. Addition o f  hydrogen peroxide to  HRP in 

the resting state results in the formation o f  an oxy ferryl compound which is reduced by 

the one-electron oxidation o f  a phenolic compound. The hydroxy ferryl peroxidase is 

then reduced through the osmium polymer mediator, regenerating the enzyme. The 

osmium polymer itself being regenerated by reduction at the electrode.
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(a)

(b)

60 100  160  2 0 0  2 5 0  3 0 0  3 6 0  400

p-Cresol/jiiM l/(|p-Cresol]/jiM)

Figure 4.3.7. (a) Batch analysis profile for p-cresoL 1 mM H20 2 was used as substrate (A), followed 

by successive additions (B) of 10 fiM p-cresol until saturation. Solution was stirred at 300 rpm and 

performed in 10 ml 0.01 M pH  7.4. phosphate buffer, (b) Michaelis-Menten (i) and Lineweaver-Burk 

plots (ii) for p-cresol
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An example o f  the batch analysis current-tim e recording obtained for p-cresol using 

H 2O2 as substrate in phosphate buffer is shown in Figure 4.3.7(a), along w ith the 

corresponding Michaelis-Menten plots and Lineweaver-Burk plots respectively Figure 

4.3.7(b)(i & ii). These results were obtained at a working potential o f  0 V  vs. A g/ AgCl.

Control experiments (results not shown) using only (a) bare glassy carbon; (b) glassy 

carbon coated w ith sol-gel; (c) glassy carbon coated w ith enzyme and sol-gel, and (d) 

glassy carbon coated with osmium-polymer and sol-gel, gave no interfering response at 

this potential when screened in the presence and absence o f  substrate and phenolic 

compounds respectively.

Thirteen phenolic compounds were screened: m-aminophenol, o-aminophenol; p- 

aminophenol; m-chlorophenol; o-chlorophenol; p-chlorophenol; o-cresol; p-cresol; 2,6- 

dimethoxyphenol; pentachlorophenol; 1-naphthol; 2-naphthol and L-tyrosine. O f these 

thirteen compounds only eight gave a response: o-aminophenol, m-chlorophenol, o- 

cresol, pentachlorophenol and L-tyrosine failed to  yield any noticeable signal even after 

excessive additions o f  these compounds.

In order to  explain this trend the properties o f  each individual compound must be 

addressed to  establish suitable reasoning. In the case o f  pentachlorophenol, there are 

two possibilities: (a) the electron withdrawing affect o f  the chlorine groups may make it 

difficult to  form the free radical and/or (b) the compound may have difficulty passing 

through the sol-gel membrane. It is m ost likely that (a) is the case here, as high positive 

potentials need to  be applied to  oxidise pentachlorophenol at a bare glassy carbon 

electrode. In  the case o f  L-tyrosine, this compound may have difficulty in diffusing 

through the sol-gel layer due to  the hindrance effect o f  the aliphatic chain present on the 

compound preventing it from reaching the enzyme and reacting.

With both o-cresol and o-aminophenol an important trend was observed. Both methyl 

and amino groups are electron donating, and in this study it was found that electron 

donating groups in the ortho-position resulted in no response. On the other hand,
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electron withdrawing groups in the meta-position also resulted in no response, as was the 

case with m-chlorophenol. These observations are summarised in Figure 4.3.8.

Electron donating groups in the ortho-position result in no response

OH OH

CH,

o-cresol

Electron withdrawing groups in meta-position result in no response

OH

Partitioning or Specificity 
OH

Formation of Free Radical unfavourable

OH

L - ty ro s in e

Figure 4.3.8. Summary o f  compounds yielding no response at the biosensor composite
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For compounds yielding a response the following response trend was obtained:

2-naphthol > m-aminophenol > p-aminophenol = p-cresol > p-chlorophenol > 

o-chlorophenol > 1-naphthol > 2,6-dimethoxyphenol. The biosensor was more than six 

times more sensitive to  2-naphthol than 1-naphthol as summarised in the response factor 

column o f Table 4.3 .1. This trend in response has been found to  be unique to  this study 

and is probably attributed to  partitioning across the sol-gel membrane, hence deviating 

from theoretical trends as predicted from the Hammett functions for phenols by Jinno 

and Kawaski [130], Response times for m-aminophenol, p-aminophenol, o- 

chlorophenol, p-chlorophenol, 1-naphthol, 2-naphthol and 2,6-dimethoxyphenol, the 

corresponding catalytic efficiencies and detection limits for these compounds arid p- 

cresol are shown in Table 4.3.1.

Table 4.3.1. Kinetic Data for the biocomposite GCE/OsHRP/Sol-gel in ft 01MpH 7.4. PBS.

Compound Response 
Time/ s

106

k  cat / K m

LOD
\iM

Response
Factor

m-aminophenol 12.5 303 0.15 9.9
p- aminophenol 13.5 240 0.65 8.6
o- chlorophenol 11 .0 44 1.48 3.7
p- chlorophenol 12.0 60 1.29 6.2
p- cresol 18.5 87 0.93 8.7
1- naphthol 27.0 24 1.16 1.6
2- naphthol 29.0 283 0.32 10.6
2,6- dimethoxyphenol 12.0 58 1.21 1.0

Cumene hydroperoxide was also used as substrate in this study. However, poor 

responses w ere obtained for all phenols making it difficult to  assess or correlate their 

performance to  the corresponding H 20 2 model. Steric hindrance or poor enzyme- 

substrate fit o f  cumene hydroperoxide could be responsible for the observations made. 

Alternatively the cumene product o f  the enzyme reaction may have diffiisional problems, 

hence blocking the active site o f  the enzyme for phenol catalysis.
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4.3.3.6. Organic Phase Analysis

N o responses w ere obtained for all phenols in both substrate models for the 80% : 20% 

acetonitrile: H 2O system. One would initially assume that loss o f  essential w ater o f  

hydration and active site w ater in the organic system has resulted in protein folding and 

enzyme inactivation. However, this was not the case, as was shown earlier in Figure

4.3.4. where substrate response profiles for both H 2O2 and cumene hydroperoxide in 

80% : 20%  acetonitrile : H 20  w ere obtained. The reasoning behind this lack in response 

was a solvation and partitioning effect similar in some regards to  the separation 

chemistry o f  solid-phase extraction.

The phenolic compounds w ere probably heavily solvated by the acetonitrile, retarding 

their partitioning through the sol-gel membrane. This hypothesis w as proved by 

lowering the acetonitrile content by 10% decrements. N o signals w ere observed for any 

o f  the 8 compounds listed in Table 4.3.1, at concentrations o f  70%, 60%, 50% or 40%  

acetonitrile. However, slight responses were observed at 30% : 70% 

acetonitrile : H 20 ,  and much improved responses at 20%  . 80% acetonitrile. H20 . An 

example o f  the current-time recording obtained for p-aminophenol in 20%  : 80% 

acetonitrile : H 20  is shown in Figure 4.3.9.
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Figure 4.3.9. Batch analysis current-time recording for p-aminophenol in 20% : 80% 

acetonitrile : H20. 1 mM H20 2 was used as substrate (A), followed by successive 

additions (B), of 10 fiMp-aminophenol Other conditions as given in Figure 4.3.7.

4.3.3.7. Storage and stability

The GCE/OsHRP/Sol-gel biocomposite yielded a lifetime o f 4 days when stored in a dry 

dark container at room  temperature. Activity decreased to  50% on the third day, and to 

10% o f  the original response on the fourth day. A  lifetime o f  6 days was observed when 

the electrode was stored dry in a  refrigerator at 4 °C, However, a similar decay in 

activity was observed resulting in no response on the seventh day. The stability o f  the 

electrode could possibly be improved through crosslinking w ith glutaraldehyde and /or 

encapsulation within a lipid vesicle system which would simulate biological membrane 

conditions possibly resulting in enhanced lifetimes.
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4.3.4. Conclusion

This study has demonstrated the ability o f  a novel GCE/OsHRP/Sol-gel biosensor to  

analyse a range o f  phenolic compounds. D etection limits within the micromolar region 

were obtained and response times were established within 11 to  29 s for all compounds.

It was established that compounds with electron donating substituents in the ortho

position and electron withdrawing substituents in the m eta-position yielded no response 

for the group o f  phenols investigated. M ore detailed studies encompassing a wider range 

o f  phenols and the corresponding responses would need to  be performed before this 

biosensor could be exploited in future studies o f  environmental importance.

The stability o f  the electrodes may also be improved by incorporating the horseradish 

peroxidase and osmium polymer complex into a suitable sol-gel matrix. This sol-gel 

encapsulation process has the ability to  stabilise enzymes by allowing freedom o f rotation 

in a fluidic pore environment similar to  physiological conditions. The activity o f the 

enzyme would thus be preserved and might prolong the lifetime and also result in lower 

limits o f  detection.

This encapsulation process w ould also make the sensor favourable for organic phase 

analysis. As mentioned with the sol-gel layer in this study, the phenols had difficulty in 

diffiising through the sol-gel pores at concentrations o f  acetonitrile greater than 20% 

with no responses obtained at concentrations o f  40% acetonitrile or higher. 

Encapsulation would over come this problem by increasing the surface area o f  the 

enzyme exposed to  solution and could result in responses at higher acetonitrile 

concentrations.
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5.1. Introduction

Cytochromes P450 are important enzymes for a wide range o f  organisms. The vast array 

o f  biological reactions catalysed by cytochromes is parralleled by the large number o f  

isozymic forms isolated and evaluated from different sources [1,2]. These distinct 

cytochrome P450 systems are not uniquely defined by their chemical reactivities, but 

rather by their relative preference for various substrates. The relative preference 

demonstrated by a given cytochrome P450 for a particular substrate reflects not only 

differences in chemical intermediates, but also differences in active site topology which 

allows for more efficient juxtaposition o f  substrate w ith a common oxidising 

intermediate.

They constitute a ubiquitous family o f  haem-dependent monoxygenases, which along 

with their redox components catalyse a tw o electron reduction o f  oxygen to  produce an 

active iron-oxygen species and a single molecule o f  water. This iron-oxygen complex is 

active in hydroxylation, epoxidation and heteroatom  dealkylation, and is responsible for 

the metabolism o f drugs, the processing o f  steroid hormones, carcinogen activation, the 

detoxification and solubilisation o f  lipophilic xenobiotics and various other roles in 

peripheral catabolic pathways [3-6],

Cytochrome P450cam has been genetically engineered [7] from the soil bacterium, 

Pseudomonas putida, and expressed in plasmids incorporated into Escherichiae coli. It 

is responsible for the regiospecific hydroxylation o f  the m onoterpene camphor to  form 5- 

exohydroxycamphor, and has the ability to  hydroxylate several other substrates, as 

demonstrated by Iwuoha et al [8],

However, it is extremely difficult to  observe the electrochemistry o f  this enzyme on 

unmodified electrode surfaces as shown by Kazlauskaite et al [9] and Bianco and 

Haladjian [10], due to  repulsive and thus unfavourable surface interactions [11]. This 

problem can be overcome by incorporating the enzymes into biomembranes that isolate 

the enzyme from surface contact but yet facilitate rapid electron exchange with the 

underlying electrode surface. For example, electron transfer to haem iron in liquid-
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crystal myoglobin lipid films was enhanced up to 1000-fold com pared with rates at bare 

electrodes in protein solutions [12-13],

This electrode design can be achieved by incorporating the cytochromes P450 into 

vesicle dispersions o f  the synthetic lipid material didodecyldimethylammonium bromide 

(DDAB). The latter material forms stable lamellar crystal films at 25 °C which can be 

used as hosts for the enzyme allowing immobilisation onto the electrode surface and 

rapid electron transfer into and out o f  the film, simulating in vivo catalytic metabolism 

[14-16],

Despite the added advantages o f  such a system, Iwuoha et al. [8] have shown the 

P450cam-DDAB electrodes to  be unstable under hydrodynamic conditions. This has been 

attributed to  the partial desorption o f  the lipid crystal layer from the surface o f  the 

electrode. In an effort to  stabilise the P450cam - DDAB biosensor, the w ork presented in 

this chapter involves the encapsulation o f  P450cam-DDAB crystals into a 

methyltriethoxysilane (M TEOS) sol-gel layer.

M uch interest has evolved in recent years in the use o f  sol-gels for the immobilisation 

and entrapment o f  enzymes at electrode surfaces [17-20], Sol-gels are formed through 

the acid or base hydrolysis o f  the silane monomer followed by rapid condensation 

reactions, resulting in the formation o f  high density silica gels. These silica gels can be 

tailor-made for specific applications depending on choice o f  parent monomer and dopant 

molecules. Sol-gels o f  various pore-sizes can be constructed, and the gel can be cast into 

any shape or form. The reactions are non-violent, occur at room  temperature, and the 

raw materials are relatively inexpensive.

The enzymes are encapsulated by the sol-gel network resulting in a  fluidic environment 

similar to  that o f  biological membranes. The pore sizes are sufficiently large enough to 

allow substrate/ product diffusion into and out o f  the sol-gel netw ork whilst still being 

adequately small enough to  prevent leaching o f  the enzyme into solution.
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The electrochemical beaviour o f  this cytochrome-P450cam-DDAB-sol-gel encapsulated 

biosensor is evaluated in this chapter. The behaviour o f  the biosensor in both aqueous 

and organic media is demonstrated along with the relevant kinetic data pertaining to  the 

system. The catalytic response o f  this biosensor to  camphor and adamantanone 

substrates and the polyaromatic hydrocarbon pyrene is presented and discussed.

The potential mutagenic and carcinogenic [21-23] effects o f  polyaromatic hydrocarbons 

have warranted their extensive analysis by a wide range o f  analytical techniques and 

methodologies. Gas chromatography w ith mass spectroscopy [24-26], high performance 

liquid chromatography [27], fluorimetry [28] and cyclodextrin modified capillary 

electrophoresis have all been ultilised [29], The possibility o f  using this cytochrome- 

P450cam-DDAB-sol-gel encapsulated biosensor as an alternative method for the analysis 

o f PAHs is critically assessed.
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5.2.1. Reagents

Cytochrome P450cam (Mr 46 500) w as prepared by genetic engineering [7] with 

subsequent purification as a 50pM  solution. The enzyme was stored in the freezer at 

- 80 °C when not in use. Didodecyldimethylammonium bromide (DDAB) was obtained 

from Fluka (Germany) and stored at 5 °C. A  10 mM  vessicle dispersion o f  DDAB was 

prepared by sonicating for 8 hours a 4.6 mg sample o f  the compound in 1 ml o f water. 

Camphor, adamantanone, glutaraldehyde and methyltriethoxysilane were obtained from 

Aldrich (Gillingham, UK). Analytical standard pyrene (99.9 % purity) was obtained 

from Forbairt (Dublin, Ireland). HPLC grade acetonitrile and hydrochloric acid were 

obtained from Lab Scan (Dublin, Ireland). Absolute alcohol analytical grade was 

obtained from James Burrough Ltd (Essex, UK). 1 mM  tetraethylammonium p- 

toulenesulphonate, obtained from  Aldrich (Milwaukee, USA), was used as electrolyte in 

the organic phase studies. Analytical grade argon (Air-Products Pic, UK) was used to  

degas all samples. Buehler (IL, USA) alumina micropolish and polishing pads w ere used 

for electrode polishing. All solutions w ere prepared in deionised w ater obtained by 

passing distilled w ater through a M illi-Q-water purification system, unless otherwise 

stated. 0.05 M  phosphate buffer (pH  7.5), containing 0.01 M  potassium chloride, Fluka 

(Germany), was prepared from AnalaR grade anhydrous disodium 

hydrogenorthophosphate, and AnalaR grade potassium dihydrogenphosphate dihydrate 

from M erck (Poole, Dorset). The anhydrous salt w as dried for 3 h  at 110 °C and cooled 

in a dessicator before it was used for buffer preparation. Cobalt sepulchrate, which was 

the electron transfer mediator in the steady state experiments [30], was obtained from 

Aldrich (Milwaukee, USA). Bovine serum albumin was obtained from Sigma (MO, 

USA).

5.2.2. Instrumentation

All analyses w ere performed on a BAS 100B integrated, automated electrochemical 

w orkstation from BioAnalytical Systems (BAS, Stockport, UK), connected to  a  three 

electrode 10 ml cell, containing glassy carbon (GCE) as the working electrode (0.071 

cm2 M etrohm, Herisau, Switzerland), platinum wire mesh counter electrode and

5.2. Experimental
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silver/silver chloride as the reference electrode (BAS Technicol, Stockport, UK). A  

H eto (Denmark) thermostatically controlled waterbath was used to  maintain the 

experimental temperature at 25 °C. A  home-made spin coater and a Steinal H L 1800E 

heated gun w ere used to  prepare the electrodes. Amperograms and voltammograms 

were recorded with a computer interfaced to the BAS 100B electrochemical 

workstation. For the steady state experiments, an analytical ro tator (M odel ASRE 416) 

and ASR speed control unit w ere utilised from the Pine Instrument Company 

(Pennsylvania, USA).

5.2.3. Sol-gel and Electrode Preparation

5.2.3.1. Sol-gel preparation

The sol-gel was prepared by mixing 500 (ri methyltriethoxysilane (M TEOS) with 750 (il 

deionised w ater and 50 (tl 0.1 M  HC1 in a 10 ml glass reaction vessel. This was stirred at 

300 rpm  for one hour, and left for 24 hr before use. The glassy carbon electrodes w ere 

polished prior to  use using 1.0 (am, 0.3 fun and 0.05 (im grade alumina, rinsed 

thoroughly with deionised w ater and allowed to  dry.

5.2.3.2. GCE/[P450cam + DDAB + Sol-gel] biosensor preparation

The electrode composite was prepared as follows. 50 (il o f  the 10 mM aqueous vesicle 

dispersion o f  DDAB was mixed w ith 2 mg bovine serum albumin (BSA) to  form solution 

A. 50jil o f 38 fig ml"1 P450cam was added to  solution A to  form the enzyme synthetic 

membrane complex, called solution B. 130 (U glutaraldehyde was added and mixed 

thoroughly with the sol-gel. Then 3 (tl o f  solution B was mixed with 2 jxl o f  the MTEOS 

sol-gel containing 2.5% glutaraldehyde on a 0.071 cm2 GCE.

The electrodes w ere cast by both passive deposition and spin coating. For the passive 

deposition electrodes, the cast layer was deposited onto the electrode surface and 

allowed to  dry for 1 hr under the low heat o f  a  heated gun. For the spin coated 

electrodes the enzyme film was placed on the electrode surface and the electrodes were 

spun at a rate o f  400 rpm for a duration o f  1 hr under low heat. The deposition and spin
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coating processes resulted in the formation o f  P450cam-DDAB liquid crystals 

encapsulated within a sol-gel network layer.

The electrodes w ere then stored for 12 hours at room  temperature in a closed vessel in 

darkness. The final composition o f  the biosensor on the electrode was 0.08 mg cm'2 

P450cam, 15 nmol DDAB, 0.05mg BSA  and 1.0% glutaraldehyde. For simplicity 

purposes the GCE/[P450cara + DDAB + Sol-gel] biosensor will be referred to  as the 

GCE-[P450cam/DDAB/SG] biosensor in the remainder o f  this text.

5.2.4. Procedure

For the aqueous phase analyses, 0.05 M  phosphate buffer (pH  7.5) containing 0.01 M  

potassium chloride was prepared from  anhydrous disodium hydrogenorthophosphate and 

potassium dihydrogenphosphate dihydrate. For the organic phase analyses, acetonitrile 

made 1 mM in tetraethylammonium p-toluenesulfonate, was used as the electrolyte. All 

solutions w ere degassed for a period o f  20 minutes prior to  analysis and kept under an 

argon atmosphere for the duration o f  the experiment. All experiments w ere carried out 

at a thermostatically controlled tem perature o f  25 °C. Voltammograms w ere recorded in 

the presence and absence o f  3 m M  camphor (ethanolic solution) at a potential sweep rate 

o f  500 mV/s from an initial potential, Ei =  + 100 mV to  a switch potential, E*, =  - 650 

mV.

5.2.5. Steady State Amperometry

For these measurements the enzyme electrode was polarised at -800 mV vs. Ag/AgCl 

and experiments w ere performed under a therm ostated temperature o f  25 °C. The 

electrolyte w as 10 ml o f  0.05 M  phosphate buffer containing 0.01 M  KC1 solution, and 

50 nM  cobalt sepulchrate as the electron mediator. The experiments w ere performed 

under anaerobic conditions and the background current w as allowed to  decay to  steady 

state, followed by 0.1 mM  successive additions o f  camphor and pyrene, to  the cell 

solution which was stirred continuously at 500 rpm.
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5.3.1. Properties o f Cytochrome P450cam

It has been shown through the analysis o f  X-ray crystal structures for free enzyme, 

camphor bound enzyme and inhibitor complexed forms o f  cytochrome P450cam, that no 

significant conformational changes occur when camphor binds at the enzyme active site 

[31, 32], The major structural difference which distinguishes the substrate-free enzyme 

from the camphor bound form o f  cytochrome P450cam results from the camphor induced 

expulsion o f  six w ater molecules from the enzyme’s active site. In the absence o f  

substrate, the enzyme possesses a low spin six-coordinate aquo-liganded ferric* haem 

which, upon camphor addition, becomes high spin five coordinate with the 5-carbon o f  

camphor situated 2-3 A above the iron center poised for hydrogen abstraction by the 

putative [FeO]3+ intermediate. This change from low spin to  high spin haem is 

accompanied by a change in reduction potential facilitating electron transfer [33],

5.3. Results and Discussion

ELECTRODE

Figure 5.1. Suggested electrocatalytic mechanism fo r  cytochrome P450cam (  From Iwuoha et a l [8]).
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The reduction o f  cytochrome P450cam is followed by binding o f  molecular oxygen to 

produce dioxy-ferrous cytochrome P450cam, followed by a  second electron transfer which 

results in the net tw o electron reduction o f  molecular oxygen w ith subsequent 0 - 0  bond 

scission and monooxygenation o f  camphor to  produce 5-exo-hydroxycamphor as the 

sole product [34], as shown in Figure 5.1. W hilst bound at the active site, the camphor 

molecule is in van der W aals’ contact with several protein residues, including valine 295, 

valine 247, leucine 244 and phenylalanine 87. There is also a unique hydrogen bond 

formed between the carbonyl moiety o f  camphor and tyrosine 96, as shown in Figure 5.2. 

The role o f  this hydrogen bond in substrate binding and spin state equilibria is o f  upmost 

importance in dictating the regioselectivity o f  hydroxylation. I t  is also o f  importance to  

note that the cluster o f  w ater molecules ligated to  the haem iron do not hydrogen bond 

to  tyrosine 96, hence facilitating the rapid expulsion o f  the w ater molecules from the 

haem pocket upon substrate binding.

Figure 5.2. Active site structure of cytochrome P450cam. (a) Represents an edge on view of 

the heme pocket in the absense of camphor, showing the presence of a cluster of water 

molecules, (b) Represents, the same perspective in the presence of camphor.

a. b.
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Cytochrome P450cam also demonstrates a K+ ion dependence for its spin state equilibria, 

where increasing concentrations o f  potassium result in a higher fraction o f  high spin form 

for a given substrate concentration [35], The structural basis for this K+ dependence is 

known to involve a specific K+ binding site. The cation sits at the end o f  a short helical 

segment formed by residues 90-96. The tyrosine 96 carbonyl oxygen flips from the 

helical axis toward the cation to  form a metal ligand. This distortion allows for the 

Tyr96-camphor interaction, and is the reason why 0.01M  KC1 was incorporated in the 

experimental regime o f  this work, hence ensuring maximum high spin configuration.

5.3.2. Electrode Characterisation

Three different preparations o f  cytochrome P450cara were investigated for their catalytic 

performance. This involved using 38 |iM  P450cam, 28 fiM P450cam and 38 jiM native 

P450 enzyme, and preparing the biosensors as outlined in Section 5.2.3.2. The 

maximum catalytic currents, Imax, obtainable for each electrode were 5.6 |j.A, 4.6 (J.A and 

4.4 respectively. It is not surprising that the genetically engineered P450cara gave 

greater Imax values due to its higher specificity for the camphor substrate.

The 38 cytochrome P450cam stock solution was used in the preparation o f  the GCE- 

[P450cara/DDAB/SG] biosensors in the remainder o f  these studies. Two electrode 

preparation methods w ere investigated, the first being that o f  spin coating and the second 

method being simple deposition. In  the spin coating method, the enzyme-lipid sol-gel 

mix was deposited on a home-made spin coater and the resultant enzyme layer was 

formed through the combined action o f  centrifugal and radial forces. However, 

electrodes prepared by this method tended to  crack as the film dried. This w as attributed 

to  shear stress due to  the complexity o f  the enzyme lipid crystal vessicle system forming 

whilst encapsulated within a sol-gel network.

It was therefore decided to  use a simple deposition method to  allow the enzyme lipid 

crystals to self-assemble naturally within the sol-gel network, resulting in more intact 

enzyme layers on the electrode surface. The electrodes prepared by simple deposition 

also yielded higher reponses than those prepared by spin-coating, suggesting that some
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o f the cytochrome P450 enzyme may be damaged by the centrifugal and radial forces in 

retrospect o f lipid crystal vesicle formation within the sol-gel network.

5.3.3. Cyclic Voltammetry o f the GCE-[P450caJDDAB/SG] biosensor 

As discussed by other authors [12-16], the incorporation o f  cytochrome P450cam into 

lipid crystal vesicles results in rapid electron hopping into and out o f  the lipid film to and 

from the electrode surface, w ithout the enzyme coming into contact with the surface and 

hence avoiding unneccessary repulsive interactions [9-10], Since the enzyme lipid sol- 

gel network is cast on the electrode surface, one would expect [36] a linear variation o f 

peak currents w ith scan rate according to  equation 5.1.:

I p = v [ n V r T/4RT| (5.1)

where Ip is the peak current observed in A; v  is the scan rate in mV/s; n is the number o f 

electrons involved in the system; F is Faraday’s constant, 96 480 C m ol'1; F T , mol cm'3 is 

the total amount o f  electro-active material on the electrode surface; R  is the universal gas 

constant, 8.314 J m ol'1 K '1 and T in the temperature in K.

Figure 5.3.(b) shows plots o f  peak cathodic (A) and anodic (B) currents versus scan rate 

for the GCE-[P450cam/DDAB/SG] biosensor in both phosphate buffer solution(I) and 

90% acetonitrile solution (II). A  linear correlation between peak currents and scan rate 

was obtained as expected. Figure 5.3.(a) shows cyclic voltammograms o f  various scan 

rates up to  200 mV/s. The voltammograms have clearly defined cathodic and anodic 

peaks, representing the presence o f  only one redox species. Since the experiments were 

performed in oxygen-free solutions, these peaks can be attributed to the haem Fe3+/2+ 

redox centre in cytochrome-P450cam. The voltammograms had nearly symmetrical 

shapes which is characteristic o f  electrochemistry in a thin film [37] suggesting that all 

the active Cyt P450Fe3+ is reduced to  P450Fe2+ on the forward scan, and Cyt P450Fe2+ is 

oxidised to P450Fe3+ on the reverse scan.
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Figure 5.3. (a) Cyclic voltammograms of the GCE-[P450can/DDAB/SG] biosensor 

from 2 mV/s to 200 mV/s in (I) 0.05Mphosphate buffer and (II) 90% acetonitrile.

(b) Represents the corresponding current versus scan rate plots up to 500 mV/s.

(A) cathodic current, (B) anodic currents. Experiments were performed at 25 °C, 

and scanned from + 0.10 Vto -0.60 V. All solutions were degassed and maintained 

under an argon atmosphere.

Information pertaining to the reversibility o f  an electrochemical process can be obtained 

from the A Ep and IP) a and IP) c values o f  a redox species [38, 39], An IP;C value o f  1.0 

shows that the electron transfer reaction at the electrode is reversible. A  A Ep value o f  

less than 65 mV is indicative o f  a surface bound electroactive substance undergoing fast 

reversible electron transfer reactions at the electrode surface [37], For the phosphate 

buffer system an EpjC value o f  - 408 mV was obtained, Tables 5.1. and 5.2. o f  page 183, 

followed by an E^ a value o f
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-304 mV, and a A Ep value o f  -104 mV. A  value o f  1.03 was obtained for lpJ  IPiC. The 

relatively high value o f  A Ep o f  -104 mV can be attributed to  the complexity o f  the 

enzyme/ lipid/ sol-gel system. Zhang et al. [40] obtained similar results for a 

phosphatidylphospholipidcholine dimyristoyl encapsulated P450cam system. The higher 

A Ep values were attributed to  protein-lipid interactions and possible lipid-dependent 

electrical double layer effects on the electrode potential. The presence o f  a complex sol- 

gel network may also have a role to  play in these phenomena.

For the 90% acetonitrile w ater system an Ip, J  Ip> c value o f  0.64 w as obtained with higher 

peak cathodic currents than the corresponding anodic ones. The Ip,c values for the 

acetonitrile system were also higher than the phosphate buffer system, suggesting an 

efficient reduction process and electron transfer from Cyt-P450Fe3+ to  Cyt-P450Fe2+. 

However, for the acetonitrile system, the reverse reaction is not as efficient; this could be 

due to removal o f  w ater molecules from  the active site centre [41] hence causing 

perturbation o f  the haem orbitals and therefore affecting the Cyt-P450Fe2+ to  Cyt- 

P450Fe3+ oxidation reaction.

For this organic phase system an Ep)C value o f  - 331.7 mV and an Ep,a value o f 

- 269.6 mV was obtained, and a resultant A Ep value o f  - 62.1 mV is representative o f  a 

reversible system for a thin layer film on an electrode surface [37], Both the Ep;C and Ep,a 

values for the organic system were shifted to  lower reduction and oxidation potentials 

respectively, compared to  the phosphate buffer phase. This could be attributed to  a 

fluidic effect [42] caused by the acetonitrile on the lipid encapsulated sol-gel system. It 

is possible that under aqueous conditions, the enzyme/lipid/sol-gel network is extremely 

rigid resulting in large A Ep values o f  - 104 mV. However, in the presence o f  

acetonitrile, the lipid layers are solubilised somewhat within the sol-gel network, 

resulting in a fluidic effect m ore representative o f  a biological membrane observable at 

lower operating potentials and yielding a more ideal A Ep o f  - 62.1 mV. These results 

are summarised in Table 5.1. and 5.2., along with values o f  A Ep and Em obtained by 

other researchers.
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Table 5.1. Peak cathodic and peak anodic potentials, and peak seperation AEP .

Electrode Ep.c Ep.a AEp = (Ep, c + Ep, a)
GCE-[P450Cam/DDAB/SG] in buffer -4 0 8 -304 -104
GCE-[P450cani/DDAB/SGl in 90% ACN* -3 3 1 .7 -269.6 -62.1
GCE-[P450cam/DDAB] in buffer [8] -278 -242 -36

* ACN=acetonitrile

Table 5.2. Comparision of AEP and Em values

Electrode AEp = (Ep. c - Ep. a) Em ^ l/2(EpiC - Ep>a)
GCE-[P450cam/DDAB/SGl in buffer -104 -356
GCE-[P450cam/DDAB/SG] in 90% ACN* -62.1 -301
GCE-rP450cam/DMPC] in buffer [40]" -113 -53
GCE-[P450cam/DDAB] in buffer [401 6 47
GCE-[P450cam/DDAB] in buffer [8] -36 -260

’  ACN=acetonitrile, ** DMPC = phosphatidylphosphol ipid dioline dimyristoyl

5.3.4. Electrochemical Catalysis o f the GCE-[P450can/DDAB/SG] biosensor 

As mentioned earlier, the enzyme possesses a low spin six-coordinate aquo-liganded 

ferric haem which, upon camphor addition, becomes a high spin five coordinate w ith the 

5-carbon o f  camphor facilitating hydroxylation by the putative [FeO]3+ intermediate. 

This change from low spin to high spin haem is accompanied by a change in reduction 

potential facilitating electron transfer [33], Figure 5.4. shows the catalytic and non- 

catalytic responses o f  the GCE-[P450cam/DDAB/SG] biosensor in both aerobic and 

anaerobic conditions in phosphate buffer for both camphor and pyrene respectively. Also 

note the insert in Figure 5.4.(a); this represents the reponse obtained under anaerobic 

conditions to  3mM camphor when a GCE-[P450cam-SG] biosensor was used. In this 

GCE-[P450cam-SG] biosensor, no DDAB, glutaraldehyde or bovine serum albumin was 

used in the electrode preparation. The reponse is only in the order o f a few hundred nA 

when compared to  several fiA obtained when the lipid crystal vesicle system is employed.
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Figure 5.4. Cyclic voltammograms for camphor (a) andpyrene (b) in phosphate 

buffer solution at a GCE-[P450cam-DDAB-SG] biosensor. Voltammograms 

(I) and (II) were performed in aerobic solutions and represent the presence and 

absence of camphor/pyrene repectively. Voltammograms (III) and (IV) 

were performed in anaerobic solution in the presence and absence of camphor/ 
pyrene respectively. All experiments were performed using a scan rate o f500 m V/s 

and a temperature of 25 °C. The inset of Figure 5.4. (a) represents the response to 

camphor at a GCE-[P450cam-SG] biosensor.

Scans (I) and (II) o f  Figure 5.4.(a) show clearly defined cathodic peaks, which represents 

the rapid coupling o f  a fast electron transfer reaction at the electrode surface with 

oxygen binding to  give Cyt P450Fe2+-C>2. Irreversible electrochemistry was observed in 

aerobic solutions both in the presence and absence o f camphor. This suggests that one is 

observing the binding o f  oxygen to the haem redox centre, where all the Cyt P450Fe2+ 

produced during the cathodic scan is used up in a fast follow up reaction, making it
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unavailable for reoxidation during the anodic scan. The presence o f  camphor increases 

the rate o f  this process as shown by the increase in the voltammetric current, resulting in 

the hydoxylation o f  camphor to 5-exohydroxycamphor.

The cyclic voltammograms obtained in the presence o f  camphor under anaerobic 

conditions, allow the hydroxylation process to  be observed m ore clearly, and represent 

the coupling o f  the fast reversible electrochemistry o f  the haem Fe3+/2+ to  the 

hydroxylation o f  camphor, w ith the ethanolic solution in which the camphor was 

prepared providing enough oxygen for the hydroxylation to  occur. The hydroxylation o f  

camphor and pyrene are illustrated in Figure 5.5.

Camphor 5-exohydroxycamphor

Pyrene 5-hydroxypyrene

Figure 5.5. Stereospecific hydroxylation o f  camphor and pyrene.
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Under anaerobic conditions, in the absence o f  camphor in phosphate buffer media, the 

Ep,c value was - 408 mV followed by a shift o f  +  22.6 mV upon camphor binding to  an 

Ep, c value o f - 385.4 mV. In acetonitrile, the respective values were - 331.7 mV in the 

absence o f  camphor, with a shift o f  - 58.6 mV in the presence o f  camphor to  an Ep, c 

value o f  - 390.3 mV. These observed shifts are in agreement with the tranformation o f  

the low spin haem centre to  a high spin six coordinate, observed upon substrate binding

[33],

A similar trend was observed for 3 mM  pyrene, as shown in Figure 5.4(b), w ith an Ep, c 

value o f  - 395 mV in phosphate buffer, and also yielding an Ep, c value o f  - 351.5 mV in 

acetonitrile, corresponding to  shifts o f  + 1 3  mV and - 20.5 mV respectively. These 

negative shifts observed in acetonitrile could be attributed to  the abstraction o f  w ater 

molecules from the active site centre as observed by Iwuoha et al. [41] in other enzyme 

systems.

In aerobic phosphate buffer solutions, in both the absence and presence o f camphor, the 

cathodic peaks were shifted to  more negative potentials. The same trend was observed 

in the absence o f pyrene and to  a much lesser extent when pyrene was present. These 

results disagree with those obtained by Zhang et al. [40] and Iwuoha et al. [8] who 

observed positive shifts in cathodic potentials in aerobic solutions. However, in the 

presence o f  sol-gel, the silicon-oxide component has the ability to  bind oxygen resulting 

in a negative shift in redox potentials as observed here and in earlier work [43],

5.3.5. Temperature Optimisation

In the presence o f  substrate, the kinetically controlled current or catalytic current (IK) is 

controlled by the enzyme kinetics. The electrochemistry in the absence o f  substrate 

depends on diffusion to  the electrode surface and is represented by ID. Therefore, the 

catalytic efficiency o f a  biosensor, Ceff, is determined by the ratio o f the peak catalytic 

current to  that o f  the peak diffusion current:

CefT =  ( I k / I d ) (5.2)



By monitoring the catalytic efficiencies as a function o f  temperature one can determine 

the optimum tem perature of the system. As shown in Figure 5.6., the optimum 

temperature w as found to  be 318 K. The catalytic efficiencies increased firstly up to 

293 K, (data not shown), and then plateaued out up to  ~ 303 K. The activity then 

increased exponentially reaching a  peak temperature o f  318 K, and decreased thereafter. 

For convenience purposes a tem perature o f  298 K  was chosen for experimental 

conditions.

Chapter 5

Temperature/ K

Figure 5.6. Evaluation o f  optimum temperature conditions.
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The catalytic current obtained at each temperature evaluation represents the maximum 

catalytic current obtainable under those conditions. One can therefore relate the catalytic 

current to  the rate o f  catalysis through the following equation:

I k = nFAA (5.3)

where n is the number o f  electrons involved in the process; F  is Faraday’s constant, 96 

480 C m ol'1 ; A is the electrode area 0.071 cm2, and k  is the rate constant o f  reaction, s '1. 

The well known relationship between reaction rate and temperature is presented by the 

Arrhenius equation, which implies that reactions go faster at higher temperatures [42]:

k = A e  'Ea/RT (5.4)

where A  is called the preexponential term, Ea is the energy o f  activation, KJ m ol'1 ; R  is 

the universal gas constant, 8.314 J mol'1 K"1 , and T is the temperature in K. By taking 

the natural logarithms o f both sides, the following relationship is obtained:

In A; = In A  - (E„ /  RT) (5.5)

By plotting the natural logarithm o f the rate constant In k  against the inverse in 

temperature, 1/T, the activation energy can be evaluated from the slope as shown by the 

insert in Figure 5.6., and w as found to be Ea =  - 29.7 KJ m ol'1. This suggests that on 

exceeding temperatures o f  318 °C, the transition state o f  the enzymatic reaction is 

destabilised, resulting in protein unfolding and denaturation and hence a decrease in 

sensor response.

5.3.6. Organic Phase Studies

These experiments w ere performed using 3  mM  camphor and the catalytic efficiency (Ik  
/Id ) was evaluated at a scan rate o f 500 mV/ s in various acetonitrile:water media ranging 

from 100 % to  40 %  acetonitrile respectively. A  plot o f  the catalytic efficiencies versus 

the acetonitrile content is shown in Figure 5.7. As can be seen the catalytic efficiency is 

poor in 100% acetonitrile, and increases as the acetonitrile content decreases and then
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plateaus after 90% to  40% acetonitrile. This suggests that in the presence o f  100 % 

acetontrile, the enzyme could be stripped o f  its essential w ater o f  hydration hence 

affecting its performance. H owever, on lowering the acetonitrile content, the activity 

increases as shown for the 90% acetonitrile evaluation. Iw uoha et al. [41] reported 

similar results for glucose oxidase in acetontrile. However, no results w ere obtained in 

100% acetonitrile, but activity increased markedly w hen a 95%  and 90%  acetonitrile 

content was used, indicating that a small amount o f  w ater is necessary for enzymic 

activity in the organic phase.

% Acetonitrile

Figure 5. 7. Plot of catalytic efficiencies versus acetonitrile percentage. 

Experiments were performed in anaerobic solution, 500 mV/s, 25° C.
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5 .3 .7. Steady State Amperometry

Ik/ Id values are usually evaluated from cyclic voltammetry experiments. One can also 

evaluate a similar catalytic efficiency from steady state current time recordings [44], 

This takes the form of Michaelis-Menten kinetics:

1= [S ][Im„]( [S ] + K ;M) 1 (5.6)

where I is the current in Amperes; [S] is the concentration of substrate in mol cm'3; I ^  

is the maximum current in Amperes, i.e. the current at which enzyme activity is saturated 

by substrate; K m is the apparent Michaelis-Menten constant, and is a measure of 

substrate-enzyme binding. This equation can also be represented as follows:

I  = [S] (nFAfccati  [P450camJ)([S] + K 'm) 1 (5.7)

where kcal is the rate of catalysis, s'1; F is Faraday’s constant, 96 480 C mol"1; n is the 

number of electrons involved; i is the thickness of the enzyme layer, cm, and [P450cam] is 

the concentration of enzyme, mol cm'3. The term ¿cati[P450cam] defines the maximum 

response of the biosensor realizable at saturating concentrations of substrate. By 

replacing ftcati[P450cam] with k/cat, the apparent rate of catalysis, mol cm'2 s", we get:

I  =  [SKnFA^O US ] + K m) 1 (5.8)

Since this equation resembles equation (5.6), it suffices that

W  = nFA * (5.9)

The //cat/ K m values, known as the substrate specificity factor or catalytic efficiency, are 

indicators of the biosensor’s electrocatalytic reaction and are an indication of sensor 

performance [45],
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Figure 5.8. shows the calibration plots obtained for substrates camphor and 

adamantanone, and the polyaromatic hydrocarbon, pyrene, in phosphate buffer media. 

These experiments were performed in normal batch mode as the signals obtained with 

rotating disk electrode mode were extremely noisy. The electrodes were also found to 

be unstable when steady state experiments were performed in acetonitrile media. Upon 

examination of the electrodes after exposure to 80%: 20% acetonitrile: water media for 

more than 30 minutes it was found that the enzyme films were partially dissolved and 

peeling from the electrode surface, hence making the electrodes unsuitable for batch 

analysis in organic media.

a. b.

[Substrate]/ mM [Pyrene]/ mM

Figure 5.8. Calibration plots from  steady state data, (a) Represents camphor 

(I) and adamantanone (II). (b) Represents pyrene. Experiments were 

performed in 0.05M phosphate buffer, applied potential - 800 m V  vs Ag/AgCl, 

10 m l cell stirred at 400 rpm, at 25°C.
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The presence of the sol-gel encapsulation method did not show an improved 

enhancement in stability as postulated by Iwuoha et al. [8] in an earlier study. As 

mentioned earlier it has been shown by various researchers [12-16] that P450 

cytochromes are stabilised when incorporated into lipid crystal vessicle systems. 

Furthermore it has been well documented that the use of sol-gels also stabilises enzymes 

[17-20], creating a gel-like environment in which the enzyme has freedom of rotation 

similar to that within a biological system.

Therefore the instability experienced in this study and the earlier work performed by 

Iwuoha et al [8] is more likely related to the extreme reduction potentials ( -800m V vs. 

Ag/AgCl) under which the steady state experiments are performed. Cytochromes have 

been shown by Manjaoui et al. [46] to be progressively damaged when submitted to 

repetitive scanning and especially to reducing potentials in steady state even when 

protected in lipid crystal vesicle systems.

Table 5.3. shows the kinetic data obtained for the biosensor in phosphate buffer media. 

The Imax value is related to the turnover rate constant of the sensor ( equation 5 .9), and 

can be used as an index of sensor sensitivity. It is therefore clear that the biosensor is 

more sensitive to camphor, followed by adamantanone and pyrene respectively. The 

apparent rate of catalysis fJcat for camphor is twice that of adamantanone and more than 

four times that of pyrene. This is not surprising since the stereospecific methylene 

hydroxylation of camphor is the first step in the compounds catabolism as the sole source 

of carbon in bacterial systems [7], The catalytic efficiency of the biosensor for camphor 

was almost twice that of adamantanone and six times that of the polyaromatic 

hydrocarbon, pyrene. It is also interesting to note that this biosensor yielded a two fold 

increase in Imax for camphor when compared to a similar system without sol-gel [8],

Table 5. 3. Kinetic data from  steady state data

Analyte I m a x  / U  A Âcai / nmol cm'1 s"1 ¿'cat/KM cm s'1
Camphor ~ "  5.51 ‘ 0.41 5.7
Adamantanone 2.66 0.20 3.5
Pyrene 1.26 0.09 0.9
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5.3.8. Electrode Lifetime

The electrode lifetime was evaluated by using a freshly prepared GCE- 

[P45(WDDAB/SG] biosensor and storing it at 4 °C in an air-tight container. The 

current response (Ik - Id) was evaluated using cyclic voltammetry at 500 mV/s, with 3 

mM camphor under anaerobic conditions. Figure 5.9. shows the electrode lifetime over 

a ten week period. The first 3 weeks yielded a reproducible signal, with a deviation of 

only 0.3 % for the second week and 0.8 %  for the third week respectively. From the 

fourth week onwards, the electrode response deteriorated progressively stabilising out 

after 8 weeks to a response one fifth of the original signal.
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Figure 5.9. Plot o f electrode response versus week number.
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5.4. Conclusions

It has been demonstrated that the combination of a GCE-[P450cam/DDAB/SG] biosensor 

for the monitoring o f camphor and adamantanone substrates and the polyaromatic 

hydrocarbon pyrene is achievable. The ability of the biosensor to hydroxylate the pyrene 

hydrocarbon has important implications for the environmental monitoring of such 

substances.

Careful examination of the experimental regime will be required if these preliminary 

experimental results are to be improved for the construction of a GCE- 

[P450cam/DDAB/SG] biosensor for the routine monitoring of polyaromatic 

hydrocarbons. The electrode has a lifetime of over 10 weeks, with only a 0.8 % 

deviation in response after the third week. The biosensor yielded a two fold increase in 

response to camphor when compared to systems without sol-gel [8]. However, 

instablity after prolonged exposure to organic solutions and also when exposed to 

extreme reduction potentials presents a challenge in the ultilization o f these sensors.

Re-evaluation of sensor design is therefore required and examination of experimental 

conditions under steady state is necessary, in order to improve the stability problem 

apparent in this system. Once achieved, this sensor could present a promising alternative 

to current methods of analysis for PAHs. Detailed statistical studies for the sensor could 

be obtained along with limits of detection, linear ranges and catalytic efficiencies 

providing important comparative data for the potential replacement of currently used 

routine methods of analysis.
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Chapter 6

Summary, Future Trends 

and Conclusions
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Sol-gel technology has proven to be extremely useful for its applications in sensor 

manufacturing. The convenient monitoring of neurotransmitters was achieved using a 

novel sol-gel carbon composite electrode. The electrodes offered a method of analysis 

which was as good as, if not better than, several currently available and routinely used 

analytical methods, for the monitoring of neurotransmitters. This sol-gel carbon 

composite could easily be utilised in future work concerning environmental analysis, and 

can be conveniently doped with biocatalytic materials in the interests of biosensor design. 

Also covered in Chapter 4, was the use of sol-gel as a membrane layer for the detection 

of phenolics, based on the use of an electrostatic horseradish peroxidase osmium polymer 

network. Interesting trends were developed whereby only certain phenols yielded 

responses. The combined action of the sol-gel modified biosensor and also the catalytic 

entity resulted in partial selectivity for particular phenolics. Although the long term 

stability only extended over a few days, the response trend observed may find convenient 

applications in the design of biosensor arrays. The sensor stability may also be improved 

by encapsulating the horseradish peroxidase osmium polymer complex within a sol-gel 

network, rather than using the sol-gel as a membrane layer as was the case in this work.

The operational characteristics and sensor performance of genetically engineered 

cytochrome P 4 5 0 c a m  was covered in Chapter 5 .  It had been postulated that the 

incorporation of the cytochrome lipid vesicle system into a sol-gel network would have 

improved sensor stability under steady state mode. Although incorporation within a 

sol-gel has a well known reputation for increasing the stability of enzymes by creating a 

fliudic environment similar to that of biological systems, it did not improve the stability 

of the biosensor system in this application. Instead it was suggested and also proven by 

other researchers that the stability of the cytochrome P 4 5 0 c a m  biosensors was more a 

factor of the experimental method, i.e. prolonged exposure to reducing potentials, rather 

than the sol-gel method of sensor preparation. The biosensor functioned satisfactorily 

when operated in amperometric sweep mode, being exposed to reducing potentials only 

for a short period of time. The operational characteristics of this sensor may be 

improved by carefully examining and improving the experimental method. A fully 

functional P 4 5 0 c a m  based biosensor will therefore find convenient applications in the 

monitoring of polyaromatic hydrocarbons as shown in the preliminary work of this thesis.
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6.2. Conclusion

As one is aware there is a considerable divide between sensors developed at the 

academic level and their convenient applications in the industrial or real life environment. 

What may be acceptable for the purposes of academic research may not to tolerated in 

industrial circles without fundamental improvement in sensor design and independent 

analytical evaluation and validation of the said operation of certain biosensor devices.

It is therefore obvious that the performance characteristics o f such electrodes described 

in this thesis will need to be improved. Many suggestions have been made and include 

the necessity of longer stability studies ideally over a six month period, under different 

storage conditions, temperatures and various ranges of humidity. This would allow the 

behaviour of such electrodes in various environments to be established. Detailed intra

assay and inter-assay electrode variations will need to be developed, which will allow a 

detailed statistical history to be constructed, of which any given electrode, from any 

batch would be characteristic of This would allow the construction of a suitable quality 

assurance and quality control model for each sensor design. Effects of interferences, and 

the evaluation of false positives and false negatives would also be included in this work. 

Investigation of various methods of improving sensor operational and mechanical 

stability would be of prime importance.

The work performed throughout this thesis represents the tip of the iceberg. There is a 

wealth of research which could be performed based on the findings therein. The 

assurance of water quality with regards to inhibitor content and toxic phenol 

concentrations, will obviously result in more detailed studies on these electrodes, 

especially in the area of quantitative analysis and the construction of enzyme arrays of 

pattern recognition, allowing relatively novel methods of analysis to be performed 

routinely in the analytical environmental monitoring laboratory.
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