
UNIVERSITY OF SOUTHAMPTON 

ALCOHOL DEHYDROGENASE BIOSENSOR BASED ON 
POLY(ANILINE)-POLY(VINYLSULFONATE) MODIFIED 

ELECTRODE 

AND 

ENHANCEMENT EFFECT OF CÂ ^ IONS ON THE 
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ALCOHOL DEHYDROGENASE BIOSENSOR BASED ON POLY(ANILINE)-

POLY(VINYLSULFONATE) MODIFIED ELECTRODE AND ENHANCEMENT EFFECT 
OF CÂ "̂  IONS ON THE ELECTROCATALYTTC OXIDATION OF NADH AT 

POLY(ANILINE)-POLY(VINYLSULFONATE) AND POLY(ANILINE)-
POLY(STYRENESULFONATE) MODIFIED ELECTRODES 

by Chee-Seng TOH 

A membrane enzyme electrode sensitive towards ethanol was fabricated based on 

poly(aniline)-poly(vinylsulfonate) modified electrodes. Using the membrane electrode design 

and by varying the physical parameters, we established that the membrane enzyme electrode 

current response was consistent with a reversible enzyme kinetic model. Under conditions in 

which the product concentration was negligible within the enzyme layer of the enzyme 

electrode, the substrate-dependent current response could be described using a coupled 

reaction-diffusion model based on irreversible enzyme kinetics. This is the first report on the 

use of poly(aniline) modified electrodes as amperoraetric biosensors for the detection of 

ethanol. In the second part of this work, we investigated the enhancement of steady-state 

current towards NADH at poly(aniline)-poly(vinylsulfonate) and poly(aniline)-

poly(styrenesulfonate) modified electrodes in the presence of calcium ions, using 

electrochemical methods, ^'P NMR and kinetic modelling. We observed reversible binding 

between Ca^^ and poly(aniline)-poly(vinylsulfonate) from cyclic voltammetry and steady-

state experiments. The enhancement of electrocatalytic current towards NADH in the 

presence of between 20 and 40 mM Ca^^ were about 12 and 27 times for thin films of 

poly(aniline)-poly(vinylsulfonate) and poly(aniline)-poly(styrenesulfonate), respectively. 

This enhancement effect of Ca^^ ions on the electrocatalytic oxidation of NADH at 

poly(aniline) modified electrodes was much greater than those observed by workers using 

other mediators. From kinetic modelling of the experimental data, we found that the 

enhancement effect of Ca^^ ions was due to a large change in the polymer binding affinity for 

NADH or partitioning of NADH into the polymer film. The binding energy gain was 

estimated to be about 14 kJ mof ' in the presence of 25 mM Ca^^. This was confirmed by 

measurements using solid state ^'P NMR which indicated that NADH accumulated in the 

polymer film only in the presence of Ca^^. 
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The values were obtained by non-linear least squares fits of the 

experimental data to current expression for the case II-IV 

boundary (eqn. (5.10)). 

Table 5.18 : Best-fit parameters from the analysis of the currents for all 164 

experimental data using the full equation (5.3) for poly(aniline)-

poly(vinylsulfonate) modified electrodes in Tris-HCl buffer, pH 

7 containing 25 mM Ca^^. 

Table 5.20 : Best-fit parameters from the analysis of the currents for all 166 

experimental data fitted at once using the full equation (5.3) of 

poly(aniline)-poly(vinylsulfonate) modified electrodes in Tris-

HCl buffer, pH 7.1 with and without 25 mM Ca^^. 
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Table 5.26 : Best fit parameters for AGo and % obtained from fitting the 177 
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Chapter 1 - General Introduction 

1.1 Overview of thesis 

In the first part of this thesis, we describe the application of poly(aniline)-poly(vinylsulfonate) 

modified electrodes in an amperometric alcohol dehydrogenase enzyme biosensor. The 

electrode design was based on the membrane|enzyme|electrode design in which the enzyme 

was entrapped next to the polymer modified electrode, and behind an inert membrane which 

acts as a diffusion barrier. This design allowed us to investigate systematically the effect of 

various physical parameters, such as enzyme loading, membrane thickness and spacer 

distance, as well as to estimate the mass transport rate constant of the enzyme substrate by 

using a redox probe. In this way, we were able to develop a kinetic model that explained the 

experimental data. 

In the second part of this thesis, we investigate the enhancement of steady-state current 

towards NADH at poly(aniline)-poly(vinylsulfonate) films in the presence of calcium ions, 

using electrochemical methods, NMR and kinetic modelling. The aim was to understand 

the kinetics of this enhancement effect on the steady-state current response towards NADH. 

In this way, we seek to achieve a greater understanding of the mechanism for the 

electrocatalytic oxidation of NADH at poly(aniline) films. 

In the following sections, brief overviews on the topics of kinetic modelling in biosensors, 

properties of conducting polymers and their applications are presented. These overviews 

should provide the necessary knowledge and understanding for one to appreciate the content 

of this thesis. 
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1.2 Kinetic modelling in biosensors 

1.2.1 The purpose and practice of modeling 

The purpose of a kinetic model of a biosensor is to identify the key experimental factors (such 

as the rates of reactions, rates of mass transport, loading of the bio-recognition component, 

etc.) which determine the response, or output, of the sensor and to then provide a link between 

these key experimental factors and the concentration of the analyte and the sensor response. 

Thus modeling provides a mathematical description of the physical processes occurring 

within the system. By applying kinetic modeling to enzyme electrodes and biosensors, we can 

derive a number of advantages. It is clear that several different kinetic processes are involved 

in the overall functioning of any enzyme electrode or biosensor. In an enzyme electrode these 

include the reactions between the enzyme and its substrate, between the enzyme and mediator, 

and between mediator and electrode, as well as the various mass transport processes which 

bring reactants to the electrode and take products away. On its own, any single measurement 

cannot give any insight into the relative significance of the different kinetic steps. If, however, 

a set of data from the sensor, obtained under a sufficiently wide range of different conditions, 

is analyzed and compared to a kinetic model for the sensor this will yield more intimate 

knowledge of the system. In turn, this will provide the experimenter with the tools with which 

to plan future experiments or with which to rationally improve sensor performance for a 

specific application. In contrast, in the absence of a suitable kinetic model for a particular 

sensor, it will be necessary to carry out a large amount of trial and error experimental work in 

order to achieve a comparable understanding of the system. This is very time consuming and 

it will have to be repeated, effectively re-inventing the wheel, each time a new but related 

system is studied. 

1.2.2 Equilibrium and the steady-state 

At equilibrium the concentrations of reactants, intermediates and products are constant, 

however this does not mean that there is no reaction going on. Equilibrium is a dynamic state. 

At equilibrium the rates of the forward and reverse reactions (that is the products of the 

appropriate rate constant and reactant concentrations for each step) must be in balance. In 
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general enzyme electrodes do not operate at equilibrium, rather they operate in the steady-

state where there is a constant supply of fresh reactant to the electrode. In the steady-state the 

rates of change in the concentrations of the reaction's intermediates are negligible so that the 

rates of reaction are unchanging with time. Under these conditions we can equate the fluxes 

(that is the number of moles of reaction occurring per unit area in unit time) for the different 

reaction steps in order to derive useful kinetic information about the system. 

For biosensors these reactions generally occur at or near the sensor surface rather than 

uniformly throughout the solution, consequently the concentrations of reactants and products 

at the sensor surface will be different from those in the bulk. As a result, there will be 

concentration gradients set up and net fluxes of material to and from the electrode surface. 

1.2.3 Irreversible enzyme kinetics 

The simplest description of steady-state enzyme kinetics is based on the works of Michaelis 

and Menten [1]. It assumes that the substrate first forms a complex with the enzyme in a 

reversible step and that equilibrium is maintained between the enzyme, E, and substrate, S, 

and the enzyme-substrate complex, ES. The irreversible breakdown of this enzyme-substrate 

complex then yields the product, P. 

ES ^ E + P (11) 

The second assumption in this model is that the concentration of the enzyme-substrate 

complex is constant, so that it is a steady-state process. Clearly this is not true immediately 

after the reactant and enzyme are first mixed together when the concentration of intermediate 

is building up (called the pre-steady state phase) and will only be true as long as the 

concentration of substrate is not significantly depleted by the course of the reaction. 

The following, more generalized, mechanism in which the forward and backward rate 

constants for the formation of the ES complex are explicitly included, was proposed by 

Briggs and Haldane [2] 

k. •cat 

E + S ES -» E + P (12) 
K-\ 



Chapter 1 - General Introduction Chee-Seng TOH 

If gz is the total concentration of enzyme and ens is the concentration of the enzyme-substrate 

complex, then the concentration of uncomplexed enzyme is {ez - ess). Assuming that the 

concentration of substrate is much greater than the concentration of enzyme (which is 

generally the case), then the concentration of uncomplexed substrate can be taken as equal to 

the initial concentration of substrate concentration, 5. Then we can write: 

deEs/(k = Ai(ei: - eEs)'̂ ' - ^-leES - ^t^ES (13) 

At steady-state = 0 (strictly the approximation we make is that dggs/d/ is small 

compared to the reaction flux kxe-̂ js). Then 

gES = + -̂1 + (14) 

The velocity of reaction, v, is given by; 

V = /%ateES (1.5) 

so that 

V = / (^1^ + -̂1 + ^cat) (1.6) 

which can be rewritten in the form of the Michaelis-Menten equation: 

(1.7) 

where itcatei is the maximum reaction velocity and Ky^ = {k.\ + fccat) / h is the Michaelis 

constant. This model reduces to the simple form of Michaelis Menten kinetics, with = -̂1 / 

A:], if » ĉat. 



Chapter 1 - General Introduction Chee-Seng TOH 

1.2.4 A nalysis of enzyme kinetic data 

Analyses of enzyme kinetics are often based on the Michaelis-Menten equation (1.7). Fig. 1.1 

shows a typical plot of reaction velocity, v, against substrate concentration, 5. 

o 

(D > 

1 

1.0 

0 . 8 -

0.6. 

0 . 4 

0.2. 

0 . 0 
0 2 4 6 8 10 

Normalised concentration of substrate, M 

Figure 1.1 Normalized plot of steady-state velocity against substrate concentration for an 

enzyme reaction obeying Michaelis-Menten kinetics. The dotted lines show the point at 

which the concentration of substrate equals Km-

From the figure we can see that at low concentrations the reaction velocity increases linearly 

with substrate concentration. This is because when 5 « Km the Michaelis-Menten equation 

approximates to: 

V =&catezj/^M (18) 

We also note that when ^ the reaction velocity is exactly half the maximum value, v = 

Acatez / 2. Finally at large concentrations of the substrate the reaction velocity reaches a 

maximum value, kcatSi:, independent of substrate concentration. Thus for the substrate the 

Michaelis-Menten kinetics describe a non-linear situation in which the reaction is first order 
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in substrate at low concentration (linear) but zero order at high concentration. This non-

linearity has important consequences for the treatment of coupled reaction diffusion problems 

as described in section 1.2.6 later in this chapter. 

The Michaelis-Menten equation, equation (1.7), can be rewritten in several different ways to 

yield straight-line plots and these are often used to obtain estimates of Km and ^cat̂ z, see Table 

1.2. Although the Lineweaver-Burk plot is the simplest and most obvious way to analyze 

enzyme kinetic data it suffers from a significant drawback. Because it is a double reciprocal 

plot the errors associated with the data at low substrate concentration are greatly magnified 

and, if a simple least squares analysis is used, can lead to significant errors in the estimates of 

Km and ^catez- The Hanes and Eadie-Hofstee plots represent attempts to overcome this 

problem (see a standard text on enzyme kinetics for further details [3, 4]). These methods for 

producing linear plots from the Michaelis-Menten equation all date from the era when 

computers were not so widely available. Nowadays the easiest, and statistically more correct, 

method to analyze enzyme kinetic data using the Michaelis-Menten model is to use a non-

linear least squares fitting routine (with weighting factors if appropriate) to directly fit the 

experimental data to equation (1.7). 
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Equation Plot Slope Intercept 

Lineweaver-Burk ^ 1 

V 

1/v against 1/s 1 / /CcofGz 

Hanes K,, siv against s 1/ kcat^I, 

Eadie-Hofstee V against vis K, M ^cat^'L 

Table 1.2 Linear plots derived from the Michaelis-Menten equation. 

1.2.5 The significance of Km for biosensor applications 

For cases where Aicat« k.\. Km can be taken as a measure of the strength of enzyme-substrate 

binding, with a large value of Ku corresponding to a weakly bound complex. In general Km 

indicates the point at which the substrate concentration becomes large enough to saturate the 

enzyme so that the reaction becomes zero order in substrate. One can safely assume that this 

is the case when 5 is larger than 10.̂ m- In amperometric enzyme electrode applications where 

the sensor response is limited by the enzyme kinetics so that the current is a direct measure of 

V, knowledge of Ku allows the analyst to operate in the linear region of the current response, 

i.e. at substrate concentrations <Km-

The other use of K^i is for the purpose of comparing between different experimental 

conditions for the same biosensor and between different biosensors at the same experimental 

conditions. If the apparent .̂ M,app obtained from kinetic analyses of the biosensor response is 

equal to Ku for the enzyme, then one can conclude that the amperometric enzyme electrode 

response is limited by the enzyme kinetics. 
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1.2.6 Kinetic modelling in amperometric biosensors 

1.2.6.1 Coupled enzyme reaction-diffusion problem 

In an enzyme electrode the enzyme catalyzed reaction occurs in a localized region at, or close 

to, the electrode surface. Consequently there is an interplay and interaction between the 

enzyme kinetics and mass transport of material to and from the electrode surface. Under 

conditions where there is excess inert electrolyte present (such as 0.10 mol dm'^ phosphate 

buffer) and a well defined mass transport of material to and from the electrode (such as the 

rotating disc electrode), diffusion of species down a concentration gradient is the only 

important mass transport process. Under these conditions, the steady-state amperometric 

current response of the biosensor can be described as a chemical reaction coupled to diffusion 

at an amperometric electrode. 

a ^ a ; ' 

where is the concentration of substrate, S, Ds is the diffusion coefficient of S in solution and 

k is enzyme kinetic term, ^cateW('^M+ •S')- Under steady-state condition where &lat = 0, the 

coupled enzyme reaction-diffusion equation is reduced to: 

(1,10) 

In general, in order to solve coupled diffusion-reaction problems of the type described above, 

we need to integrate the differential equations that describe the reactions involved. 

Alternatively, we can solve the coupled diffusion-reaction problems by equating the fluxes. 

This method of equating fluxes can be employed in the special case where diffusion and 

reaction occur in distinct and physically separate regions, for example, where diffusion occurs 

through a membrane and the enzyme catalyzed reaction occurs in a thin layer behind the 

membrane. For such a special case, we treat the steady-state problem by equating fluxes for 

the different processes involved (diffusion, enzymatic reaction, electrochemical reaction) and 

8 
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apply the steady-state assumption to all the intermediate species at each point in space. This 

method of equating fluxes is employed in this thesis for the derivation of a reversible kinetic 

model of the membrane enzyme electrode and therefore, we illustrate this method in great 

detail within the following section on the general approach to modeling a system such as the 

amperometric biosensor. 

1.2.6.2 Kinetic modeling using the steady-state assumption 

Deriving a kinetic model is a process of describing the different kinetic steps involved in the 

chemical system in the form of mathematical equations. Therefore, the obvious place to begin 

is with an understanding of the different processes involved in the system under study. A 

useful starting point, particularly for someone who is new in the field or exploring a new 

system, is to look for treatments of similar systems in the literature. Later in this chapter, we 

provide a review of the literature to assist in this. In this section we consider two different 

types of amperometric enzyme electrode. First we will consider an electrode in which the 

enzyme is entrapped, together with a redox mediator, behind an inert membrane which acts as 

a diffusion barrier (we will refer to this as a membrane | enzyme [electrode where the vertical 

line indicate interfaces between different phase). This type of enzyme electrode has been 

extensively modeled [5-9]. Second we consider an electrode configuration in which the 

enzyme is entrapped within a membrane at the electrode surface together with some redox 

mediator (an enzyme membrane|electrode). 

1.2.6.3 The flux diagram for the membrane\enzyme\electrode 

It is essential to start by including all the possible kinetic steps in the model before then going 

on to make any simplifying assumptions. A detailed flux diagram including the different mass 

transport and reaction steps is a good starting point. The flux diagram can then be simplified 

as various assumptions are included. For the membrane|enzyme|electrode, in which the 

enzyme and mediator are trapped behind an inert membrane at the electrode surface, the flux 

diagram must include the following processes. 
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In the thin enzyme layer behind the membrane; 

• electron transfer between the electrode and the mediator 

• the redox reaction between the mediator and enzyme 

• the reaction between the substrate and enzyme. 

In addition there are the following mass transport processes: 

• diffusion of the substrate within the membrane 

• diffusion of the product within the membrane 

• partition of the substrate between the solution and the membrane 

• partition of the product between the solution and the membrane 

• transport of the substrate in the external solution 

• transport of the product in the external solution. 

^^red -̂ ox ^ film 

k.] | k i 

'̂ bulk 

Bulk solution 

p — p p 
-• film ^ bulk 

Electroactive Film 

Figure 1.3 Flux diagram showing the different kinetic processes for an amperometric 

membranejenzyme [electrode. Rate constants are represented as k, while partition coefficients 

are represented as K. The subscripts S and P denote the substrate and product of the enzyme 

reaction respectively. E is the enzyme and M is the mediator. The subscripts red and ox 

indicate the reduced and oxidised forms of the enzyme or mediator, subscript D indicates a 

diffusion process. 

10 
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In setting up this model, even at this early stage, we have already made some assumptions so 

that the flux diagram is not unnecessarily complicated. For example, we have chosen to model 

a system in which enzyme and mediator are trapped within a thin film behind the membrane, 

as a result we do not need to consider transport of either species through the membrane or in 

the external solution. The resulting flux diagram is shown in fig. 1.3. 

1.2.6.4 Simplifying assumptions 

In many cases we can simplify the kinetic model considerably by making appropriate 

assumptions. However, it is important to consider carefully whether the assumptions you 

make are valid for the particular system or set of experiments. For now let us make the 

following assumptions to simplify the model we are considering: 

1. We will assume that the enzyme layer is sufficiently thin that we can neglect 

concentration polarization for all of the different species within this layer. This is the 

essential assumption that allows us to separate the mass transport and reaction parts of the 

problem and thus to use the method of equating the steady-state fluxes below. 

2. We will assume that the enzyme reaction is irreversible, so that the product does not affect 

the forward enzyme reaction. As a consequence, we can omit all the terms involving the 

product of the enzyme reaction. 

3. We will assume that the electrochemical regeneration of the mediator at the electrode is 

rapid and is not rate-limiting. Hence, we can set the concentration of Mox within the 

enzyme layer equal to the total concentration of the mediator. As a result the enzyme-

mediator reaction becomes pseudo-first order, where the pseudo-first order rate constant, 

^'e, is the product of the mediator concentration and the second order rate constant for the 

reaction between the enzyme and mediator, k\ = A:E[M]. This assumption will not hold 

true in all cases, for example if the electron transfer kinetics for the mediator are slow or if 

the electrode potential is not chosen so that there is a sufficient overpotential to drive the 

reaction. 

4. Finally, for simplicity, we will assume that the partition coefficient for the substrate into 

the membrane is unity, Xg = 1. Hence the substrate concentration within the membrane at 

the membrane|solution interface, fmem,out, will be equal to the concentration of substrate in 

11 
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the exterior solution at the membrane surface, ^o, and the concentration of substrate in the 

membrane at the membrane [enzyme layer interface, i'mem.in, will be equal to the 

concentration of substrate within the enzyme layer, l̂ayer-

The resulting simplified flux diagram is shown in Fig. 1.4, 

^D.s 

4 W N A %im 

k.\ Tl M 

Bulk solution 

Electroactive Film 

Figure 1.4 Simplified flux diagram for a membrane|enzyme|electrode. The symbols and terms 

used are the same as those in Fig. 1.3. 

1.2.6.5 The flux equations 

The flux equations corresponding to the processes represented in the simplified flux diagram 

can now be written down. There are two important points to note when writing flux equations, 

the relative signs of the fluxes and the units. 

In the case of homogeneous reactions we are familiar with thinking about the rate or reaction 

in terms of the change of concentration per unit time (mol dm'^ s"'). However, for reactions at 

electrode surfaces we are interested in the flux because this is directly related to the current. 

Flux is defined as the change in the number of moles per unit area per unit time (mol cm'^ s"'). 

When writing rate equations, the theoretical basis for the derivation of flux equations is the 

principle of conservation of mass. By using fluxes, we do not need to consider the volumes of 

the system, which would be necessary if we used reaction rates. In order to convert reaction 

rates into fluxes, we need to include an appropriate distance. For example, the first order 

12 
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enzyme catalytic rate constant for the conversion of reactant into product, kcax, is defined in 

the enzyme rate equation as; 

Fmax (mol cm'^ s"^)= ĉat (s ') (mol cm"^) (1.11) 

In order to calculate the corresponding flux we need to include the film thickness, L, so that 

7max (mol cm'^ s'^) = Z (cm) (s^) % (mol cm'^) (112) 

In the steady-state the fluxes for the various processes in our simplified flux diagram (Fig. 

1.4) must all be equal and can be written as in terms of the current density, i, as follows: 

|z| = «F^mem,s(̂ mem,out" l̂ayer) " msss transport in the membrane (1.13) 

jz| = «FZ(̂ ieox'S'iayer ^ ^-i^Es) - enzyme substrate reaction (1.14) 

|/| = nFLkcâ tCEs - enzyme reaction (1.15) 

Iz| = nFLk'ESred " enzyme mediator reaction (1.16) 

where we have taken the modulus of the current to avoid the complication of specifying the 

sign of the current for oxidation or reduction, 

gz = eox + eEs + ered (1.17) 

and ki, k.\, ĉat and ces have the same meaning as in the conventional enzyme kinetics 

described in section 1.2.3. An additional parameter, the enzyme layer thickness, L, is included 

in the enzymatic and mediator rate constant terms, so that all the reactions are expressed in 

terms of fluxes. k\ is the pseudo first order rate constant for the re-oxidation of fired by 

mediator in the film and is equal to A:e[M] where [M] is the concentration of mediator species. 

13 
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1.2.6.6 Solution of flux equations 

By expressing .̂ layer in terms of j'mem.out; r̂ed, 6ox in terms of and A:, and in terms of 

ĉat and ^M, we can solve the simultaneous equations to derive the following analytical 

solution: 

K. 

r 
^ mem,out / 

nFLk^^^ej. nFLk\ 
(118) 

mcm,S y 

where = (̂ cat + k.\)/ki has the same meaning as the Michaelis constant in conventional 

enzyme kinetics. 

If we want to include the diffusion process within the Nemst diffusion layer in the external 

solution at the outside of the membrane, we can include one more flux equation 

\i\ nFkD^si^huXk •S'mem.out) (119) 

where Ad,s is the mass transfer rate constant within the Nemst diffusion layer. Substituting this 

equation into equation (1.18), we obtain 

1 1 
- + -

1 

|'|(̂ m«n.s +^D,s)l 

'̂ •̂ ^mem,Ŝ D,S y 

(120) 

1.2.6.7 The advantages of using reciprocal expressions 

It is often advantageous to express the current in a reciprocal form as in equations (1.18) and 

(1.20). Expression of the analytical solution in a reciprocal form has several advantages. First, 

it is often easy to identify the different limiting cases within the reciprocal equation. A 

limiting case is a simplified form of the expression which applies when one or other of the 

processes is much slower than all the others and is therefore the rate limiting step in the 

overall process. For example, we can see that the second term of equation (1.20) describes the 

14 
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limiting case when all the enzyme present is in the form of the enzyme-substrate complex, so 

that the flux is limited by the maximum enzyme catalytic rate {kcaie^. Looking at the third 

term we can see that it describes the case when all the enzyme is rapidly reduced by substrate 

such that there is only reduced enzyme present and the flux is limited by the rate of reaction 

between the enzyme and mediator (^'5%). In contrast when the first term is important the flux 

appears to be limited by both enzyme kinetics and substrate diffusion. If the first term in 

equation (1.20) is the dominant term we can discard the second and third terms (this 

corresponds to the situation in which both the breakdown of the enzyme substrate complex, 

ES, and reaction of the enzyme with the mediator are fast). Rearrangement of the first term in 

equation (1.20) then gives 

[/[ |4(̂ mem,S + ^D,S) (121) 

which can be rearranged to give 

^7 = 4- ^ ^ (122) 

Each of the three terms in equation (1.22) is readily understood. The first term describes the 

enzyme kinetics at low substrate concentrations (i.e. b̂uik < ^m)- The second term describes 

the diffusion limited flux of S through the membrane and the final term the diffusion limited 

flux of S across the Nemst diffusion layer. 

Using the same method, equation (1.20) can be rearranged into the following form 

(123) 

Looking at equation (1.23) we can see how mass transport, which determines the ratio 

Sbuik/s iayer , C a n have an influence on both the enzymatic and the mediator reaction rates. When 

mass transport of substrate across the Nemst diffusion layer and through the membrane is 

much faster than the enzyme kinetics the substrate concentration within the film is maintained 

at the bulk value, b̂uik = l̂ayer- When mass transport of substrate into the enzyme layer is much 

15 
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slower than the enzyme reaction the concentration of substrate in the enzyme layer, 5iayer, 

tends to zero. Thus, the second advantage of using reciprocal expressions is that we can 

better understand how changes in the experimental variables can bring about a change in the 

rate-limiting step from one process to another. Conversely, if we understand the limiting 

kinetic processes involved in the system, we can derive the reciprocal expression by 

inspection. 

The third advantage of using reciprocal expressions is that we can readily obtain meaningful 

data from the gradient and intercepts of a double reciprocal plot of Hi against l/sbuik-

However, since double reciprocal plots always over emphasize the data at low concentration 

at the expense of the high concentration data, a better alternative is to use non-linear least 

squares fitting by using suitable curve fitting software. The disadvantages of double 

reciprocal plots have been discussed in greater detail by Comish-Bowden [3]. 

1.2.6.8 Kinetic modeling using other methods to solve the coupled enzyme reaction-

diffusion problem under the steady-state condition 

In the above sections 1.2.6.2 to 1.2.6.7, we have discussed the use of equating fluxes under 

the steady-state condition to derive expressions for the current response towards substrate of 

an amperometric biosensor. We can also derive the same current expressions if we integrate 

the coupled enzyme reaction-diffusion equation described by eqn. (1.10). An illustration of 

this integration method to solve the coupled enzyme reaction-diffusion equation can be found 

in the reference [10]. Using this integration method, Bartlett et al. [11-13] have solved the 

coupled enzyme reaction-diffusion problem for the oxidation of NADH (nicotinamide 

adenine dinucleotide, reduced form) at poly(aniline)-polyanions electrodes, for the four 

limiting cases under conditions of limiting film thicknesses and NADH concentrations. 

A third, complementary, approach to solving the coupled enzyme reaction-diffusion problem 

is to use numerical simulation techniques to model the processes involved in the system. 

Numerical techniques can provide accurate treatments for the behavior close to the boundaries 

between limiting cases. The disadvantage is that these numerical approaches do not provide as 

much insight into the behavior of the biosensor. Thus the combined use of the two approaches 

is often more powerful than either on its own particularly for complex situations, as illustrated 

16 
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by Bartlett and Pratt [14]. A full discussion of the different techniques is beyond the scope of 

the present chapter, but one may consult some of the more specialized texts [15]. 

A summary of the literature on kinetic modeling as applied to enzyme electrodes from 1992 

to the present is given in Table 1.5. For a survey of earlier literature, one may refer to the 

paper by Bartlett and Pratt [16]. The table also includes information on the electrode 

configuration (membrane|enzyme|electrodes, enzyme membranejelectrodes or homogeneous 

kinetics) and experiment type (steady-state, transient or cyclic voltammetry). By a 

membrane|enzyme|electrode, we mean the situation in which the enzyme is entrapped behind 

a membrane at the electrode surface. By an enzyme membrane|electrodes we mean 

the situation in which the enzyme is entrapped within the membrane at the electrode surface. 

Homogeneous kinetics refers to the situation where both the enzyme and mediator are free to 

diffuse in the bulk solution. Different information can be obtained from each of these 

configurations and different modeling approaches are employed. For example, from 

electrochemical measurements on homogeneous solutions we can obtain information on the 

enzyme-substrate kinetics or the enzyme-mediator kinetics, depending upon which is the 

slower step. In the membrane|enzyme|electrode configuration, mass transport and the enzyme 

catalysed reaction can often be considered to occur in different regions of space provided the 

enzyme layer is thin enough. As a result the problem is less complicated as compared to the 

enzyme membranejelectrode situation. Of these three types of electrode configurations, the 

enzyme membrane|electrode is currently the most popular. 

17 
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Table 1.5 Summary of the literature on the kinetic modeling of enzyme electrodes 

Authors Model Expt. Real Method 

type System 

Ref 

Albery, Kalia and Magner, 1992 77a 5"̂  3 [9] 

Bartlett, Tebbutt and Tyrrell, la 3 [17] 

1992 

Bacha, Bergel and Comtat, 1993 la a'&T X 

Calvo, Danilowicz and Diaz, la 3 [19] 

1993 

Marchesiello and Genies, 1993 la 3 

Randriamahazaka and Nigretto, la CF X [21] 

1993 

Schulmeister and Pfeiffer, 1993 Ila (multi- X [8] 

Tatsuma and Watanabe, 1993 la X 

Lyons, Lyons, Fitzgerald and la T 3 

Bartlett, 1994 

Battaglini and Calvo, 1994 la 3 

Martens and Hall, 1994 la X 

Sorochinskii and Kurganov 1994 Hp X 

Rhodes, Shults and Updike, 1994 Ila (multi- 3 

7(̂ 67)) 

Albery, Driscoll and Kalia, 1995 Ila 3 [5] 

Bacha, Bergel and Comtat, 1995 3 [7] 

Gros and Bergel, 1995 la 3 

Bartlett and Pratt, 1995 la X 

Martens, Hindle and Hall, 1995 Ila 3 [6] 

Kong, Liu and Deng, 1995 la CF 3 
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Authors Model Expt. Real Method Ref 

type System 

Chen and Tan, 1995 

Lyons, Greer, Fitzgerald, Bannon 

and Bartlett, 1996 

Cambiaso, Delfino, Grattarola, 

Verreschi, Ashworth, Maines and 

Vadgama, 1996 

Gooding and Hall, 1996 

Jobst, Moser and Urban, 1996 

Desprez and Labbe, 1996 

Sheppard, Mears and Guiseppi-

EHe, 1996 

Chen and Tan, 1996 

Krishnan, Atanasov and Wilkins, 

1996 

Sorochinskii and Kurganov, 1997 

Somasundrum, Tongta, 

Tanticharoen and Kirtikara, 1997 

ZhuandWu, 1997 

Gooding, Hall and Hibbert, 1998 

Ila (multi-

Ila (multi-

la 

(permgaA/e 

Ila (multi-

la 

Ic 

Ila (multi-

Zoye/)) 

la 

lip 

/o/Tf 

la 

la 

w r 

T 

T 

6'^ 

3 

3 

X 

3 

X 

3 

X 

X 

X 

X 

3 

Z AS 

J DS 

thin film/ 

thick film 
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Authors Model Expt. Real Method Ref 

type System 

Neykov and Georgiev, 1998 la SS 

Gajovic, Warsinke, Huang, la SS 

Schulmeister and Scheller, 1999 

Coclie-Guerente, Desprez, Diard la SS 

and Labbe, 1999 

Coche-Guerente, Desprez, Labbe la SS 

and Therias, 1999 

3 

3 

X 

3 

Electrode types: 

Ia/Ip/Ic\ amperometric/potentiometric/conductimetric enzyme-membrane|electrode 

IIa/IIp\ amperometric/potentiometric membrane|enzyme|electrode 

H\ Homogeneous case, amperometric only. 

Experiment types: 

T: Transient response 

SS: Steady-state 

CV: Cyclic voltammetry 

Real system: Indicates experimental results from an actual enzyme electrode were compared with 

the simulation. 

Simulation Methods: 

DS: Digital Simulation 

AS: Approximate Analytical Solution 
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1.2.7 Kinetic modelling in other types of biosensors 

The kinetic modeling methods discussed above can be applied generally to other types of 

biosensor and in this final section we will consider some of these. 

The main difference between amperometric enzyme electrodes and other types of biosensor is 

in the type of transducer employed and the signal measured. In addition to amperometric 

measurement, biosensors utilizing potentiometric, conductimetric, capacitative, optical, 

photometric, thermal and mass transduction have all been described in the literature. Fig. 1.6 

shows the types of kinetic process involved in the response of a generalized biosensor 

described by Bartlett and Toh [10]. 

Transducer 

Membrane separating 
biorecognition element 

from bulk solution 

Analytical 
signal 0 

/ 
Layer containing 
biorecognition 

element 

" • -4-

Transducer 
kinetics "mmokclar 

reaction 
kinetics 

5buik 

Bulk solution (static or 
stirred or flow system) 

Mass transport kinetics 

Figure 1.6 Schematic diagram of a generalized biosensor showing the various kinetic 

steps involved in its response towards a substrate. 
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1.2.7.1 Potentiometric enzyme electrodes 

In a potentiometric enzyme electrode the transducer measures the interfacial potential 

established at the electrode surface by reactants or products of the enzyme catalyzed reaction. 

In many ways the situation is similar that for the amperometric enzyme electrode. Substrate is 

converted into products at, or close to, the enzyme electrode surface, hence we still need to 

consider the interplay of mass transport and enzyme kinetics. The crucial difference is that 

there is no net electrochemical reaction so the boundary conditions at the electrode surface are 

different (now ds/dx is zero at the electrode surface) and the electrode potential is related to 

the surface concentrations through the Nemst equation. Thus the output potential of the 

electrode is related to the logarithm of the steady state concentration of the species being 

detected by the electrode. Once again both approximate analytical approaches and numerical 

methods can be used to model this type of biosensor. 

1.2.7.2 Optical and photometric biosensors 

Optical and photometric transducer-types have been widely employed in biosensors 

because of their high sensitivity and potential simplicity, especially when configured to use 

fiber optics. Optical measurements can be based on changes in refractive index, fluorescence, 

chemiluminescence or absorbance. Optical biosensors frequently make use of a dye indicator 

or a dye indicator-substrate complex. For example, using the integral form of Beer-Lambert 

law for the absorbance of dye indicator molecules, the transducer output is linearly related to 

the concentrations of the indicator and indicator-substrate complex integrated over the path 

length, /, of the sensor: 

(1.24) 

where and Q^s are the molar extinction coefficients of the free and complexed indicator 

dye respectively, and A{t) is the absorbance at time t. 
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The success of these techniques depends on the abihty of the dye indicator to bind specifically 

and reversibly to the analyte molecule: 

S + tn InS (1.25) 

If we assume that the reaction between the substrate and the dye is fast, the reaction between 

the dye indicator and the analyte can be described by an equilibrium constant: 

[InS] 

Then expressing the concentrations of indicator and indicator-substrate complex in terms of 

substrate concentration, and substituting into equation (1.24), a time-dependent expression 

relating substrate concentration to absorbance can be derived for a flow-cell detection system 

[47]. Note that analyses of optical biosensor responses in the literature seldom take into 

consideration the mass transport of substrate in the membrane or the bulk solution [48-50]. 

Apparent Michaelis constants can be obtained by plotting the initial rate of change of 

absorbance against substrate concentration [50]. 
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1.2.7.3 Immunosensors 

A popular use of optical transduction is in the area of immunosensors using fluorescently 

labeled antibodies. When the antibody binds to the antigen, the environment of the fluorescent 

label changes, this change in the physicochemical environment of the label causes a 

corresponding change in the fluorescence emission. Both steady-state and time-resolved 

methods have been used for analytical detection [51], as well as to determine the kinetics of 

the antibody-antigen binding reaction [52]. If the labeled antibody is immobilized at the 

sensor surface, or within a membrane, modeling the response will require a consideration of 

mass transport of the antigen as well as the binding kinetics. 

Another optical technique which can be used to study the binding interactions of 

biomolecules is the surface plasmon resonance (SPR) technique. In this case changes in the 

thickness, or refractive index, of a thin sensing film deposited upon a thin metal film in which 

surface plasmons are excited, causes a shift in the angular position of the reflected intensity 

minimum. The SPR technique is very sensitive to small changes in the optical properties at 

the metal surface. Thus the technique can be used to determine the amount of analyte bound 

to biorecognition elements immobilized on the sensor surface [53-55]. Other types of 

transducers used in immunosensors include capacitance [56, 57] and impedance 

measurements [58]. 

In all of these immunosensors, mass transport of the analyte in the membrane or the bulk 

solution is generally ignored because the biorecognition element (in this case an antibody) is 

often present as a monolayer with no overlayer. In addition the binding reaction is often much 

slower than mass transport (for example, it takes 35 min for equilibrium to be reached in the 

formation of the human serum albumin antigen-antibody complex [51]). 
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1.3. Conducting polymers and biosensors 

1.3.1. Introduction 

One of the historical events in the 'evolution' of conducting polymers was the accidental 

discovery of a free-standing polyacetylene conducting film by Shirakawa [57]. The 

subsequent discovery by Heeger, Shirakawa and MacDiarmid [58] that polyacetylene can be 

transformed from an insulating form to a highly conducting form by a simple doping process, 

sparked off intense research into these so-called 'synthetic metals'. Since then, conducting 

polymers have been used for numerous specialised applications including energy conversion 

and storage [59, 60], electrochromism [61], cation sensors [62], pH sensors [63, 64], gas 

sensors [65], enzyme transistors [66-68] and drug delivery systems [69]. Their widespread 

popularity lies not only in their interesting conductive property, but also the possibility of 

modifying their properties through side chain substitutions. Furthermore, these materials can 

be synthesized using electrochemical means. Short fabrication time, ease of preparation and 

the ability to control growth rate and amount of polymer deposited are the many advantages 

of electropolymerisation. The recent award of the 2000 Nobel Prize in Chemistry to 

MacDiarmid, Shirakawa and Heeger for their work on conducting polymers [70] is a further 

affirmation of the importance of conducting polymers for current and future applications. Not 

surprisingly, the field of conducting polymers has already found its way into biosensors 

within the last 20 years. 

It would appear that the 'marriage' of these two relatively new fitelds is analogous to the 

marriage of two 'pop' stars, carried out for the purpose of raising personal ratings. In order 

that we make an objective evaluation of the advantages of this 'marriage' and hence gauge its 

potential for future success, we should ask ourselves the following questions: 

i. What are the properties of conducting polymers which make them suitable in 

biosensor applications, and 

ii. Are there other properties of conducting polymers which have not been exploited in 

the field of biosensors? 
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In order to answer these two questions, we shall look briefly in the following sections, the 

unique electrochemical preparation method and electronic and electrochemical properties of 

conducting polymers and how these properties are being utilised in current biosensors 

applications. 

1.3.2 Electrochemical preparation of conducting polymers 

In this section, we look at the electrochemical synthesis of conducting polymers, which is the 

method of preparation employed in the works described in this thesis. We shall not discuss 

the chemical synthesis of conducting polymers, but one may refer to a good review written by 

It is generally accepted that the mechanism for electrochemical preparation of conducting 

polymers (for example poly(aniline)) follows the following pathway described in Fig. 1.7 

[72]. 

Polymerisation begins with oxidation of monomers to cationic radicals, followed by coupling 

of radicals. Coupling of two cationic monomer radicals give rise to a doubly charged dimer 

which loses two protons to achieve aromaticity in the rings. This attainment of aromaticity is 

believed to be the driving force for the deprotonation process. Further oxidation of the dimer 

produces the cationic dimer radical that reacts further with another cationic monomer radical. 

Thus, growth of conducting polymer proceeds through these step-wise reactions -

electrochemical oxidation, radical coupling and deprotonation reactions. An alternative 

pathway is the coupling of the chain radical with a neutral species by aromatic electrophilic 

substitution reaction [73, 74]. This coupling process continues until the oligomer formed is 

insoluble in the solution and precipitate onto the electrode surface. Polymer growth is, 

however impeded by the presence of reactive impurities. This is because the radicals react 

with these impurities and cause early termination of the polymerisation reaction, forming 

soluble short chain oligomers that cannot precipitate onto the electrode surface. This 

mechanism is presently widely accepted, but several questions regarding the rate-limiting step 

and the role of oligomers remain to be answered [75]. The review by Evans provides a 
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detailed discussion of the growth mechanism during electrochemical synthesis of conducting 

polymers [12]. 
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Figure 1.7 General reaction scheme for the polymerisation of aniline. 
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It was found that the growth process of conducting polymers during electrochemical 

polymerisation proceeds via a nucleation and growth mechanism, similar to the 

electrodeposition of metals [76-79]. The nucleation and growth process of conducting 

polymers is generally reported to proceed via nucleation, followed by three-dimensional 

growth [79, 80]. Although it was reported by some workers that only two-dimensional [76] 

or three-dimensional [77, 81] growth was observed for certain conducting polymers, after the 

initial nucleation process. The growth mechanism was found to be affected by polymer 

thickness [82] during galvanostatic growth and oxidation potential employed [83] during 

potentiostatic growth. 

1.3.3 Electronic properties of conducting polymers 

Conducting polymers are attractive conductive materials, in that their conductivities can be 

controlled by the level of doping, unlike metals which are intrinsically conducting. When 

undoped, conducting polymers are simply insulating plastics just like polyethylene. When 

doped, some can reach as high as 10^ S cm"' as reported for polyacetylene [84, 85]. 

Generally, conducting polymers possess conductivities in the semiconductor range, i.e. 10'̂  to 

10^ S cm"' according to a review [86]. The ability to vary and control conductivity through 

the doping process is an appealing feature, especially important for applications whereby 

controlled conductivity is required. 

Doping can take the form of oxidation (p-doped) or reduction (n-doped). Chemically, it is 

accomplished by the introduction of oxidants such as h or AsFs [87] or reductants such as 

electropositive metals [88] or reductive anions such as naphthalide [89] or by electrochemical 

oxidation or reduction of the polymer [90]. Electrochemical doping is carried out by applying 

a positive (oxidation) or negative (reduction) electrochemical potential upon the polymer. 

The electrolyte ions play the role of a dopant by diffusion into the polymer matrix during 

doping, in order to balance the charge acquired by the polymer. In this case, the doping ions 

are inert dopants and behave simply as counterions to the doped polymer. 
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How does doping transform conducting polymers from the insulating state to the conductive 

state? The simple band theory could not explain how conduction occurs in conducting 

polymers which are found to have wide band gaps similar to insulating materials. The 

current thinking is based on concepts of polarons (radical ions) and bipolarons (doubly 

charged ions), borrowed from physics to help fill the inadequacies of the simple band theory, 

shown in Fig. 1.8. 
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energy 

levels 
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Figure 1.8 

Heavily doped 

polymer 

Band Theory for electronic structure of conducting polymers 

The oxidative doping of polypyrrole proceeds in the following way. An electron is removed 

from the 71-system of the backbone producing a free radical and a positive charge. When the 

free radical and the cation combine, this creates new localised electronic states in the gap, 

with the lower energy states being occupied by a single unpaired electron. The electronic 

states are localised because local resonance of the charge and the radical cannot spread 

infinitely as this resonance bring about a distortion in the polymer structure which requires a 

considerable amount of energy. In the case of polypyrrole it is believed that the lattice 

distortion extends over four pyrrole rings. Upon further oxidation, the free radical of the 

polaron is removed, creating a new defect called a bipolaron (doubly charged ion). This is of 

lower energy than the creation of two distinct polarons. At higher doping levels it becomes 

possible that two polarons combine to form a bipolaron. Thus at higher doping levels the 

polarons are replaced with bipolarons. This eventually, with continued doping, forms into a 

continuous bipolaron band. Their band gap also increases as newly formed bipolarons are 

made at the expense of the band edges. For a very heavily doped polymer it is conceivable 

that the upper and the lower bipolaron bands will merge with the conduction and the valence 
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bands respectively to produce partially filled bands and metallic like conductivity. One can 

refer to the references cited in the review by Evans for more detailed discussion [12]. 

1.8.4 Electrochemical properties of conducting polymers 

In this section, we review the general electrochemical properties of poly(aniline) in terms of 

its dependence on pH, conductivities of the redox states and mass transport of ions, in 

particular when poly(anilines) were doped with large counter anions, as studied using cyclic 

voltammetry. This would provide insights into the electrochemical behaviour of 

poly(aniline)-poly(vinylsulfonate) films when cycled potentiodynamically in the absence and 

presence of calcium ions, discussed later in Chapter 3. 

The cyclic voltammetry of conducting polymers is characterized by broad non-Nemstian 

waves. Fig. 1.9 shows the cyclic voltammogram of a poly(aniline)-poly(vinylsulfonate) film 

between -0.2 V and 0.9 V and the generally accepted model for the transition between the 

three redox states in strongly acidic medium. We have chosen this as an example because in 

most of our work described in this thesis, we used poly(aniline)-poly(vinylsulfonate) modified 

electrodes. 

The electrochemistry of poly(aniline) is more complex than that of other conducting polymers 

such as poly(pyrrole) or poly(thiophene). Cyclic voltammograms of the latter conducting 

polymers generally comprise only one pair of redox peaks, attributed to the interconversion 

between one reduced and one oxidised polymer state. Whereas, in poly(aniline), there are 

large number of possible redox states and each one is pH-dependent, depending on its pK^ 

values. During potentiodynamic cycling in strong acids, poly(aniline) films exhibit two pairs 

of redox peaks due to transitions between non-conducting leucoemeraldine salt form and 

conducting emeraldine salt form and non-conducting pemigraniline base form, as shown in 

Fig. 1.9. The pH dependence for these two redox couples in the cyclic voltammogram of 

poly(aniline) films during potentiodynamic cycling has been briefly reviewed by Rourke and 

Crayston [91]. Below pH 1 and near the pAa value of leucoemeraldine form (which has a pÂ a 

value of about zero), the first redox couple shifts 59 mV per pH unit, representing a 2H^/2e" 

process for the oxidation of leucoemeraldine to emeraldine salt. The second pair of redox 

peaks shifts 120 mV per pH unit in solutions of pHs between 1 and 4, indicating a 4Ĥ /2e' 

process for the oxidation of emeraldine salt to pemigraniline [91]. 
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Figure 1.9 Cyclic voltammogram of a poly(aniline)-poly(vinylsulfonate) film in 1 M HCl at scan rate of 50 mV s ' \ showing transitions 

between the three different redox states of poly(aniline). The polymer film was deposited onto glassy carbon electrode (geometric area of 0.196 

cm^ and deposition charge of 100 mC cm'^). Polymer film was held at -0.2 V vs. SCE for 3 min prior to potential cycling. 
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The conductivity for each redox state in poly(aniline) can be rationalised in terms of 

the soliton/polarons/bipolarons model [72]. For example, the leucoemeraldine forms 

(protonated and deprotonated) do not have a conjugated polyene backbone and have 

no free electrons. Hence, it is non-conducting as predicted by the polarons model. 

Whereas, the protonated emeraldine form possesses two positive charges connected 

through a local resonance within the phenylimine ring, equivalent to a bipolaron. 

Magnetic susceptibility carried out on the emeraldine form however, supports the 

suggestion that these bipolarons separate into radical cations (polarons) in the 

emeraldine form of poly(aniline) [92], but the actual mechanism is still very much 

controversial [93]. For more detailed description, one may refer to the references 

provided by Evans in his review [72]. 

There is a general consensus that the redox process of poly(aniline) and other 

conducting polymers involves anion transfer, as well as cation transfer, during 

potentiodynamic cycling of the polymer films. However, the detailed mechanism and 

identification of the rate-limiting step in the redox reaction remain complicated [94]. 

In contrast, for a conducting polymer doped with large counter anions, the rate-

limiting step has been demonstrated to be limited primarily by cation transfer [95-97], 

Small ions, both cations and anions diffuse in and out of the polymer film, in order to 

maintain charge neutrality during oxidation and reduction of the film. In the case 

where the conducting polymer is doped with large polyanions, the polyanions remain 

immobilised within the conducting polymer film throughout potentiodynamic cycling 

of the film. Hence, the redox process would not be limited by mass transport of 

negatively charged anions, but by the other charge neutralisation process which is the 

mass transport of cations. Chang and Huang have observed that the redox peak 

currents during potentiodynamic cycling of the polymer film are affected by the type 

of cation present in the electrolytic solution, giving low redox currents for large 

cations [97]. This can be expected if we assume that the conducting polymer-

polyanion system behaves in a similar way to an acid cationic exchange resin. It will 

exchange its internal cations (protons because it is prepared in acidic solution) with 

other cations (such as N a \ Ca^^ or H^) which diffuse into the film from the external 

electrolyte solution. The exchange of anions is not favoured because the large 

polyanions within the film are not as mobile as the small anions in the external 

32 



Chapter 1 - General Introduction Chee-Seng TOH 

electrolyte solution. If there is a difference in the mobihties of the ions moving 

into/out of the film, this will bring about a difference in charge across the 

film/electrolyte interface. Hence, an electrical potential difference is set up across the 

film/electrolyte interface, this potential difference is known as the Donnan potential. 

The Donnan potential develops to oppose the movement of ions down their chemical 

potential gradient. When the electrical potential difference across the film/electrolyte 

interface balances the chemical potential difference which drives ionic diffusion, then 

there will be no net movement of ions - the electrochemical potentials in the two 

phases will be equal. 

B 

Give rise to non-
electroactive 

Poly(aniline) film 

p H 7 / \ / \ / Poly(aniline) 
/ W polymeric anion 

O small anion, e.g. CI" 
protons, + 

Give rise to 
electroactive 

Poly(aiiiline) film 

Figure 1.10 Diagram showing the movement of ions into and out of a (A) 

poly(aniline)-anion and (B) poly(aniline)-polyanion films 

Similarly, a Donnan potential will be set up if the external electrolyte solution 

contains the same cation (e.g. H^) as in the film. For example, when a PANI-PVS 

film is immersed in a pH 7, 0.1 M buffer solution after being prepared from a solution 

of pH 0, the internal pH of the film will will be much lower than pH 7 at equilibrium. 

This is because a Donnan potential is set up to oppose further egress of the protons 

from the film. The internal pH of PANI-PVS for such a case was calculated and 

verified with experimental data [98]. It has been shown that poly(aniline) films doped 

with small anions become electroinactive at pH greater than 3 or 4 [99-101]. Low 

pHs are required for the protonation of the emeraldine form of poly(aniline), which is 
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the conducting and electroactive state of the polymer. Hence, the advantage of 

employing large polyanions as the counter ions for poly(aniline) is to maintain a low 

internal pH, despite the high pH of the external solution. This advantage has been 

exploited in the applications of poly(anilines) doped with polyanions as NADH 

biosensors at pH 7 [11-13]. 

An interesting phenomenon has been observed during potentiodynamic cycling of 

poly(aniline), which is the first cycle exhibits a higher anodic current, compared with 

the subsequent cycles. This is known as the "first cycle effect". The origin of this 

effect is complex and has been explained by several authors to be due to a slow 

insertion of ions and solvent molecules into the polymer film, as well as slow 

morphological changes of the polymer [102-104]. These changes took longer times 

compared to sweep rate, hence the polymer was not returned to the same initial state 

after the first cycle. In order to overcome this problem, most workers compared only 

the second and subsequent cycles which reflects the dynamic switching behaviour of 

films which contain residual oxidised species [102, 105]. Alternatively, the polymer 

film can be reduced fully at an initial negative potential for a long time until the 

reduction charge was negligible. The behaviour of the polymer under different 

conditions during the first cycle can thus be compared since its initial state was 

always at the fully reduced state. This method has been employed in the work 

carried out for the characterisation of poly(aniline)-polyanion films using cyclic 

voltammetry in our group. Both methods were employed for comparing the 

behaviour of poly(aniline)-poly(vinylsulfonate) films during cyclic voltammetry in 

the work described in this thesis. The former was employed for cases when full 

reduction of the polymer was not desirable, for example, during the study of polymer 

electroactivity after cation uptake by the film. 
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1.3.5 Current application of conducting polymers in biosensors 

Because of the ease of polymerisation and ability to control the polymer growth 

process, electrochemically synthesised conducting polymers were introduced in the 

late 1980s as a way for enzyme entrapment in a polymer matrix [106-108], This very 

simple and attractive approach involves the electropolymerisation of a conducting 

polymer on the electrode surface starting from an aqueous buffer containing a 

monomer and the enzyme. The conducting polymers employed include polypyrrole 

[106, 109, 110], polythiophene [111, 112] andpolyaniline [113, 114]. 

This ability to entrap biomolecules using electropolymerised conducting polymer 

films has great potential in biosensor applications since the electropolymerisation 

process is one-step and rapid, and involves only electrochemical procedures. This 

means that fabrication of biosensors is not limited by electrode size and design. For 

example, in-situ fabrication of glucose or lactate biosensors in the electrochemical 

flow-through cell of a flow injection apparatus has been demonstrated [115, 116], as 

well as fabrication of biosensors onto micro-transistors of micrometer dimension has 

been reported [66, 67]. 

Since the polymer film is conducting, its growth is not restricted and can be varied 

according to the amount of charge passed during the growth process. This advantage 

of controlling the film thickness via amount of deposition charge passed means that 

the amount of entrapped enzyme can likewise be controlled, assuming that the 

enzyme is entrapped evenly within the film. This however remains very much an 

assumption because the mechanism for enzyme incorporation such as glucose oxidase 

during the polymerisation process has not yet been fully elucidated. One may refer to 

the reviews by Schumann [117] and Palmisano et al. [118] in order to appreciate the 

difficulty in obtaining direct evidence on the mechanism for enzyme entrapment by 

the conducting polymer films. 
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The second rationale for using conducting polymers in biosensors is the ability to 

'tailor' the polymer matrix by choosing an appropriate starting monomer or 

appropriate electrochemical procedure. For example, Palmisano et al. prepared a 

perm-selective polymer matrix by intentionally overoxidising polypyrrole films [118]. 

This permselectivity has been attributed to an increased occurrence of carbonyl and 

carboxylate groups in the polymers as indicated by X-ray photoelectron spectroscopy. 

Such an overoxidised polypyrrole film has the capability of rejecting common 

electroactive interferents such as ascorbic acid, paracetamol, uric acid and cysteine). 

Other tailoring methods to achieve permselectivity properties include varying the 

electropolymerisation conditions and have been described by Wang et al. [119]. 

Cosnier et al. used another approach in which they vary the polymer permeability 

towards redox probe such as ferrocene and decamethylferrocene, by employing 

anions of different sizes in the monomer solutions [120]. Another use of 'tailor-

made' conducting polymers is in the area of covalent immobilisation of enzymes. For 

example, polymerisation of pyrrole occurs via the 2 and 2' positions, leaving the N-

and 3- positions free for adding additional functionalities such as carboxylate or 

amino groups, which are available for binding to enzymes using a coupling reagent 

[121 , 122]. 

Some workers have extended this ability to grow 'tailor-made' conducting polymers 

and to control their growth process, to a design where different enzymes were 

entrapped by growing the conducting polymer sequentially. Hence, allowing one to 

fabricate multi-enzyme biosensors under a well-controlled condition [110, 123-125]. 

This multilayer approach also allows one to fabricate permselective biosensors where 

the polymer-enzyme layer was grown over a permselective film (such as overoxidised 

polypyrrole), prior to the overoxidation step, in order to reduce interferences from 

electroactive species [126]. 

The third rationale for using conducting polymers in amperometric biosensors was to 

provide an electronically conducting matrix for electrical wiring of the enzyme [127, 

128]. We know that conducting polymers have the capability of eletrocatalytically 

oxidising biological molecules such as NADH [11-13] and ascorbic acid [129-131]. 

This was proposed to be due to lowering of the overpotentials at bare electrodes via 
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hydride transfer process between polymer and molecules [132, 133]. However, in the 

design of conducting polymer wired enzymes, finding a suitable electrocatalyst is not 

the only consideration. There is also the need to consider the relative position of the 

enzyme redox sites, which may not be exposed at the enzyme surface and therefore, 

could not diffuse freely like the smaller redox active biological molecules. For 

example, although direct electron transfer from GOD active sites via polypyrrole 

chains has been claimed [134], the process is generally inefficient and require special 

conditions such as growth of the polymer within the pores of a membrane [135, 136] 

or use of extremely dense polymer films [137]. This difficulty in electron transfer 

between glucose oxidase and polypyrrole has been attributed to the poorly accessible 

active site of glucose oxidase which is buried about 13 A within the enzyme [117]. 

Direct electron transfer between electrode and enzyme has been reported for the 

polypyiTole-entrapped quinohemoprotein alcohol dehydrogenase enzyme [138]. The 

mechanism was believed to be via the conducting polymer chain, through a 

cooperative action of the prosthetic groups - pyrroloquinoline-quinone and hemes, 

which reduces the electron transfer distance, hence facilitating electron transfer 

between the enzyme active sites and the conducting polymer. 

Another enzyme which was reported to show direct electrochemical communication 

between conducting polymers and enzyme was the horseradish peroxidase enzyme 

[66, 139-141]. Horseradish peroxidase appears to be more efficiently wired to the 

conducting polymer compared to glucose oxidase, giving higher amperometric current 

at the electrode. This is probably because of a more accessible prosthetic group as 

suggested by Wollenberger et al. [142]. For a more detailed review on direct electron 

transfer between electrode and enzymes via the conducting polymer chains, one may 

refer to a recent overview written by Schumann and co-workers [143]. 
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1.4. Conclusion 

In the first part of this introduction chapter, we have described the methodology 

employed in deriving a kinetic model for an amperometric biosensor. We have also 

presented a summary of the literature on current kinetic models applied to enzyme 

electrodes from 1992 to present, as well as describing the general kinetic model 

approach employed in other types of biosensors. In the second part of this chapter, 

we presented a brief overview of the electrochemical synthesis of electronically 

conducting polymers and their unique electronic and electrochemical properties. In 

the latter, we have also included a more detailed discussion of the electrochemical 

behaviours of conducting polymers doped with large counter anions. In the final part 

of this chapter, we briefly described current applications of conducting polymers in 

biosensors, with emphasis on how the unique properties of conducting polymers are 

being exploited to complement and enhance the performance of biosensors. These 

brief overviews should provide the reader sufficient background knowledge to 

appreciate the content of this thesis. 
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Chapter 2 - Materials and Methods 

2.1 Chemicals and solutions 

All aqueous solutions were freshly prepared using water purified by a Whatman RO 

50 and a Whatman 'still plus' system. Aniline (99.5%, Aldrich) was distilled under 

vacuum prior to use and stored under argon (4 "C). Hydrochloric acid (37%, BDH), 

sodium hydroxide pearls (96.0%, BDH), disodium hydrogen orthophosphate (99.5%, 

BDH), tris(hydroxymethyl)aminomethane or TRIS (Analar grade, BDH), 

poly(vinylsulfonic acid) (PVS) supplied as a sodium salt solution in water (25%, 

Aldrich), poly(styrenesulfonic acid) sodium salt (PSS) was supplied as a powder of 

average Mw ca. 70 000 (Aldrich), cellulose dialysis membrane (Sigma), P-NAD^ 

(99%, Sigma), p-NADH (disodium salt, 98%, Sigma), ethanol (99.7%, BDH), 

calcium chloride dihydrate (99%, Aldrich), magnesium chloride hexahydrate (99%, 

Aldrich), barium chloride dehydrate (99%, Aldrich), zinc chloride (98%, Aldrich), 

sodium chloride (99.5%, Aldrich), potassium chloride (99.5%, Aldrich), ferrocene 

methanol (98%, Aldrich) and D2O (Aldrich) were all used as received. 

2.2 Equipment 

Electrochemical polymerisation of conducting polymer was carried using an EG&G 

potentiostat model 263A and its research electrochemistry software model 270/250. 

A standard three-electrode system was employed consisting of a working electrode, a 

large area platinum gauze counter electrode and reference electrode. The working 

electrode used was a glassy carbon electrode (geometric area = 0.196 cm^, Oxford 

Electrodes) polished down to a mirror finish using first a slurry of 1.0 |u,m and then 

0.3 jLim alumina (Buehler). All potentials were reported with respect to a home-made 

saturated calomel (SCE) reference electrode with a potential difference of less than ±1 

mV relative to a commercial SCE reference electrode (Coming). 
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For steady-state experiments as well as rotation speed studies, experiments were 

carried out using a rotator (Oxford Electrodes) used in conjunction with ministat 

potentiostat (Thompson Electrochem), Bryans 60000 XY/t chart recorder and Keithley 

175A digital voltmeter. 

A high impedance pH meter (Coming) was used for measuring the change in polymer 

potential in the presence of calcium ions. Polymer potential was measured with 

respect to SCE. 

UV-Visible studies were performed using a Hewlett-Packard (8452A) UV-Visible 

spectrophotometer. 

High resolution magic angle sample spinning solid state (HR-MAS) and liquid state 

NMR experiments were carried out in the University of Bordeaux, using a Bruker 

Avance DPX 400. ^'P NMR spectra were acquired at 162 MHz using a phase-cycled 

Hahn-echo pulse sequence with gated broad band proton decoupling. Typical 

acquisition parameters were as follow: spectral window of 10 kHz; n i l pulse widths 

ranged from 5.5 to 7 |j,s depending on sample composition; interpulse delays were of 

30-50 p.s and a recycle delay of 5 s was used. Typically, 64-8 k acquisitions were 

recorded with deuterium (D2O) lock and quadrature detection was used in all cases. 

Samples were allowed to equilibrate for at least 30 min at 27°C before the NMR 

signal was acquired; the temperature was regulated to ± 1°C. The spinning speed at 

the magic angle (MAS) was set to 5 kHz in all solid state experiments. For liquid 

samples regular glass tubes of 5 mm diameter (400)LI1) were used, whereas solid 

samples were placed in 4 mm diameter HR-MAS zirconia rotors (50pl). 

Phosphorus Tiz relaxation times were recorded using the inversion Hahn-echo pulse 

sequence 180°-ti-90°x-T-180°y-T-acq. The delay tiwas varied from 1 ms to 5 s. At 

least 20 tj values were used to map out the inversion-recovery curves. The recovery of 

the magnetization after a 180° pulse followed a single exponential from which Tiz 

was obtained using Bruker software. 
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2.3 Methods and procedure 

2.3.1 Deposition of conducting polymers 

Poly(aniline) (PANI)/poly(vinylsulfonic acid) (PVS) and polyaniline 

(PANI)/poly(styrenesulfonic acid) (PVS) films were deposited from a solution 

containing 0.44 mol dm'^ aniline, 22.5 % PVS and 1.88 mol dm'^ H2SO4 using cyclic 

voltammetry at a scan rate of 50 mV s"' from -0.2 V to 0.9 V for the first scan and 

-0.2 V to 0.78 V for the subsequent scans. The films were then washed with 

2 mol dm"^ H 2 S O 4 and characterised in strong acid solutions such as H 2 S O 4 or HCl. 

2.3.2 Treatment of dialysis membrane 

The dialysis membrane was washed in running tap water for 3 h, followed by 

deionised water for 30 min to remove glycerol. It was then treated with 0.3% (w/v) 

solution of sodium sulphide at 80 "C for 1 min, followed by acidification with a 0.2% 

(v/v) solution of sulphuric acid to remove the sulphur contaminants. It was rinsed 

with hot water to remove the acid and then stored in deionised water at 4 "C. 

2.3.3 Sample preparation for solution and solid-state NMR 

For solution NMR, 320 jil of PSS (37.5 |uiM in 0.1 M Tris-HCl buffer, pH 8.0) was 

mixed with 80 of NADH (20 mM in D2O, 0.1 M Tris-HCl buffer, pH 8.0) to give 

final PSS and NADH concentrations of 30 fxM and 4 mM, respectively. For solutions 

prepared with Ca^^, 1.0 M calcium chloride was dissolved in the 400 ^1 solutions. 

For solid state NMR, 2.0 ml of 4 mM NADH buffer solution was added to 25 mg of 

PANI-PSS powder in the NMR tube. The buffer solution was made up from 1.6 ml of 

0.1 M Tris-HCl buffer (pH 8) and 0.4 ml (i.e 20%) D2O. The mixture was sonicated 
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for 10 min to facilitate thorough mixing of the NADH solution and the polymer 

particles. The mixture was kept at 4 °C for 2 hours. After which, the mixture was 

sonicated again for 5 min and the polymer particles suspension was allowed to settle 

at the bottom of the vial. The clear solution was removed by decanting, followed by 

filtration. This leaves fine polymer particles that are re-suspended in 50 p,L D2O and 

poured into the 4mm zirconia rotor. A similar procedure was carried out to equilibrate 

PANI-PSS powder with NADH in the presence of ions. 1.0 M CaClz in 4 mM 

NADH buffer solution was used in the place of 4 mM NADH alone in buffer solution. 

The other conditions and procedure remain the same. 
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Chapter 3 - The Membrane Enzyme Electrode 

A Stepwise Approach to Understanding Kinetics 
of Dehydrogenase Enzyme Electrodes 

3.1 Introduction 

The development of modified electrodes exhibiting electrocatalytic activity towards 

the oxidation of nicotinamide adenine dinucleotide (NAD^/NADH) continues to be an 

area of great interest in biosensors. There are over 300 dehydrogenases that use 

NAD^/NADH as a coenzyme and these NAD^ dependent dehydrogenases catalyse the 

redox reactions of numerous compounds of interest such as ethanol, lactate, glutamate 

and malate [1], Amperometric enzyme electrodes based on NADH dependent 

dehydrogenase enzymes have been described in the literature where the substrates of 

interest were ethanol [2, 3], lactate [4, 5], glutamate [6] and malate [7], 

Direct oxidation of NADH at pH 7 requires the application of a large overpotential at 

bare electrodes at pH 7 [8]. As a result, it is necessary to use a redox mediator or 

modified electrode [9] to achieve electrocatalytic oxidation of NADH at lower 

oxidation potentials. Poly(aniline)-poly(anion) composite films have the advantages 

that the films can be electrochemically deposited onto the electrode's surface, the 

polymer is conducting at pH 7 and that the poly(aniline) prevents fouling of the 

electrode surface [10]. Polymeric counter anions such as poly(vinylsulfonate), 

poly(styrenesulfonate) and poly(acrylate) have been used as poly(aniline)-polyanion 

composite films for the electrocatalytic oxidation of NADH [10-12]. 

In this chapter, our aim was to determine the rate-limiting step in the kinetics for yeast 

alcohol dehydrogenase based amperometric biosensors using the poly(aniline)-

poly(vinylsulfonate) composite. The response of an amperometric biosensor may be 

limited either by mass transport, enzyme kinetics or the polymer-coenzyme kinetics. 

In order to vary these kinetic properties of the biosensor, we used a membrane 

electrode design that allowed us to control an important parameter of the biosensor, 

which was the amount of enzyme trapped behind the membrane. In addition, enzyme 
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kinetics is unaffected by entrapment behind membrane, so we can use homogeneous 

values (not necessarily true if enzyme is covalently bound). The enzyme catalytic rate 

is proportional to the amount of enzyme, under normal conditions where the substrate 

concentration is much greater than that of the enzyme. At the same time, we can vary 

the mass transport kinetics properties for the biosensor in a stepwise manner through 

the variation of the membrane thickness as well as the spacer distance between the 

membrane and electrode. In the following sections, we present the results of these 

experimental studies and explain the response of the alcohol dehydrogenase 

membrane electrode in terms of a reversible enzyme kinetics model. 

3.2 Alcohol dehydrogenase electrode based on poly(aniline)-

poly(vinylsulfonate) electrode 

3.2.1 Choice of experimental conditions and the membrane enzyme electrode 

design 

We have carried out all of our experiments on the membrane enzyme electrode using 

the same polymer deposition charge of 380 mC cm" .̂ For a larger deposition charge 

of 510 mC cm"^, the steady-state current response of the polymer film towards NADH 

was similar for NADH concentrations between 0.1 and 1 mM. Bartlett et al. have 

shown that for thick poly(aniline)-polyanion films, the electrocatalytic oxidation rate 

of NADH at the polymer films was much greater than the permeability of NADH 

within the film [10]. Hence, the NADH concentration falls to zero within the film and 

electrocatalytic oxidation of NADH is not limited by film thickness. This condition, 

where slight deviations in film thickness do not affect the response towards NADH, 

ensures high reproducibility of the membrane enzyme electrode in its response 

towards ethanol. Furthermore, the high current output towards NADH for thick films 

is ideal for achieving high sensitivity towards ethanol using a dehydrogenase 

biosensor based on poly(aniline)-poly(vinylsulfonate) films. 

From the experience and knowledge gained in the research group, we know that 

poly(aniline)-polyanion films undergo deprotonation at high pH, reducing the 

concentration of electrocatalytic sites. On the other hand, the enzyme (yeast alcohol 
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dehydrogenase, YADH, E.G. 1.1.1.1) is stable at pH between 6.0 and 8.5 [13]. 

Therefore, all the experiments were conducted at pH 7.0, where both polymer and 

enzyme retain high activities towards NADH and ethanol, respectively. We did not 

attempt to study the effect of pH on the steady-state current response of the membrane 

enzyme electrode because it was very difficult to separate the influence of pH on the 

enzyme rate constant and the polymer-NADH electrocatalytic rate constant. The 

effect of pH on the response of the membrane enzyme electrode towards ethanol was 

further complicated by hydrolysis of NADH and NAD^ in aqueous solution which 

were pH dependent [8]. 

For the same reason, we avoided the study of temperature on the steady-state current 

response towards ethanol by the membrane enzyme electrode since both enzyme 

activities [14] and poly(aniline)-poly(vinylsulfonate) polymer electrocatalytic 

oxidation of NADH, increase with temperature. The latter was determined from 

steady-state amperometric response towards NADH obtained for two films of similar 

deposition charge (380 mC cm"^) at 25 °C and 35 °C. Therefore, for all experiments, 

we set the operating temperature at 35 °C. Above this temperature, the yeast alcohol 

dehydrogenase undergoes denaturation and loses its catalytic activity [15]. 

Consequently, we concentrated on changing the mass transport rate and enzyme 

catalytic rate only, while keeping the polymer-NADH electrocatalytic rate constant 

fixed. This was carried out by varying the enzyme loading behind the membrane, 

membrane thickness, spacer distance, coenzyme (NAD"^) concentration and L-lysine 

concentration in the following section 3.4. L-lysine was used to remove the product, 

ethanal, as we know from literature that L-lysine reacts with aldehydes [15-18]. The 

design of the membrane enzyme electrode used for these studies is described 

schematically in Fig. 3.1. 
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Figure 3.1 Construction of a membrane]enzyme electrode 

First, the glassy carbon rotating disc electrode was coated with a poly(aniline)-

poly(vinylsulfonate) film (deposition charge of about 380 mC cm"^) using 

potentiodynamic polymerisation. The enzyme electrode was then layered with a 

spacer (double sided tape, paper coated with high tack adhesive, Guilbert Niceday), 

yeast alcohol dehydrogenase (B.C. 1.1.1.1; freeze-dried powder, Biozyme) enzyme 

solution, cellulose dialysis membrane (Sigma, molecular weight cut-off of 12 400) 

and 0-ring (Neoprene®, James Walker) in order as shown in Fig. 3.1. The excess 

membrane was cut off and the remaining was wrapped tightly with teflon tape. The 

thickness of the spacer and membrane were measured by stacking 5 and 8 layers 

respectively and measured using Vernier calipers (resolution + 20 (am). The main 

problem encountered in the fabrication of enzyme electrodes was bubbles being 

trapped behind the membrane. One way to overcome this was to ensure that the 

enzyme solution sticks to the membrane by surface tension as it was lowered into 

position and the solution spread over the areas of the spacer and electrode. In the 

next section, we investigate the steady-state amperometric response towards ethanol 

for membrane enzyme electrodes fabricated using the method described above. 
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3.2.2. Reproducibility of the current response towards ethanol and preliminary 

kinetic analysis of the experimental data 

In this section, we prepared a membrane enzyme electrode based on the method 

described in the previous section 3.2.1. A buffer solution (0.1 M phosphate, pH 7) 

containing 1.5 mM NAD^ was used for the preparation of the enzyme solution 

trapped behind the membrane. The same buffer solution was used for the bulk 

solution (thermostated at 35 °C) into which the membrane electrode was immersed. 

The membrane electrode was rotated at a constant rotation speed, with a constant 

potential of +0.1 V (vs. SCE) applied for about 15 min until the baseline current 

stabilized. Aliquots of ethanol were added into the bulk solution and the steady-state 

current responses of the membrane electrode were recorded using a chart recorder. 

The response for three membrane enzyme electrodes prepared using the same rotating 

disc electrode is shown in Fig. 3.2. 

There was good reproducibility between the data obtained from three membrane 

electrodes prepared using the same carbon rotating disc electrode and freshly prepared 

polymer films and enzyme solutions, and freshly laid membranes and spacers. 

Reproducibility of response towards ethanol was important to this work in order to 

establish whether an experimental result was due to experimental errors or the result 

of varying the physical parameters that influenced the rate-limiting step. It must be 

mentioned that the membrane enzyme electrode was fabricated using four different 

components (polymer film, spacer, membrane and enzyme solution) and each 

component was prepared separately using a preparation procedure that involved more 

than one step. The reproducible result in Fig. 3.2 is therefore excellent in view of the 

many possible sources of error during the membrane electrode preparation. The result 

also indicates that this membrane enzyme electrode design was appropriate for 

determination of the rate-limiting step in the kinetics of yeast alcohol dehydrogenase 

amperometric biosensors. 
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Figure 3.2 Current response towards ethanol recorded at +0.1 V vs SCE at three 

membrane enzyme electrodes prepared separately using the same glassy carbon 

electrode with freshly assembled membrane, spacer, polymer film and 0.5 mM 

enzyme solution. The membrane electrodes (with geometric area of 0.196 cm^) were 

rotated at 9 Hz in 0.1 M phosphate buffer (pH 7) containing 1.5 mM coenzyme 

NAD^. The temperature of the buffer solution was thermostated at 35 °C throughout 

the experiment. Solid line through the points was obtained by calculation using eqn. 

(3.1). 

In order to determine if the data yield appropriate kinetic values, we fitted the data to 

the coupled reaction-diffusion model described by Albery and Bartlett [19], which 

assumes that there is no concentration polarisation behind the membrane and no 

product inhibition; 

'bulk 
k\ 

' b u l k 

K, ME 
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Ku 

where —-— = — ^ — 4 — and K. -
- L _ + JL 

where j and b̂uik represent the flux and bulk substrate concentration; and ĉat are 

the Michaelis constant and maximum first order rate constant for the enzyme-

substrate reaction respectively; gg and L refer to the total enzyme concentration 

behind the membrane and enzyme layer thickness respectively; ^mem,s is the 

membrane mass transport rate constant for substrate and is the heterogeneous rate 

constant for substrate oxidation at the electrode. 

To simplify the analysis further, we assume that the rate constant for electrochemical 

oxidation of NADH, k̂  is not limiting for a thick polymer film, the condition which 

we have chosen for all the experiments. Hence, -̂ me reduces to ^ ^ M ' , 
mem,S J 

There was a good fit of the experimental data to eqn. (3.1) as observed in Fig. 3.2 and 

the following best fit parameter values obtained were; 

tiFe^Lk^^^ = 15.55 + 0.47 pA cm"^ 

Ku = 0.71 + 0.06 mol dm"̂  

= 40.7 + 26.1 pA mM"' cm'^ 

The large error for the mass transport parameter, nFkmem,s, suggested that the response 

was determined mainly by the enzyme kinetic terms, nFe^Lk^^^ and ^m- Also, if we 

compare the value of wMmem.s with the slope of the plot in Fig. 3.2, determined by the 

second order enzyme catalytic rate constant, riFe^Lk^^JKM, we find that the mass 

transport term, nFkmem.s, was at least 2000 times larger. Clearly, the mass transport of 

substrate is not limiting the steady-state current response of the membrane enzyme 

electrode. However, if we compare the enzyme electrode .ATw value with the Km 

value for the enzyme reported in the literature, which is 0.013 M [20], we find that 

they are different by a factor of 50. We then decided to compare the enzyme catalytic 

activity, k^st, obtained in a homogeneous solution with that determined from the 
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membrane enzyme electrode by fitting experimental data to eqn. (3.1). The activity 

of yeast alcohol dehydrogenase in a homogeneous solution was determined by 

following the absorbance of NADH at 340 nm, after mixing ethanol, enzyme and 

coenzyme, NAD^. The procedure was carried out using conditions similar to the 

protocol provided by the enzyme supplier, Biozyme. The protocol was modified 

slightly to keep the conditions similar to the experimental conditions for the 

membrane enzyme electrode, thus the buffer concentration used was 0.1 mol dm" ,̂ 

instead of 0.05 mol dm'^ and the pH used was 7.0, instead of 8.8. The activity of 

yeast alcohol dehydrogenase obtained from this homogeneous enzyme kinetic assay 

was found to be 272 U where one U refers to one micromole of NAD^ converted into 

NADH per min for every milligram of enzyme (based on a molecular mass of 148 

000 g mof ' ) . This value was reasonably close to the value provided by the supplier, 

Biozyme, which was 213 U. For a spacer distance of 140 jam and enzyme 

concentration of 0.5 mM, we estimated the enzyme catalytic rate constant, ĉat would 

be 525 s ' \ However, the value calculated from the best fit parameter, nFe^Lk^^^ was 

only 0.0110 s"'. Clearly, both apparent Ku and ĉat values do not correspond to 

homogeneous enzyme kinetic values, even though from the plots in Fig. 3.2, we 

observed that the experimental data and the best fit curve agree closely with each 

other. The reason for this discrepancy between the best fit values obtained by fitting 

the experimental data to eqn. (3.1) and the enzyme homogeneous kinetics values is 

not immediately clear. Possibly, the assumptions made during derivation of eqn. 

(3.1), were inappropriate for the membrane enzyme electrode described in this work. 

Before we proceed to explore this possibility and find a more suitable model for the 

membrane enzyme electrode, we need to validate the earlier conclusion that the 

membrane enzyme electrode response was not limited by mass transport. 

To determine whether the steady-state current response of the membrane enzyme 

electrode was limited by mass transport, we need to first obtain realistic mass transfer 

rate constants of the species involved (NADH, ethanol and ethanal) within the 

membrane as well as in the enzyme solution behind the membrane. We can then 

compare these values to the kinetic data for the membrane enzyme electrode and find 

out if the latter was limited by the mass transfer kinetics. However, ethanol and 

ethanal are not electroactive at carbon or noble metal electrodes. Therefore, in the 
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following sections, we employed a reversible redox probe, ferrocene methanol, as a 

model compound for this purpose. 

3.3 Determination of the diffusion coefficients of ferrocene methanol 

In the following work, ferrocene methanol/ferrocenium methanol was chosen as the 

redox probe because among the various reversible redox couples, it is most similar to 

ethanol, being neutral and having an alcoholic functional group. Determination of the 

mass transfer coefficients of ferrocene methanol in the aqueous solution, enzyme 

solution behind the membrane and the membrane itself, were carried out using the 

rotating disc electrode. From these experimentally determined mass transfer 

coefficients for ferroence methanol, we then derived estimates for the corresponding 

mass transfer coefficients of ethanol and ethanal. 

3.3.1 The model 

Under steady-state conditions and in the mass transport limiting regime, the 

concentration profile can be described schematically in Fig. 3.3A, where the diffusion 

layer thickness, X-o, is related to the kinematic viscosity v(cm^ s"') and rotation speed 

W (Hz) as follows; 

= 0.643 (3.2) 

The steady-state current density, i, is described by: 

z = nFWbuik (3.3) 

and the mass transfer coefficient, 

kD=DjXu, (3.4) 

where Do = diffusion coefficient of S in solution. 
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Substitution of eqns. (3.2) and (3.4) into eqn. (3.3) gives the Levich equation [21]: 

/ = 1 . 5 5 4 M ^ / ' ( 3 . 5 ) 

where W\& in Hz. 

For a membrane electrode where the membrane is separated from the electrode by a 

spacer, the steady-state current is related to the concentrations as follows: 

i IlFA^o(.S'bulk '^mem,out) ( ^ • ^ ) 

i ~ llF̂ mem-̂ ('̂ mem,out ~ '̂ memjn) (^•'^) 

i ~ nFA: D-̂ memjn C^'^) 

where the definitions for the different terms are given in Fig. 3.3. 
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Figure 3.3 Schematic diagram showing the mass transport kinetic processes occurring under steady-state condition, at (A) a bare rotating 

disc electrode and (B) a membrane coated rotating disc electrode, for the oxidation of ferrocene methanol at mass transfer limiting potential, kx), 

M̂EM and A:'D refer to the mass transfer rate constants of S in the solution, membrane and solution behind the membrane, respectively. K refers to 

the partition coefficient for S into the membrane, s refers to the concentration of the substrate. Subscripts 'bulk', 'mem,out' and 'mem,in' refer 

to the various locations: bulk solution, membrane|external solution interface and membrane|internal solution interface, respectively. 4 and are 

the spacer distance and membrane thickness, respectively. 
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Solving eqns (3.6) to (3.8) gives: 

f 

i = nF 
D + ^ D ^ m e m ^ D 

'bulk (3.9) 

i = nF 

- + 
, ^ 'o ^mcm^ 

%r L L 

'bulk (3.10) 

where Do, D\ and Dmem refer to the diffusion coefficients of S in the external 

solution, internal solution and membrane, respectively. 

1 

^ n 

1 

D' 
(311) 

Each of the three terms in eqn. (3.11) can be readily identified as the mass transport 

processes in the external bulk solution, in the membrane and in the internal solution 

behind the membrane, respectively. The advantage of using eqn. (3.11) is that it is 

easy to identify the different limiting cases within the reciprocal equation. For 

example, in the case where L and 4 tend to zero, i.e., when there is no membrane and 

spacer, eqn (3.11) reduces to eqn (3.3) as expected. 

3.3.2 Results and discussion 

The potential of the electrode was set in the mass transfer limiting region for the 

oxidation of ferrocenemethanol, 0.35 V, determined from slow potential sweep (1 mV 

s"') rotating disc electrode experiments. At this potential, the current generated by 

oxidation of ferrocenemethanol was limited by the rate at which the redox species 

arrived at the electrode surface. Therefore, there will always be zero concentration of 

ferrocenemethanol at the electrode surface. Experimental data were obtained for 
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rotation rates ranging from 4 to 30 Hz and for concentrations of ferrocene methanol 

up to 138.2 pM, the upper range being limited by its solubility in phosphate buffer. 

To measure the mass transfer rate constant of ferrocene methanol in the membrane, 

the same membrane electrode was made, but without the polymer and coenzyme. The 

concentration profile for a membrane electrode under steady-state and mass transfer 

limiting conditions, is described schematically in Fig. 3.3B. Three different 

conditions were used - without membrane, with membrane/buffer solution behind the 

membrane and membrane/enzyme solution behind the membrane. The results are 

plotted using the Levich plot in Fig. 3.4. Curve fitting for the bare electrode was 

carried out using the software SigmaPlot version 6.0. The diffusion coefficient of 

ferrocene methanol, Z>o,FcMeOH, was determined from experiments using a rotating disc 

electrode without a membrane. The diffusion coefficient for ferrocene methanol 

calculated from 70 data points using Levich eqn.(3.5) was 1.001 ± 0.005 x 10"̂  cm^ s"' 

at 35 "C. The Levich plots for the membrane electrodes with buffer and with enzyme 

solution behind the membrane are shown in Fig. 3.4A and 3.4B. Using the solution 

diffusion coefficient value of ferrocene methanol and known values of 4 and L and 

the best fit parameter, , of the experimental data in Fig. 3.4 to eqn. (3.10), for 

the single membrane coated electrodes, are given in Table 3.5. In the calculation, we 

have made the assumption that the diffusion coefficient of ferrocene methanol in the 

solution behind the membrane is the same as in front of it. 

Conditions No. of data points 

Membrane, buffer solution 6.3810.030x10-7 70 

Membrane, enzyme solution 3 . 9 5 ± & 0 7 x i a ^ 70 

Table 3.5 Values of the membrane permeability, , for diffusion of 

ferrocene methanol through a dialysis membrane. Values are obtained by curve 

fitting the experimental data to eqn. (3.10) using known values of 4 and L and with 

Do = 1.001 x 10^ cm^ s ' \ 

62 



Chapter 3 - The Membrane Enzyme Electrode Chee-Seng TOH 

< 

500 

400 

300 

200 

100 

B 
500 -1 

• 50.3 nM FcMeOH 

400 - • 77.8 nM FcMeOH 
A 138.2 nM FcMeOH 

Membraneless electrode 

<< 300 j 
a 

200 -

100 -

0 - 1 1 1 1 1 

^ 1 / 2 I j j ^ l / 2 

1 2 3 4 5 6 

)ppl/2 I j j ^ l / 2 

Figure 3.4 Levich plots for carbon rotating disc electrode (geometric area of 0.196 cm^) response towards ferrocenemethanol in 0.1 M 

phosphate buffer, pH 7.0 at 35 °C, with membrane (38 i^m) and spacer (140 |im). (A) buffer solution behind membrane (B) 3.1mg YADH in 40 

fil solution behind membrane. Results are shown for 50.3 ^M, 77.8 jiM and 138.2 |iM ferrocene methanol. ( — ) Solid lines are calculated from 

the best fits of the data to eqn. (3.10) and the best fit parameters are given in Table 3.6. (—). Levich line for solution mass transport limited 

current is obtained at a bare electrode for 138.2 p.M ferrocene methanol. 
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It is obvious from Fig. 3.4 that for the membrane electrodes, the steady-state currents 

were not affected by changes in the diffusion layer thickness at different rotation 

speeds. This indicates that mass transport in the external solution is not the rate-

limiting process for the membrane electrodes. The large decline in the steady-state 

currents for the membrane electrodes compared to that for the bare electrode clearly 

indicates another process is limiting the steady-state current. From the best fit 

parameters in Table 3.5, we find that the values for the membrane permeability 

for ferrocene methanol, obtained from the best fit to eqn. (3.10), are at least 10 

times less than its solution diffusion coefficient Do- This suggests that permeability 

through the membrane may be the rate-limiting step. (We can compare these two 

values directly because the solution diffusion layer thickness is of the same order of 

magnitude as the membrane thickness. For example, a rotation speed of 3 Hz give the 

a diffusion layer thickness of 38 |im, which is the same as the membrane thickness) 

However, according to the reciprocal eqn. (3.11), there is another likely limiting 

process which is the diffusion of ferrocene methanol in the solution behind the 

membrane. To confirm this, the electrode was covered with two layers of dialysis 

membrane (instead of one), and the steady-state current response towards ferrocene 

methanol was measured at various rotation speeds. Reciprocal plots of the 

concentrations of ferrocene methanol against current for 56 data points in each plot, 

for the double membrane experiment, were obtained (see Fig. 3.6). 

From Fig. 3.6, the slope for the double membrane plot is 1.8 times larger than the 

single membrane plot. Clearly, the mass transfer coefficient was reduced by a factor 

close to 2 when the membrane thickness, L was doubled. This confirms that mass 

transport through the membrane was the slowest kinetic step for the membrane 

electrode. 

From the rotation speed studies in Fig. 3.4, we know that the mass transport process in 

the external bulk solution was not rate-limiting. Hence, eqn. (3.11) is reduced to: 

- = - - - - 2 ) - - ^ ] : — + (3.12) 
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Figure 3.6 Reciprocal plots for single and double membrane rotating disc 

electrodes (geometric area of 0.196 cm^) for ferrocene methanol in 0.1 M phosphate 

buffer, pH 7.0 at 35 °C, with a single membrane thickness of 38 jam and spacer 

distance of 140 jum. 

We also know from Fig. 3.5, that the ratio for the slopes of the reciprocal plots is 1.8. 

Putting this value and the membrane thickness ratio into eqn. (3.12), we obtained the 

following relationship between the mass transport terms through the membrane and in 

the solution behind the membrane: 

_ 1 2 ' , 
(3.13) 

This gives a value of 6.79 x 10"̂  cm^ s"' for the membrane permeability term , 

calculated from the solution diffusion coefficient of ferrocene methanol, known 

membrane thickness and spacer distance. This agrees very well with the value in 

Table 3.5, obtained from fitting the experimental data for a single membrane electrode 

with buffer solution behind the membrane, to eqn. (3.10). 
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If these changes in current response towards ferrocene methanol for the membrane 

and membraneless electrodes were due to changes in the diffusion coefficients of 

ferrocene methanol, then we should observe corresponding changes in diffusion time, 

since we know that diffusion time can be approximated by flD. From the current 

transients, it was observed that the electrode response towards ferrocene methanol 

was much slower at about 1 min for the membrane electrode, compared to the 

response time for the membraneless electrode which was only about 3 s. Response 

time here is the time taken to reach 90% of the steady-state current. 

Next, we turn our attention to the best fit membrane permeability value given in Table 

3.5 for the condition where there was a solution of yeast alcohol dehydrogenase 

behind the membrane. It is interesting to note that in the presence of enzyme solution 

behind the membrane, the membrane permeability of ferrocene methanol was lowered 

to 60% of the value for membrane without enzyme solution. The response time of 

the membrane electrode with enzyme present behind the membrane was about 2 min, 

twice as long as a membrane electrode without enzyme solution. In our calculation 

of the membrane permeability in Table 3.5, we have assumed the diffusion coefficient 

of ferrocene methanol through the enzyme solution behind the membrane was the 

same as the diffusion coefficient of ferrocene methanol in the bulk solution and that 

the spacer distance remained constant at 140 )j,m. We must remember that during the 

membrane enzyme electrode response towards ethanol, ethanol has to diffuse through 

the membrane and the enzyme solution behind the membrane. We could make the 

alternate assumption that the solution diffusion coefficient of ferrocene methanol, D'o 

or the spacer distance 4 changed when enzyme was present in the solution behind the 

membrane, while the membrane mass transport constant remained the same. 

Then the value of D\ would need to be 3.7 times less than Do, or the spacer thickness, 

4 would need to be 3.7 times more in the case when enzyme was present. However, 

we were unable to compare these possible reasons for the alterations of diffusion 

coefficient of ferrocene methanol in enzyme solution with literature value because 

there were no equivalent studies reported. 
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From the work by Evans et al. [22, 23], we know that diffusion coefficient, D, is 

related to the solution viscosity, r], as described in the empirical correlation: 

Z) = (3.1'*) 

where p and q are constants 

The viscosity exponent, q, depends upon the solute size and has a value of one or less 

[22, 23]. This empirical correlation reduces into the famous Stokes-Einstein equation 

when q equals 1. It is not unreasonable to make the assumption that yeast alcohol 

dehydrogenase behaves like a large neutral polymer such as poly(N-vinyl 

pyrrolidone) in solution when its concentration is much lower than the buffer 

concentration, hence, any charge effect on solution viscosity would not be present. 

The solution viscosity of a commercial poly(N-vinyl pyrrolidone) product of 

molecular mass, 58 000 g mol"' at 0.86 mM is 2.5 mPa.s [24], which is 2.5 times that 

of pure water. The concentration of yeast alcohol dehydrogenase (with molecular 

mass of 148 000 g mol"') solution used in the membrane enzyme electrode was 0.5 

mM. Therefore, the decrease in the solution diffusion coefficient of ferrocene 

methanol by a factor of 3.7 times is not unreasonable, if the relationship between 

diffusion coefficient and solution viscosity obeys the Stokes-Einstein equation (when 

^ = 1 in eqn. (3.14)). 

The second possibility is that the spacer thickness increased by a factor of 3.7 times 

due to influx of solution driven by an osmotic force across the membrane when the 

concentration of enzyme solution behind the membrane was 0.5 mM. This is 

however, extremely unlikely since osmolality (or the total particle concentration) of 

the enzyme solution behind the membrane was only 0.5 % more than the bulk buffer 

solution, assuming that the tetrameric yeast alcohol dehydrogenase remained intact 

behind the membrane. 

The third possibility that the decline in the calculated diffusion coefficient when yeast 

alcohol dehydrogenase enzyme was present behind the membrane was due to enzyme 

blocking of the pores on the inner side of the membrane. However, membrane 
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fouling is known to be a dynamic process in which the membrane permeability 

decreases over time [25]. If membrane fouling by enzyme is responsible for the 

change in membrane permeability of the membrane electrode, then we should observe 

declining current response of the membrane electrode towards ferrocene methanol 

over time. In our rotating disk experiments, the rotation speed was changed several 

times for the same concentration of ferrocene methanol. Between each new 

concentration, the rotation speed was returned to 4 Hz and the current compared to 

that observed before changing the rotation speed. In every case the current was the 

same before and after changing the rotation speed, showing that the membrane 

permeability has not changed over time. 

In conclusion, by fitting the experimental data to a model, we see that membrane 

permeability is rate-limiting for the steady-state current response of a membrane 

glassy carbon rotating disc electrode towards ferrocene methanol under mass transfer 

limiting condition. In the presence of enzyme solution behind the membrane, we 

found that there was an apparent reduction in the membrane permeability of ferrocene 

methanol. This is likely due to the higher viscosity of the enzyme solution which 

reduces the solution diffusion coefficient of ferrocene methanol. In the following 

section, we use the experimentally determined membrane permeability of ferrocene 

methanol to estimate the membrane permeability of ethanol. 

3.4 Effect of varying physical parameters on the response of the membrane 

dehydrogenase enzyme electrode towards ethanol 

3.4.1 Estimated membrane permeability of ethanol 

In section 3.3.2, we found that the membrane permeabilities for ferrocene 

methanol were 15.7 times and 25.3 times less than its solution diffusion coefficient in 

the absence and presence of enzyme behind the membrane. If we assume that the 

interactions between ferrocene methanol molecules and the cellulose units in the 

membrane are the same as those between ethanol and the membrane, then the 

membrane permeability for ethanol in the absence of enzyme would be 8.15 x 10"̂  

cm^ s '. This was calculated using the literature value for the solution diffusion 
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coefficient of ethanol, 1.24 x 10"̂  cm^ s"' at 25 "C and assuming that the partition 

coefficient equals unity [26]. The current flux can then be obtained from the 

diffusional flux using eqn. (3.12). The electrocatalytic response of YADH/PANI-PVS 

electrode towards ethanol, as we know, is a two-electron transfer process since one 

molecule of NADH is generated by one molecule of ethanol. Therefore, the current 

flux for the membrane enzyme electrode if diffusion of substrate (ethanol) was rate-

limiting would be 41.4 juA mM'' cm" .̂ This value was similar to the mass transport 

term obtained by fitting the response towards ethanol for the membrane enzyme 

electrode in Fig. 3.1, to the enzyme reaction-diffusion eqn. (3.1). Clearly, this 

confirms the earlier supposition in section 3.2.2 that the response of the membrane 

enzyme electrode was not limited by mass transport. In section 3.2.2, we have also 

noted that the response of the membrane enzyme electrode towards ethanol could not 

be explained in terms of the enzyme homogeneous kinetics, using the theoretical 

coupled enzyme reaction-diffusion eqn. (3.1). This prompted us to investigate further 

this discrepancy between theory and experiment. In the following sections, we 

carried out a series of experiments in which the concentrations of NAD"^ and enzyme, 

spacer distance and membrane thickness were varied, in order to identify the rate-

limiting step in the ethanol amperometric biosensor. We also studied the effect of 

removing the enzymatic product, ethanal by adding L-lysine. 

NAD^ dependent dehydrogenases such as the yeast alcohol dehydrogenase, undergo a 

reversible reaction involving the coenzyme and substrate as follows: 

YADH 

ethanol + NAD NADH + ethanal (3.15) 

The enzymatic reaction has an equilibrium constant of 8.0 x 10"̂  at pH 7 and 20 °C 

which highly favours the substrate side [20]. Hence, the designers of ethanol 

amperometric biosensors based on alcohol dehydrogenases, commonly incorporate 

high concentrations of NAD^ in either the electrode materials (such as carbon paste 

[2, 27, 28]) or immobilised using NAD^-dextran beads [29], or in the electrolyte 

solutions [30, 31]. In this way, the authors of these works reasoned that the high 
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NAD^ concentration would shift the equilibrium to the product side, favouring the 

generation of electrochemically active NADH molecules at the modified electrode, 

hence achieving higher current sensitivity towards ethanol. However, they have not 

shown evidence that equilibrium between substrate, product and coenzymes is always 

established within their enzyme biosensors. Equilibrium between substrate, product 

and coenzymes may not be achieved in such enzyme biosensors for the case where the 

product, ethanal or coenzyme, NADH is rapidly removed such that the reverse 

reaction rate is negligible due to very low concentration of ethanal or NADH. Then 

the overall reaction would be similar to one that is irreversible. That is, we would 

observe in such an enzyme biosensor that the steady-state current response towards 

substrate is independent of product concentration, as is the case for enzyme biosensors 

where the enzyme reaction is always irreversible (such as the oxidation of hydrogen 

peroxide by catalase). We shall refer to an enzyme biosensor as 'reversible or 

irreversible' when the reverse reaction is significant or insignificant, respectively. 

In an irreversible enzyme biosensor, an increased steady-state current response 

towards ethanol could be achieved at higher NAD^ concentration, if the NAD^ 

concentration is limiting. Therefore, the same observation of increased current 

response of an enzyme biosensor at increased concentration of coenzyme can be 

explained by reversible or irreversible enzyme kinetics occurring in the enzyme 

biosensor. Initial rate measurements of yeast alcohol dehydrogenase enzyme kinetics 

in homogeneous solutions revealed that at NAD^ concentrations much greater than 

0.074 niM, the NAD^ concentration would not limit the enzyme catalytic rate [20]. 

These initial rate experiments were carried out by measuring the initial rates of 

NADH production, under conditions where the ethanol concentration was kept 

constant and at a saturating value, while varying the NAD^ concentration in a 

homogeneous solution containing the enzyme [20]. In this section, we earned out 

three separate experiments at 1.5, 3.0 and 15 mM NAD^ concentrations in order to 

find out if the steady-state current response of the enzyme electrode was limited by 

the NAD^ concentration. The concentrations of NAD^ were chosen so that they were 

at least one and two orders of magnitude larger than the enzyme homogeneous 

value for NAD" .̂ 

Fig. 3.7 shows that the effect of NAD^ on the current response of membrane YADH 

enzyme electrodes towards ethanol. The experiments were carried out at varying 
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concentrations of NAD^ from 1.5 to 15 mM in both the external solution and enzyme 

solution behind the membrane. The results in Fig. 3.7 show that at higher 

concentrations o f N A D \ the enzyme electrode gives a larger current response towards 

ethanol. Clearly, a high concentration of NAD^ was necessary for the increase in the 

YADH electrode sensitivity towards ethanol. This shows the opposite trend to that 

observed for the steady-state current response of poly(aniline)-poly(vinylsulfonate) 

towards NADH, where we observe an inhibitory effect of NAD^ on the NADH 

oxidation current [32]. Thus, this increase in current response indicates that the effect 

of NAD"^ was due to an influence exerted on the enzymatic reaction, rather than on the 

electrocatalytic oxidation of NADH by the polymer. 

c j 15 

• 1 .5 m M N A D 

A 3 m M N A D 

• 15 mM NAD* 

1 2 

[Ethanol] / M 
Figure 3.7 Effect of NAD^ on the steady-state current response of membrane 

enzyme electrode towards ethanol. Current response towards ethanol was recorded at 

+0.1 V vs SCE using the same glassy carbon electrode, but with freshly assembled 

membrane, spacer, polymer film and 0.5 mM enzyme solution for each experiment. 

The membrane electrodes (with geometric area of 0.196 cm^) were rotated at 9 Hz in 

0.1 M phosphate buffer (pH 7) containing coenzyme NAD^. The buffer solution was 

thermostated at 35 °C throughout the experiment. 
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As the amount of NAD^ employed in our experiments was well above the 

homogeneous enzyme Km value for NAD" ,̂ we should not expect the current response 

towards ethanol to increase with increasing NAD^ concentration if the current 

response was limited by an irreversible enzyme kinetics. However, the results in Fig. 

3.7 show otherwise, suggesting that this assumption of irreversible enzyme kinetics 

for the membrane yeast alcohol dehydrogenase enzyme electrode, may not be 

appropriate. In the next section, we investigated the effect of enzyme concentration 

on the steady-state current response towards ethanol for the membrane enzyme 

electrode. 

3.4.3 Effect of enzyme concentration 

In homogeneous enzyme kinetics, increasing enzyme concentration would increase 

the rate of conversion of substrates into products, as long as the amount of enzyme 

was sufficiently small, so that the concentrations of the substrates were in excess [14]. 

If the enzyme kinetics for the membrane enzyme electrode operated under the 

following scheme where the reaction was irreversible: 

ethanol + NAD"^ NADH + ethanal 

(the irreversible form of eqn. (3.15)) 

then we should observe a proportional increase in current response as the enzyme 

concentration was increased, provided the membrane enzyme electrode was limited 

by enzyme kinetics and not mass transport. It must be mentioned here that the 

enzyme reaction catalysed by alcohol dehydrogenase involves several reversible 

elementary steps including enzyme-coenzyme binding, substrate binding, catalytic 

conversion of the ternary complex and product dissociation [1]. In the irreversible 

enzyme reaction, we have assumed that the product is removed rapidly so that the 

reverse reaction rate is negligible compared to the forward reaction rate and therefore, 

the reaction is considered irreversible. This is the same assumption made by Albery 

and Bartlett in their derivation of the coupled enzyme reaction-diffusion eqn. (3.1) 

when they assumed that there was no product inhibition [19]. 
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Figure 3.8 Effect of enzyme concentration on the steady-state current response of 

membrane enzyme electrode towards ethanol. Current response towards ethanol was 

recorded at +0.1 V vs SCE using the same glassy carbon electrode, but with freshly 

assembled membrane, spacer, polymer film and enzyme solution for each experiment. 

The membrane electrodes (with geometric area of 0.196 cm^) were rotated at 9 Hz in 

0.1 M phosphate buffer (pH 7) containing 1.5 mM NAD^. The buffer solution was 

thermostated at 35 °C throughout the experiment. 

Fig. 3.8 shows the effect of increasing enzyme concentration on the current response 

of the enzyme electrode towards ethanol. The results indicate that increasing the 

enzyme concentration behind the membrane from 0 mM to 0.025 mM, increased the 

current response of the enzyme electrode towards ethanol. Beyond 0.025 mM, the 

current response towards ethanol declined. This decline at higher enzyme 

concentration is surprising because we expected a simple linear relationship between 

enzyme catalytic rate and enzyme concentration under the conditions where the 

electrode response is limited by irreversible enzyme kinetics. This may happen for a 

dual enzyme system described by Dixon and Webb in their review [14], where as the 

amount of lactate dehydrogenase enzyme was increased, the overall initial 

homogeneous reaction rate was found to rise and then fall. This was attributed to 
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dehydrogenase binding of NAD^ at high dehydrogenase concentrations, which 

prevented NAD^ from reacting with another flavoprotein enzyme. However, in our 

system, binding of NAD^ to the alcohol dehydrogenase would not reduce the enzyme 

reaction rate since there was only one enzyme reaction involved. We shall explore 

this unexpected effect of enzyme concentration later in section 3.7.1. 

3.4.4 Effect of spacer distance and membrane thickness 

Albery and Bartlett have considered concentration polarisation of the enzyme in the 

solution behind the membrane, based on their general theory for an unmediated 

enzyme electrode [19]. In our system, however, there would not be any concentration 

polarisation of the enzyme since the enzyme does not undergo redox reaction with the 

modified electrode. Our system would be similar to the irreversible electrocatalysis of 

NADH by poly(aniline)-polyanion films which has been described in the literature 

[10-12], For a thin enzyme layer behind the membrane, the enzyme-substrate reaction 

would occur throughout the enzyme layer and there is no concentration polarisation of 

substrate within the layer. For a thick enzyme layer behind the membrane, the 

reaction would occur in a thin layer at the outside surface of the enzyme layer and the 

substrate concentration falls to zero further inside the enzyme layer. Using the 

membrane electrode design, we can vary the thickness of enzyme layer behind the 

membrane similar to the polymer film thickness described in the kinetic model for 

electrocatalysis of NADH described by Bartlett et al. [14]. The membrane enzyme 

electrode design has an additional advantage in that we can have accurate knowledge 

of the enzyme concentration, gg and the first order enzyme catalytic rate, ĉat 

determined from homogeneous enzyme kinetics. These two parameters for the 

electrocatalysis of NADH by poly(aniline)-polyanion films could not be separated 

because we do not have accurate independent measurements of either the 

electrocatalytic rate, Acat or site concentration, [site]. In this section, we vary the 

spacer distance in order to investigate if there is any concentration polarisation of the 

substrate in the solution behind the film. 
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Figure 3.9 Effect of spacer distance on the steady-state current response of 

membrane enzyme electrode towards ethanol. Current response towards ethanol was 

recorded at +0.1 V vs SCE using the same glassy carbon electrode, but with freshly 

assembled membrane, spacer, polymer fikn and 0.025 mM enzyme solution for each 

experiment. The membrane electrodes (with geometric area of 0.196 cm^) were 

rotated at 9 Hz in 0.1 M phosphate buffer (pH 7) containing 1.5 mM NAD^. The 

buffer solution was thermostated at 35 °C throughout the experiment. 

Figure 3.9 shows the effect of decreasing the spacer distance. There was no 

significant change in current response at a spacer distance of 13 (im compared to 140 

l̂ m. Both show a linear increase in current response proportional to the ethanol 

concentration at low ethanol concentration. At large ethanol concentrations, the 

current response for both 13 |im and 140 p,m spacer distances reach a plateau at 

similar limiting current values. However, when the space thickness was reduced to 6 

|j.m, there was a significant increase in the current response towards ethanol at large 

ethanol concentrations. At low ethanol concentrations, all three cases (with spacer 

distances of 6, 13 and 140 |im) give similar initial slope in the current against 

concentration plots. When there was no spacer between membrane and the polymer-

coated electrode, the initial slope in the plot decreased. 
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If we inspect the shapes of the plots in Fig. 3.9, we find that the order of reaction with 

respect to ethanol at low ethanol concentration is first order for all four experiments 

carried out at different spacer distances. At high ethanol concentrations, the reaction 

order with respect to ethanol is zero for the 13 |Lim and 140 jum spacer distances, but K 

order for the 0 pm and 6 pm spacer distances. This result clearly contradicts the 

theory that the reaction order with respect to ethanol should change from zero order 

for thin enzyme layers to Vi order for thick enzyme layers, similar to the effect of 

poly(aniline) film thickness on the reaction order of NADH at poly(aniline)-polyanion 

modified electrodes [10-12]. 

Fig. 3.10 shows the effect of doubling the membrane layer thickness. When the 

membrane layer thickness was doubled, there was only a slight decrease in 

amperometric response of the electrode. We have found from the estimation of the 

membrane permeability of ethanol in section 3.4.1 that the steady-state current 

response of the membrane enzyme electrode towards ethanol could not be limited by 

mass transport through the membrane. However, the result in Fig. 3.10 shows that 

there is some influence of the membrane thickness on the current response of the 

membrane enzyme electrode towards ethanol. 

Hence, we have found in the above experiments that when we vary the NAD"^ and 

enzyme concentrations, spacer distance and membrane thickness, the experimental 

results do not agree with the expected behaviour for the case where the membrane 

enzyme electrode response is limited by irreversible enzyme kinetics. As an "acid 

test" * to determine whether the enzyme kinetics are irreversible, we added L-lysine 

which is known to react with aldehydes, in order to vary the product concentration in 

the solution behind the membrane. These experiments are described in the following 

section. 

* In this case, it is an amino acid test. 
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Figure 3.10 Effect of membrane thickness on the steady-state current response of 

membrane enzyme electrode towards ethanol. Current response towards ethanol was 

recorded at +0.1 V vs SCE using the same glassy carbon electrode, but with freshly 

assembled membrane, spacer, polymer film and 0.5 mM enzyme solution for each 

experiment. The membrane electrodes (with geometric area of 0.196 cm^) were 

rotated at 9 Hz in 0.1 M phosphate buffer (pH 7) containing 1.5 mM NAD^. The 

buffer solution was thermostated at 35 °C throughout the experiment. 

3.4.5 Effect of L-lysine 

The key difference between reversible and irreversible enzyme kinetics is that because 

of the back reaction, the product concentration has an effect on the former but does 

not influence the irreversible enzyme kinetics. Therefore, in order to distinguish 

between the two mechanisms, we added L-lysine to the buffer solution, so that we 

could vary product concentration in the solution behind the membrane and test the 

initial assumption that product inhibition is negligible in our system. Lysine is a basic 

amino acid, positively charged at pH 7, due to it having two basic amino groups with 

pATa values at 8.95 and 10.53. Therefore, addition of L-lysine to the phosphate buffer 
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at concentrations close to 0.1 M would cause changes in the pH, which is undesirable, 

since polymer, enzyme and NADH are affected by pH change. We adjusted the pH of 

the solution back to pH 7, using small volumes of concentrated phosphoric acid (85% 

by wt., Aldrich). 1.5 mM NAD"^ was added to the pH 7 L-lysine solution, and used as 

the bulk solution for the membrane enzyme electrode experiments. The same NADV 

L-lysine solution was used to prepare the enzyme solution. The membrane electrode 

was immersed into the bulk NAD^/L-lysine solution, rotated at 9 Hz and kept at a 

constant potential of +0.1 V. Aliquots of ethanol were added into the bulk solution 

and the current response of the membrane electrode was recorded. The steady-state 

current responses of three membrane electrodes towards ethanol in bulk solution 

containing different L-lysine concentrations are shown in Fig. 3.11. 
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Figure 3.11 Effect of L-lysine on the steady-state current response of membrane 

enzyme electrode towards ethanol. Current response towards ethanol was recorded at 

+0.1 V vs SCE using the same glassy carbon electrode, but with freshly assembled 

membrane, spacer, polymer film and 0.5 mM enzyme solution for each experiment. 

The membrane electrodes (with geometric area of 0.196 cm^) were rotated at 9 Hz in 

0.1 M phosphate buffer (pH 7) containing 1.5 mM NAD" .̂ The buffer solution was 

thermostated at 35 °C throughout the experiment. 
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Fig. 3.11 shows that there is an increase in the current response towards ethanol for 

the membrane enzyme electrode at increasing L-lysine concentration. In a control 

experiment, we carried out the same experiment but without the membrane and the 

enzyme solution. The effect of L-lysine on the poly(aniline)-poly(vinylsulfonate) 

films was tested by adding aliquots of NADH into the same bulk solutions containing 

L-lysine and 1.5 mM NAD^. The electrocatalytic oxidation currents towards NADH 

at the poly(aniline)-poly(vinylsulfonate) films were unaffected by L-lysine in this 

control experiment. Clearly, this indicates that there is a significant amount of 

product, ethanal, in the solution behind the membrane, generated by the enzyme 

reaction. Removal of ethanal increased the current response towards ethanol, thus 

indicating that the current response is limited by reversible enzyme kinetics behind 

the membrane. 

In conclusion, we found that the membrane enzyme electrode current response was 

increased in the presence of increasing concentrations of NAD^, substrate and L-

lysine, but decreased slightly when the membrane thickness was doubled, consistent 

with product inhibition. There was an optimum enzyme concentration and spacer 

distance, in which we can achieve higher current response of the membrane enzyme 

electrode towards ethanol. These results were inconsistent with the irreversible 

enzyme kinetics as we have discussed earlier, but pointed towards a situation in which 

the reverse enzyme reaction described in eqn. (3.15) is important. 

In the following sections, we derive an equilibrium kinetics model for the enzyme 

electrode, in which the enzyme reaction taking place behind the membrane is assumed 

to be reversible as described by eqn. (3.15). 
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3.5 The model 

3.5.1 Model description 

k = 140 jam 

NAD- E P 

NADH 

DiNADH 

NADHo 

Sbulk 

Figure 3.12 Schematic showing the fluxes and NADH concentration profile within 

the membrane enzyme electrode where equilibrium between the NAD , NADH, 

substrate and product is established behind the membrane in the presence of enzyme. 

ks refers to the heterogeneous rate constant for the electrocatalytic oxidation of NADH 

by poly(aniline). kmsm,p and kmem,s refer to the mass transfer rate constants through the 

membrane for product (ethanal) and substrate (ethanol) respectively and A:'D,NADH 

refers to the mass transfer rate constant for NADH in the enzyme solution behind the 

membrane near the polymer-solution interface, k refers to the concentration 

polarisation layer at the polymer-solution interface. Subscripts 'eq' and 'bulk' for 

each species refer to the equilibrium and bulk concentrations, respectively, and 

NADHo refers to the steady-state NADH concentration at the polymer-solution 

interface. 

Fig. 3.12 shows the fluxes and schematic concentration profile for NADH behind the 

membrane for a membrane enzyme electrode. The substrate diffuses through the 

membrane into the enzyme solution behind the membrane and is converted into 

product in the presence of coenzyme, NAD'^ and enzyme. As the enzyme reaction is 

reversible, the concentrations of substrate, product and coenzymes eventually reach 
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equilibrium. Nearer to the polymer coated electrode surface, NADH is depleted by 

reaction with polymer, hence there is a concentration gradient with decreasing NADH 

concentrations near the modified electrode surface. We shall return to explain how 

this concentration gradient is related to the enzyme relaxation kinetics in section 3.5.2. 

We term this solution layer as the 'concentration polarisation layer' where there is a 

'tug-of-war' for NADH molecules between the enzyme and polymer-NADH 

reactions. 

Next, we turn our attention to the region further away from the electrode surface and 

nearer the membrane. Clearly, we should see a depletion of the NADH concentration 

as one crosses the membrane into the bulk solution, as the NADH diffuses into the 

bulk solution where there is initially zero concentration of NADH. In the model, we 

assume that the NADH concentration in the bulk electrolyte solution is zero 

throughout a membrane enzyme electrode experiment which lasted about 30 min from 

the first addition of ethanol. This is reasonable if we consider the flux of NADH 

across the membrane and calculate the bulk NADH concentration after a reaction time 

of 30 min. The diffusion flux of NADH across the membrane was estimated to be 7.5 

pA mM"' cm"^, obtained from separate, but similar rotating disc electrode studies as 

the ferrocene methanol experiments in section 3.3.2. We estimate the equilibrium 

concentration of NADH behind the membrane to be 0.5 mM for a homogeneous 

solution containing 1.5 mM NAD^ and 1 M ethanol, and an equilibrium constant .̂ eq 

of 14.8 X 10"̂ . This means that after 30 min at a constant current flux of 20 pA cm"^ 

and an electrode geometric area of 0.196 cnf , the total amount of NADH diffusing 

into 10 ml bulk electrolyte solution would be 6.9 x 10"' mol. That is, the bulk 

concentration of NADH would rise to only 6.9 x 10'"* mM, three orders of magnitude 

less than the NADH concentration within the membrane. Therefore, we can assume 

that the NADH concentration in the bulk electrolyte solution is effectively zero 

throughout a membrane enzyme electrode experiment. 

Under steady-state condition, the fluxes for the various processes in the flux diagram 

(fig. 3.12) must all be equal and can be written in terms of the current density, i, as 

follows: 
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i = nFk^ [NADHg ] : NADH-polymer reaction (3.16) 

z = : mass transport in the (3.17) 

concentration polarisation layer 

z = : mass transport in the membrane (3.18) 

Combining eqns. (3.16), (3.17) and (3.18), we express the equilibrium concentration 

of the product, [Peq], in terms of the equilibrium concentration of NADH and the rate 

constants. 

[I\q] = *_D,NADH ' 

L,m.p 

We assume that the mass transfer rate of substrate across the membrane is much 

slower than the rate at which the enzyme re-establishes new equilibrium after 

perturbation by the influx of substrate into the enzyme solution behind the membrane. 

Then, at steady-state, the equilibrium concentration of the substrate, [Seq] can be 

related to the bulk concentration, [Sbuik], using the mass transport term alone. 

[S,q] = (3^%)) 

where (3.21) 

where and Dmem.s refer to the partition coefficient of substrate into the membrane 

and diffusion coefficient of substrate through the membrane. 
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The equilibrium concentration, [NADHeq], can be obtained from the concentrations of 

[Seq] and [NAD^eq] , using the enzyme equilibrium constant as follows: 

[NADH^] [P^] 

[ N A D \ ] [ S ^ ] 
(3.22) 

Combining with eqns. (3.19), (3.20), (3.22), 

/ 

mem,P 

1 - ^ D.NADH ^ 
(323) 

Nearer the polymer-solution interface within the concentration polarisation layer, 

NADH is converted to NAD^ by reaction with the poly(aniline) film. NADH 

concentrations near the polymer-solution interface will be less than the equilibrium 

concentration of NADH because the enzyme reaction is not fast enough to re-establish 

the equilibrium concentration of NADH due to NADH electrocatalysis by the 

polymer. At steady-state, the rate of removal of NADH by the polymer-NADH 

reaction equals the rate at which fresh NADH diffuses into the concentration 

polarisation layer. Thus, we can relate the surface concentration of NADH to the 

equilibrium NADH concentration using the mass transfer rate constant of NADH 

across this concentration polarisation layer using eqn. (3.17) where the mass transfer 

rate constant is defined as; 

D' 
(3.24) 

Using eqns. (3.17) and (3.23), we can calculate the surface concentration of NADH at 

the polymer-solution interface, [NADHo], from bulk concentrations of substrate, 

NAD^, mass transfer rate constants and enzyme equilibrium constant. 
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3.5.2. Equilibrium constant and relaxation time of the enzyme equilibrium 

reaction 

The value of ^eq is calculated from the standard reduction potentials of NAD^/NADH 

and ethanal/ethanol obtained at 25°C and pH 7.0, which are -0.324 V [33, 34] and 

-0.2068 V [35], respectively. The values of at 25 "C and 35 "C are found to be 

11.0 X 10'̂  and 14.8 x 10'^, respectively for a pH 7 solution. The method for 

calculation is described in the Appendix A. At 0.5 mM enzyme concentration in 

0.1 M phosphate buffer, the pH of the solution was measured to be 6.76 at 35 °C, 

giving a ATgq value of 8.5 x 10"̂ . 

Upon addition of each aliquot of ethanol, the equilibrium between substrate, product 

and coenzymes is perturbed. This perturbation requires time to relax back to a new 

equilibrium and the time taken is known as the 'relaxation time'. For a single step 

reversible reaction, the magnitude of the relaxation time is related to both forward and 

backward rate constants and the concentrations of substrates, products and enzyme 

(see Appendix B for the mathematics). 

The relaxation process is a transient effect and therefore should not be relevant to our 

steady-state model. However, we understand from above that relaxation time is a 

measure of the time taken for the equilibrium concentrations of a reversible process to 

change, similar to the time taken for any chemical reaction to complete its course. For 

example, we consider the following situation in which the single step reversible 

process is coupled to an electrochemical step where the product of the reversible 

process, P is oxidised at the electrode to give P': 

&2 

S - P P' ( 1 2 ^ 

Then, at any point in time, the product concentration at the electrode surface would 

depend on both the rate at which the product is removed at the electrode and the rate 

at which the equilibrium process restores the product concentration to its equilibrium 

value. At steady-state, the concentration of product at the electrode surface would be 
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a function of the electrochemical oxidation rate of the product and the rate constants 

of the reversible reaction. This would definitely give rise to further complicated 

mathematics, especially if the reversible process comprises more than a single step! 

Fortunately, we can avoid this mathematics by using the steady-state assumption that 

at steady-state, the mass transport flux of product to the surface equals the 

electrochemical oxidation rate of product which equals the relaxation rate of the 

equilibrium process. Hence, the product concentration at the electrode surface can be 

calculated from the equilibrium concentration of product far away from the electrode, 

which remains unperturbed by the electrochemical process at the electrode surface. 

The distance over which the equilibrium concentration of product is affected by the 

electrochemical process at the electrode surface can be estimated from-JD t where 

T is the relaxation time. This situation is the same for our system in which the NADH 

produced by the reversible enzyme reaction is being oxidised at the polymer-coated 

electrode. Therefore, under steady-state conditions, we would find the NADH 

concentration falling from its equilibrium concentration as we approach the electrode 

surface. In the previous section 3.5.1, we have termed this distance over which 

NADH concentration changes near the electrode surface as the 'concentration 

polarisation layer'. In the following, we estimate the relaxation t imer from the 

known rate constants of the enzyme reaction and use it to estimate the thickness of the 

concentration polarisation layer. 

We consider the reversible enzyme reaction as a bimolecular, two-step, reaction 

involving the enzyme and the coenzyme: 

h 
E +NAD+ ^ = = = = E + NULDH (126) 

A:, A:2 

We have omitted the enzyme's substrate and product for three reasons. First, the 

mathematics would be very complicated for a three-reactant reversible reaction. 

Second, we have little knowledge of the rate constants of the intermediary steps, 

whereas in the literature, the kinetics of the enzyme-coenzyme binding steps are very 

well characterised. Third, for yeast alcohol dehydrogenase, we know the maximum 

specific rates of NAD^ reduction and NADH oxidation, which are 455 s"' and 
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3850 s"\ are of the same order of magnitude as the dissociation rates of E-NADH {ki 

= 500 s"') and E-NAD^ (L\ = 1354 s"'), respectively [1], Therefore, the rate constants 

of the intermediary steps can be assumed to be of a similar order of magnitude or 

greater, and would not be crucial to our calculation of the relaxation time. 

The two relaxation times, ri and for this two step reaction can be described by the 

following expressions [14]: 

- « A:, + [NAD^ ]) + + [NADH^ D + + 2̂ (3-27) 

J_ _ êq ki^-2 (̂ eq + [NAP^^ ] + [NADH^ ]) + + k_^k_2 J ^ 

r , " +[NAD^]) + A:_,(g^ +i:NADH^]) + ^_, +A:, 

where ê q refers to the equilibrium 'free' enzyme concentration. 

The derivation of the equations for relaxation times of simpler single step reversible 

reaction is described in Appendix B. 

In 1.5 mM NAD^ solution, we estimated that at equilibrium, the enzyme and NADH 

concentrations are about 0.1 mM each. Using values of k^,k_^,k^ and obtained 

from homogeneous kinetics (4.2 s"', 1354 s"', 500 s"' and 40 juM"' s ' \ 

respectively [1]), we estimate t\ and % to be 6 x 10"̂  s and 4.8 x 10"'* s, respectively. 

We were unable to find experimental values of t\ and % in the literature for yeast 

alcohol dehydrogenase. Therefore, we decided to compare these estimated values for 

yeast alcohol dehydrogeanse obtained from enzyme kinetics, to that obtained 

experimentally for a closely related enzyme, lactate dehydrogenase. The relaxation 

times for the NADH binding to bovine heart lactate dehydrogenase, were found to be 

200 ns, 3.5 jus, 24 p,s and 290 |_is, using temperature jump relaxation techniques [36]. 

The relaxation time at 290 |u,s was attributed to the bimolecular binding process, 

which was limited by diffusion of NADH to the enzyme molecule. The three faster 

relaxation times were suggested to result from the dynamics of at least three other 

bound enzyme-NADH structures. The longest relaxation time at 290 |a.s is of the 
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same order of magnitude as % that we have estimated for yeast alcohol 

dehydrogenase, suggesting that our calculated values are reasonable. 

The diffusion length of NADH over the longer relaxation time, % can be 

approximated using where Z) = 2.4 x 10"̂  cm^ s"'. The value of 4 is 

estimated to be 0.34 p.m. In the following section, we use this estimated value of 4 to 

calculate the concentration of N A D H at the polymer-solution interface, [NADHQ ] , for 

each ethanol concentration in the membrane enzyme electrode experiments. We then 

plot the steady-state current response towards ethanol against [NADHQ] and compare 

the result with plots of oxidation current of N A D H against [ N A D HQ ] determined from 

the experiments where N A D H is oxidised at the modified electrode without 

membrane and enzyme. 

3.5.2 Application of model to experimental data 

Fig. 3.13 shows the plot of [NADH]o calculated irom the bulk concentrations of 

ethanol and NAD^, using the membrane diffusion coefficient value of ethanol and 

ethanal calculated from the diffusion coefficients of ferrocene methanol determined in 

section 3.3. The equilibrium concentration of NAD^ was taken to be equal to the bulk 

concentration. The diffusion coefficient of NADH in the enzyme/buffer solution is 

assumed equal to its diffusion coefficient in 0.1 M phosphate buffer solution. 

The concentration polarisation thickness layer, k was estimated at 0.34 jum. The 

plots in Fig. 3.13 are compared to the electrocatalytic current towards NADH for a 

bare rotating disc electrode coated with poly(aniline)-poly(vinylsulfonate) film of the 

same thickness, but under conditions of different concentrations of NAD^. 
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Figure 3.13 Plots of the current response towards ethanol against calculated NADH 

concentrations at the electrode surface, [NADHo] for a membrane enzyme electrode 

under conditions of different NAD^ concentrations. The data points are obtained from 

Fig. 3.7. [NADHo] values are calculated from [ibuik], [NAD^uik] and i using eqn. 

(3.23) and (3.24). Dmem,S^ = 6.52 x 10"̂  cm^ S'' and Z)'O,NADH = 2.4 x 10'® cm^ s"\ 4 -

0.34 pm, /m = 38 (im and Zeq = 14.8 x 10^. Solid lines are the experimentally 

determined current response towards NADH in the presence of similar concentrations 

of NAD"^ at the poly(aniline)-poly(vinylsulfonate) film, but without membrane and 

enzyme. 

There are three interesting observations to be made for Fig. 3.13. First, the initial 

slopes for all three plots are very close to that obtained from the line plots showing 

actual responses of PANI-PVS modified electrodes towards NADH. Second, the 

lower current sensitivity at higher NAD^ concentrations can be attributed to the 

inhibitory effect of the oxidised coenzyme on the poly(aniline)-poly(vinylsulfonate) 

response towards NADH [32], since as we can see from Fig. 3.13 both sets of plots 

show decreasing initial slopes at increasing NAD^ concentration. It must be 

mentioned here that all the values (such as rate constants and equilibrium constant) 
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used to calculate [NADHo] from [Sbuik] were not arbitrary, but were either obtained 

from other independent experiments or from literature values. Also, we need to be 

reminded that the two sets of plots were obtained independently from each other. One 

set was obtained from the current response of the membrane enzyme electrode 

towards ethanol, while the other set was obtained from the response of the polymer 

modified electrodes towards NADH. Hence, the agreement between the two sets of 

plots clearly strongly suggests that the model based on fast reversible enzyme kinetics 

is valid for the membrane enzyme electrode. 

The third interesting observation is that the set of plots in Fig. 3.13, obtained from the 

response of membrane enzyme electrodes towards ethanol appear to be limited by 

other processes at high concentrations of NADH. We understand from the response 

of poly(aniline)-poly(vinylsulfonate) films towards NADH starts to deviate from 

linearity only at NADH concentrations larger than about 1 mM. Therefore, this early 

deviation from linearity for the current against NADH concentration plots obtained 

from the responses of the membrane enzyme electrodes towards ethanol, indicates an 

effect of ethanol on the enzyme kinetics or on the polymer or on the polymer-NADH 

kinetics. In the following section, we investigate the effect of ethanol in these three 

areas, to find out which process limits the response of the membrane enzyme 

electrode at high ethanol concentration. 
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3.6. The effect of ethanol 

3.6.1. UV-visible spectroscopy experiments 

In this section, we investigate the effect of ethanol on the reversible equilibrium 

kinetics of yeast alcohol dehydrogenase, by measuring the absorbance of NADH at 

340 nm, upon mixing the enzyme with substrate and NAD^. We employed the same 

experimental conditions as used for the steady-state membrane enzyme electrode 

experiments. Aliquots of ethanol were added to a 0.1 M phosphate buffer containing 

yeast alcohol dehydrogenase and 1.5 mM NAD^, up to a concentration of 1.5 M 

ethanol. The absorbance of NADH at 340 nm was measured each time it stabilised to 

a constant value. In the experiments, we found that at higher enzyme concentrations, 

UV absorbance of NADH at 340 nm could not be obtained accurately due to 

interference from enzyme absorbance at 280 nm. Therefore, experiments were carried 

for dilute concentrations of enzyme (0.025 mM and 0.005 mM) in a pH 7.0 buffer 

solution. At these enzyme concentrations, the solution pHs are measured to be 6.91 

and 6.94 respectively, which yield equilibrium constant values of 1.20 x 10"̂  and 1.29 

x l O ^ respectively (see Appendix A for calculation method). 

Fig. 3.14 shows the plot of UV absorbance at 340 nm against the NADH 

concentration calculated from the equilibrium constant and concentrations of substrate 

and NAD^. The solid line in Fig. 3.14 represents the UV absorbance at 340 nm for 

known quantities of NADH added to a 0.1 M phosphate buffer (pH 7.0) without the 

enzyme, substrate and NAD^. 

Fig. 3.14 clearly shows that the equilibrium concentrations of NADH calculated from 

the substrate and NAD"^ concentrations using theoretical equilibrium constants, K^q, 

correspond closely to the actual concentrations of NADH in solution. In addition, this 

good agreement between the plots for the calculated NADH concentrations obtained 

from enzyme reaction and the plot for the actual NADH concentrations, was observed 

up to a high ethanol concentration of 1.5 M. 
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Thus, we concluded that there was no effect of ethanol on the equilibrium kinetics of 

YADH, at least for dilute enzyme concentrations o f 0.025 m M and 0.005 mM. 
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Figure 3.14 Plots of the calculated equilibrium concentrations of N A D H (from 

ethanol and NAD"^ concentrations) and actual concentrations of NADH, against the 

absorbance o f N A D H at 340 nm. Values of iTeq used in the calculation o f N A D H 

equilibrium concentrations were 1.20 x 10"̂  and 1.29 x 10'^ for 0.025 m M and 0.005 

m M enzyme, at 35 °C and pH values of 6.91 and 6.94, in a solution containing 1.5 

m M NAD"^, respectively. 

3.6.2 Cyclic voltammetry studies 

In this section, we investigated the effect o f ethanol on the electrochemical behaviour 

of the polymer using cyclic voltammetry. Four separate cyclic voltammetry 

experiments were carried out in which poly(aniline)-poly(vinylsulfonate) films were 

cycled between -0.3 V to 0.4 V at 2 mV s"\ in the presence of varying concentrations 

of ethanol. The films were first held at -0.3 V for 200 s to ensure that the f i lm was 
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ful ly reduced, hence to ensure reproducibility of the cyclic voltammogram. The 

results are shown in Fig. 3.15. 
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Figure 3.15 Cyclic voltammetry of poly(aniline)-poly(vinylsulfonate) films in 

increasing concentrations of ethanol in a pH 7, 0.1 M Tris-HCl buffer (degassed). 

Qdcposition = 100 mC cm"^, v = 2 m V s ' \ polymer reduced at -0.3 V for 200 s before 

potential sweep. 

It is clear from Fig. 3.15 that the presence of ethanol reduced the electroactivity of the 

PANIrPVS film, as indicated by the decrease in redox charges in the presence o f 

increasing concentrations of ethanol. We understand that the amount o f electroactive 

poly(aniline) depends on two factors: its potential and its pH. This decrease in the 

amount of catalytic sites is unlikely to be due to catalytic oxidation o f ethanol by 

poly(aniline), which would give rise to an increase in redox charge during the 

potentiodynamic sweeps i f poly(aniline) were to be reduced by ethanol. In order to 

confirm that ethanol is not catalytically oxidised by poly(aniline), we carried out the 

following experiment using a flow-cell. A poly(aniline)-poly(vinylsulfonate) 

modified electrode was set at 0.1 V (vs. SCE), upstream of the SCE reference and 

stainless steel counter. The f lowing background electrolyte was 0.1 M phosphate 
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buffer. Varying concentrations of ethanol were injected into the flow-cell, followed in 

between by the buffer solution. We observed a momentary positive transient current 

peak that returned to baseline current value when ethanol flowed through the cell. 

However, when the flow-cell was flushed with buffer, a negative transient current 

peak was observed, which also returned to baseline current value eventually in the 

absence of ethanol. The charges involved in both transient peaks were the same 

within experimental errors. This indicated that the transient processes were due to a 

reversible process and therefore, cannot be the result of catalytic oxidation of ethanol 

by poly(aniline), which is irreversible. 

Gutbezahl and Grunwald [37] have calculated the pK/^ values for anilinium ions in the 

ethanol-water system and shown that the pKf^ passes through a minimum with 

increasing concentration of ethanol. Another group [38] has also shown that the pK 

values of other positively charged acids pass through a minimum when the solvent 

composition of the methanol-water and ethanol-water systems was varied. This has 

been attributed to a change in the water structure that affected the basicity of the 

medium, though there is still much controversy concerning this issue. Nevertheless, 

these works support the conclusion that the effect of ethanol on poly(aniline)-

poly(vinylsulfonate) is not due to a catalytic reaction between poly(aniline) and 

ethanol, but another process which is reversible. Quite likely, ethanol brings about 

changes in the poly(aniline) film pH as that suggested by Gutbezahl and Grunwald. 

However, it must also be remembered that the rate-limiting process during 

potentiodynamic sweep of poly(aniline)-poly(vinylsulfonate) was shown to depend on 

cation mobilities, as we shall see in a later chapter. A change in ion mobilities in the 

presence of ethanol may also bring about changes in the potentiodynamic behaviour 

of poly(aniline)-poly(vinylsulfonate). 

3.6.3 Steady-state, constant potential experiments 

In this section, we set out to determine if ethanol affects the electrocatalytic response 

of PANI-PVS towards NADH using a thin film of PANI-PVS. An experiment was 

carried out in which aliquots of ethanol were added into a buffer solution containing 

an initial NADH concentration of 1.25 mM. The steady-state electrocatalytic 
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response of PANI-PVS towards NADH was clearly reduced when ethanol was added 

(see Fig. 3.16). 
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Figure 3.16 Steady-state current response of a poly(aniline)-poly(vinylsulfonate) 

modified electrode towards a constant concentration of NADH in the presence of 

different concentrations of ethanol. The poly(aniline)-poly(vinylsulfonate) modified 

electrode (with geometric area of 0.196 cm^ and d̂eposition = 400 mC cm'^) was rotated 

at 9 Hz and maintained at a constant potential of 100 mV in a pH 7, 0.1 M phosphate 

buffer containing 1.25 mM NADH. The buffer solution was thermostated at 35 °C 

throughout the experiment. 

Reduction of the electrocatalytic current could either be brought about by changes in 

the maximum electrocatalytic rate, or by changes in the partition coefficient of NADH 

into the film, or by changes in adsorption of NADH at the catalytic sites, or by 

changes in the diffusion coefficients of NADH. From the cyclic voltammetry studies 

in section 3.6.2, it is clear that there was a reduction in the number of catalytic sites 

when ethanol was present in the film (Fig. 3.15). Thus, this suggests the strong 

possibility that the observed reduction of the steady-state current response towards 

NADH in the presence of ethanol is due to a reduction of the catalytic sites present in 

the polymer film. However, the mechanism for this inhibition process remains 

unclear. It can be due to an indirect process in which ethanol alters the basicity of the 

medium and hence deprotonates the poly(aniline) film. As we understand 6om the 
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experience and knowledge gained from our research group, deprotonation of 

poly(aniline) films at high pH reduces the concentration of electrocatalytic sites. This 

then, would be equivalent to an inhibition process described in enzyme kinetics, in 

which the enzyme catalytic properties are being altered in the presence of an inhibitor. 

In the following section, we treated this reduction of electrocatalytic current towards 

NADH in the presence of ethanol as a simple case of inhibition, as described in 

enzyme kinetics. Then, using this inhibition model, we quantify the inhibition effect 

of ethanol based on the value of the inhibition constant, K[. We compared the value of 

this inhibition constant, Ki, obtained from steady-state experiments with that estimated 

from cyclic voltammetric studies where the amount of catalytic sites were reduced in 

the presence of ethanol. 

3.6.4 Quantification of the inhibitory effect of ethanol 

In this section, we carried out four constant potential, steady-state experiments where 

we measured the steady-state current response of poly(aniline)-poly(vinylsulfonate) 

modified electrodes towards NADH in the presence of 0, 0.1, 0.7 and 1.0 M ethanol. 

Fig. 3.17 shows the results of these experiments, which clearly indicate the inhibitory 

effect of ethanol, similar to that observed in the steady-state experiment shown in Fig. 

3.16 where the bulk NADH concentration was kept constant. 

Inhibition by ethanol can be described using a non-competitive model of the type 

often employed in enzyme kinetics [37]. The non-competitive inhibition model was 

first proposed by Michaelis and his collaborators in enzyme kinetics, as an assumption 

that certain inhibitors acted by reducing the enzyme maximum velocity, Fmax and do 

not affect Ku [39]. This is in contrast to a competitive inhibitor that affects Ku, but 

not Fynax-
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Figure 3.17 Steady-state current response of poly(aniline)-poly(vinylsulfonate) 

modified electrodes towards NADH in the presence of different concentrations of 

ethanol. The poly(aniline)-poly(vinylsulfonate) modified electrodes (with geometric 

area of 0.196 cm^ and d̂eposition =100 mC cm'^) was rotated at 9 Hz and maintained at 

a constant potential of 100 mV in a pH 7, 0.1 M phosphate buffer containing ethanol. 

The buffer solution was thermostated at 35 "C throughout the experiment. Solid lines 

through the points are obtained by fitting the experimental data to eqn. (3.30) and the 

best parameter values are plotted in Fig. 3.18. 

In the present case, if the reduction of the number of catalytic sites by ethanol is 

through a change in the p^a of the polymer, this would reduce the maximum 

electrocatalytic rate, Acat[site], without affecting the Ku value for the response of 

PANI-PVS towards NADH. Then, the maximum current response for the 

poly(aniline)-poly(vinylsulfonate) film towards NADH, in the presence of ethanol can 

be described by: 
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1 + -

V 

where [EtOH] is the ethanol concentration and K\ is the inhibition constant. 

Applying eqn. (3.29) into the analytical solution for the thin film case described by 

Bartlett and Wallace [10] for the electrocatalytic current towards NADH at 

poly(aniline)-poly(vinylsulfonate) films, we obtained the following current 

expression; 

K. J 

We then used a non-linear curve fitting software, SigmaPlot 6.0 to fit the experimental 

data in Fig. 3.17 to eqn. (3.30). The values of n F A k a n d KulKs, were first 

determined from the experiment where ethanol was absent, by fitting the experimental 

data to eqn. (3.30). Then, using these values of n F A k a n d ATM/̂ S, we 

determined Ki for each concentration of ethanol by fitting the steady-state 

experimental data to eqn. (3.30). The values of K\ obtained from the constant 

potential, steady-state experiments are shown in Fig. 3.18. 

In section 3.6.2, we observed a reduction of catalytic sites during cyclic voltammetry 

of the poly(aniline) films in the presence of ethanol. The catalytic site concentration 

can be related to the oxidation charge of the polymer during potentiodynamic sweep 

in acid, as follows: 

Q^^=nFAL{^\\.Q\ (3.31) 

In the presence of ethanol, we assume that ethanol reduces the number of catalytic 

sites within the polymer: 
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Q «F^Z[site] 

K, 

(3.32) 

6, 
2.x 

K, y 

(3J3) 

Thus, using eqn. (3.33), we can calculate the value of Ki from the oxidation charges of 

the polymer during cyclic voltammetry in the presence and absence of ethanol (see 

Fig. 3.15). Fig. 3.18 gives the K\ values for ethanol inhibition, calculated from 

constant potential, steady-state experiments in the presence of varying NADH 

concentration, and cyclic voltammetry experiments carried out in the absence of 

NADH. 

OJ OJ 2 

[ E t O H ] / M 

• • • from polymer oxidation ciiarge 
I I from steady-state current response towards NADH 

Figure 3.18 Plots of Ki vs ethanol concentrations. Values of Ki were calculated from 

the steady-state response towards NADH and polymer oxidation charges in the 

presence of ethanol, using eqns. (3.30) and (3.33), respectively. The error bars show 

the 95% confidence limit of the data for 18 data points at each ethanol concentration. 
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Fig. 3.18 shows the values of obtained from the two different experiments - the 

electrocatalytic response towards NADH and the oxidation charge of polymer in the 

absence of NADH. The values of K\ from the different experiments are of similar 

magnitude, suggesting that the origin of the inhibition effect of ethanol is due to a 

reduction of the number of electrocatalytic sites within the polymer. However, we 

cannot rule out the possible influence of ethanol on the KulKs value, which describes 

the adsorption between NADH and the catalytic site and the partition of NADH into 

the polymer film. Fig. 3.18 shows that K\ values obtained from the NADH current 

response are consistently lower than those obtained from polymer oxidation charges. 

By inspection of eqn. (3.30), this means that KulKs, values in the presence of ethanol 

must be larger than in its absence, after taking into account the reduction in 

concentration of catalytic sites. A larger KulK^ value implies that ethanol either 

lowers the partition coefficient of NADH into the film or reduces the capacity of the 

catalytic sites to bind NADH. We cannot separate these two effects (represented by 

Ku and Ks) and cannot quantify the influence of ethanol on these two kinetic 

parameters. Furthermore, we see that at low NADH concentrations, eqn. (3.30) 

reduces to i = where is the pseudo first order 
r , , [ g ' Q g ] ! 

heterogeneous rate constant for the oxidation of NADH at the poly(aniline)-

poly(vinylsulfonate) modified electrode. For the membrane enzyme electrode, the 

concentration of NADH present in the solution behind the membrane was estimated to 

be about 0.1 mM whereas, the value for the electrocatalytic oxidation of 

NADH was larger than 1 mM. Thus, we can rule out the influence of ethanol on the 

KulKs value for NADH oxidation at poly(aniline)-poly(vinylsulfonate) modified 

electrode, in the steady-state current response of the membrane enzyme electrode 

towards ethanol. 

In contrast, the inhibition model in which the ethanol reduces the concentration of 

catalytic sites, is consistent with the cyclic voltammetry results and the inhibition 

effect is quantifiable and significant at low NADH concentration. It is useful to be 

reminded at this point, that our main aim is to obtain a quantitative measure of the 

inhibitory process by ethanol from experimental data. This would enable us to 

99 



Chapter 3 - The Membrane Enzyme Electrode Chee-Seng TOH 

confirm the reason for the poor agreement of the experimental result for the 

membrane enzyme electrode and the reversible enzyme kinetics model at high ethanol 

concentrations observed in section 3.5.3. 

In conclusion, our results are consistent with the ethanol reducing the concentration of 

catalytic sites in poly(aniline)-poly(vinylsulfonate) film. Most likely, this is the main 

reason for the observation that the electrocatalytic current towards NADH by PANI-

PVS is inhibited in the presence of ethanol, when we consider it in the light of a non-

competitive inhibition model. This inhibition model is validated by the similar 

inhibition constant values calculated from the reduced steady-state current response 

towards NADH and the polymer oxidation charges, in the presence of ethanol. Based 

on the estimated NADH concentration present in the enzyme solution behind the 

membrane for the membrane enzyme electrode, we conclude that the influence of 

ethanol on the KulK^ value is negligible in our membrane enzyme electrode. In 

contrast, the influence of ethanol on the catalytic site concentration will remain 

significant. Therefore, in the following section, we apply this inhibition model by 

ethanol into the reversible enzyme kinetics model, using a K\ value of 4.3 M obtained 

by averaging the values obtained from the cyclic voltammetry experiments in order to 

see whether this explanation is consistent with the membrane enzyme electrode 

results. 

3.7 Improving the reversible enzyme kinetics model 

From section 3.5.3, we found that experimental data for the membrane YADH 

electrode deviated from the reversible enzyme kinetics model at high concentrations 

of ethanol. In section 3.6, we concluded that the most likely reason for this deviation 

was a reduction in the number of catalytic sites when ethanol was present. Using a 

non-competitive inhibition model, we were able to describe quantitatively the 

inhibition effect of ethanol on the steady-state current response towards NADH at 

poly(aniline)-poly(vinylsulfonate) modified electrodes, in the absence of alcohol 

dehydrogenase enzyme. In this section, we shall include this inhibition factor into the 

reversible enzyme kinetics model. Then, using the same approach described in 3.5.3, 

we plotted the current response of the membrane enzyme electrode towards ethanol 
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against surface NADH concentrations calculated from ethanol and NAD^ 

concentrations, and compared this current response with the current response of a 

poly(aniline)-poly(vinylsulfonate) modified electrode towards NADH in the presence 

o f N A D \ 

3.7.1 Including the inhibition factor into the model 

In eqn. (3.16), we have expressed the current density in terms of NADH concentration 

at the polymer surface and the heterogeneous rate constant, nFAig. In order to include 

the inhibition of the NADH electrocatalytic current by ethanol into the model, the 

heterogeneous rate constant needs to be expressed in terms of the kinetic parameters, 

^cat[site] and KulK^- For an unsaturated, thick film case described by Bartlett et al. 

[10], the current response towards NADH is !6 order with respect to the site 

K. y 
as concentration, [site]. If the [site] was reduced by a factor of 

discussed in section 3.6.4, then. 

(3.34) 
I , 

Using the experimental data from Fig. 3.7 again, the current response towards ethanol 

of the membrane enzyme electrode was multiplied by the factor, , and 

then re-plotted against the [NADHo] value calculated from the ethanol and NAD^ 

concentrations as described in section 3.5.3. Fig 3.19 shows the plot of current 

density against [NADHo], after taking into account the inhibition of electrocatalytic 

current towards NADH by ethanol. 

In Fig. 3.19, there is good agreement between the set of data obtained from the 

steady-state current response of the membrane enzyme electrodes towards ethanol and 

the set of data obtained from the steady-state current response of poly(aniline)-

poly(vinylsulfonate) electrodes towards NADH. In contrast, in Fig. 3.13 we saw 
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deviation of the calculated plot from the actual plot of current against N A D H 

concentration at high ethanol concentrations, as expected when the ethanol inhibition 

O 

• 1.5 mM NAD 

3.0 mM NAD^ 

• 15mMNAD^ 

— 1.5 mM NAD* 
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15 mM NAD* 
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[NADHJ / mM 

0.25 

effect is not considered in the model. 

Figure 3.19 Plot o f [ N A D H o ] against current density where [ N A D H o ] values were 

calculated from [Sbuik], [NAD\uik] and i using eqns. (3.23), (3.24) and (3.34), taking 

into consideration, ethanol inhibition of the electrocatalytic current towards N A D H . 

Experimental data were the same as those described in Fig. 3.7. The values of 

Dmem,sK, D'oj^adh, h, Im and ^eq = 8.5 X 10^ Were the same as in Fig. 3.13. Line plots 

represent the steady-state current response o f poly(amline)-poly(vinyIsulfonate) 

modified electrodes towards N A D H in the presence o f similar N A D ^ concentrations. 

This indicates clearly that the steady-state current response o f the membrane enzyme 

electrode towards ethanol can be described by a model in which we assume reversible 

enzyme kinetics behind the membrane together with ethanol inhibition of the current 

response towards N A D H by the poly(aniline)-poly(vinylsulfonate) modified 

electrodes. 
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Next, we plotted the current density against the NADH concentration at the polymer-

solution interface, under different experimental conditions in Fig. 3.20. As 

mentioned in section 3.6.1, at the enzyme concentrations of 0.5, 0.05 and 0.025 mM, 

the solution pHs deviate from the buffer pH of 7.0 and are measured to be 6.76, 6.88 

and 6.91, respectively. This gives theoretically calculated equilibrium constant values 

of 8.5 X 10"^ 1.12 X 10^ and 1.20 x 10"̂ , respectively (see Appendix A for calculation 

method). The surface concentrations of NADH are then calculated based on these 

calculated values. Fig. 3.20A shows the plots of current density against the 

surface NADH concentration obtained using two different methods. As in Fig. 3.19, 

the surface concentrations of NADH for one set of plots (represented by points) are 

calculated from the membrane enzyme electrode response towards ethanol using eqns. 

(3.17) and (3.23). The other set of plots (represented by lines) is obtained from the 

response of a poly(aniline)-poly(vinylsulfonate) electrode towards NADH. Fig. 

3.20B shows the same plots as Fig. 3.20A, but after taking into consideration ethanol 

inhibition of the poly(aniline)-poly(vinylsulfonate) response towards NADH. The 

experimental data are obtained from Figs. 3.8 and 3.10. 
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Figure 3.20 Plot of current density against [NADHo] where [ N A D HQ ] values were calculated from [iSbuik], [ A ^ ^ ^ \ u i k ] and i (A) using eqns. 

(3.23) and (3.24) and (B) eqn. (3.34) for ethanol inhibition of the electrocatalytic current towards NADH. Experimental data were the same as 

those described in Figs. 3.8 and 3.10, The values of Dmrm sAT, Z)'O,NADH, k and L used for the calculations were the same as in Fig, 3.13. The 

values of equilibrium constant used for the calculation were 8.5 x 10"^, 1.12 x 10"̂  and 1.20 x 10"^, obtained after considering the measured 

pHs of the enzyme solutions in 0.1 M phosphate buffer. Solid line plot was shown for the steady-state current response towards N A D H at the 

poly(aniline)-poly(vinylsulfonate) modified electrodes in the presence of 1.5 m M NAD^. 
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In Fig. 3.20B, there is good agreement between the set of plots obtained from 

calculated values of current densities and surface NADH concentrations from the 

response of membrane enzyme electrode towards ethanol and the set of plots obtained 

from the steady-state current response of poly(aniline)-poly(vinylsulfonate) modified 

electrodes towards NADH. 

This result confirms that the rate-limiting step for an amperometric alcohol sensor 

based on yeast alcohol dehydrogenase enzyme is the equilibrium constant and the 

relaxation kinetics of the enzyme reaction which determines the NADH concentration 

at the polymer surface and the polarisation layer thickness. We should remember that 

the equilibrium constant for the enzyme reaction is very small, somewhere in the 

order of At a large concentration of 1 M ethanol, which was the concentration 

range of substrate used in our experiments, the product concentration would be in the 

order of 10"' mM in a 1.5 mM NAD^ solution. Using an estimated membrane 

permeability value of 6.38 x 10"̂  cm^ s"\ we obtained a current flux of 3 pA cm" ,̂ 

which was similar to the magnitude of steady-state current response of the membrane 

enzyme electrodes. Our initial calculation of the mass transport current based on 

substrate concentration (in the range of 1 M) could not reveal this dependence of the 

current response towards ethanol on mass transport of product. 

This result of a product limiting current is consistent with the result obtained in Fig. 

3.11 where we added L-lysine to remove the enzyme product, ethanal. In Fig. 3.11 

we observed an increase in current response towards ethanol at large L-lysine 

concentration. This was due to the removal of product, thereby shifting the 

equilibrium described by eqn. (3.15) to the right, yielding more NADH at equilibrium. 

We therefore decided to employ large L-lysine and NAD^ concentrations to shift the 

equilibrium to the right and to use 0.025 mM enzyme concentration which gave 

optimal current response towards ethanol. The results of these experiments are 

discussed in the following section, where we compare our results with other 

amperometric alcohol biosensors based on alcohol dehydrogenase enzymes described 

in literature. 
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3.7.2 Amperometric alcohol sensors in other systems 

In this section, we carried out an experiment using high concentrations of L-lysine 

and NAD^ in order to shift the enzyme reaction equilibrium to the NADH side and to 

reduce product inhibition. Our aim is to analyse the experimental data using the same 

irreversible enzyme kinetics model described by Albery and Bartlett, which we have 

employed initially in section 3.2.2 for our data analysis. This is in order to compare 

our system with those described by other workers in the literature, under the condition 

where we reduced product concentration in the solution behind the membrane. Fig. 

3.21 shows the steady-state current response of a membrane enzyme electrode 

towards ethanol in a buffer solution containing 15 mM NAD^ and 1.0 M L-lysine. 

The enzyme solution behind the membrane was prepared using the same NAD"̂  and 

L-lysine composition as the external solution. 

Fig. 3.21 shows that the range of ethanol concentration detected by the membrane 

enzyme electrode was at least 100 times less than those obtained in section 3.4. 

Clearly, the presence of L-lysine and high NAD^ concentration have shifted the 

equilibrium to the NADH side, so that there are higher concentrations of NADH in the 

solution behind the membrane, thereby increasing the membrane enzyme electrode 

response towards ethanol. We expected that at high L-lysine and NAD^ 

concentrations, product inhibition would be minimal and the enzyme kinetics would 

become irreversible. Therefore, we fitted the experimental data to the coupled 

enzyme reaction-diffusion eqn. (3.1) and obtained the following best fit parameters; 

= 23.7 ± 1.7 îA cm'^ 

Km = 6.8 + 1.1 mol dm'^ 

nFk^ = 150.1 + 34.9 juA mM"' cm"^ 
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Figure 3.21 Current response of a membrane enzyme electrode towards ethanol 

recorded at +0.1 V vs SCE. The membrane enzyme electrode was prepared by laying 

freshly assembled membrane (38 pm thick), spacer (140 p,m thick), polymer film (380 

mC cm'^ deposition charge) and 0.025 mM enzyme solution, onto a glassy carbon 

electrode. The membrane electrode (with geometric area of 0.196 cm^) was rotated 

at 9 Hz in 1.0 M lysine-phosphate buffer (pH 7.0) containing 15 mM coenzyme 

NAD^. The buffer solution was thermostated at 35 °C throughout the experiment. 

Solid line through the points was obtained by fitting the experiment data to coupled 

enzyme reaction-diffusion eqn. (3.1). 

The mass transport term, nFk^, gave the largest error, which suggests that the 

electrode response was limited by enzyme kinetics. This result was similar to that 

obtained in section 3.2.2 where we employed low NAD^ concentration and no L-

lysine. Under this condition of high L-lysine and NAD^ concentrations, the apparent 

Ku value (6.8 mM) agreed well with the Km value of 13 mM obtained for yeast 

alcohol dehydrogenase from homogeneous enzyme kinetics [20]. Our apparent Km 

value was also in good agreement with the membrane alcohol dehydrogenase 

electrode where the enzyme was trapped in a solution behind a membrane [30]. It 

was in the same order of magnitude but lower than the value obtained for ethanol 
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amperometric sensors where the enzyme was included in the electrode material 

(carbon paste) [2] or immobilised onto a nylon mesh [40]. Thus, this suggests to us 

that irreversible enzyme kinetics are important in the membrane enzyme electrodes 

based on poly(aniline)-poly(vinylsulfonate) modified electrodes, when L-lysine was 

present. Tobalina et al. [2] have employed modified electrodes with enzyme 

entrapped in the electrode material. In their ethanol sensor, there was no membrane 

present, hence the products produced could readily diffuse into the bulk solution, if 

we assume that the enzyme reaction layer occurred primarily near the 

electrode/solution interface. In a similar way, the nylon mesh employed by Wu et al. 

[40] in their ethanol sensor may be unable to provide any diffusional barrier to the 

enzyme product, hence they were able to describe their ethanol sensor using an 

irreversible enzyme kinetics model. This is unlike our membrane enzyme electrode 

where there was clearly a diffusional barrier for the products (NADH and ethanal), 

due to the presence of the dialysis membrane. In contrast, Albery et al. [30] 

employed a membrane enzyme electrode design based on conducting salt as electrode 

material and they reported experimental results that fit the irreversible enzyme 

kinetics model. They reasoned that the high heterogeneous rate constant for the 

electrochemical oxidation of NADH by their electrode material, helped drive the 

reaction forward to the NADH side, hence preventing back reaction. However, it was 

equally likely that the presence of a high concentration of glycine (which has the same 

functional groups as lysine) in their buffer solution, helped remove the enzyme 

product, ethanal, hence giving rise to the observed irreversible enzyme kinetics for 

their system. 

In conclusion, the experimental results in this section 3.7.2 show that, under suitable 

circumstances, the irreversible enzyme kinetics model can be applied for the alcohol 

dehydrogenase enzyme electrode. This is consistent with amperometric ethanol 

sensors reported by other workers in which their data fit the irreversible enzyme 

kinetics model. However, it was unclear how the backward enzyme reaction was 

insignificant for their alcohol dehydrogenase sensors. Currently, there is no report 

providing evidence that the amperometric response of a dehydrogenase enzyme 

biosensor is governed by a reversible enzyme kinetics. 
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3.8 Conclusion 

In this chapter, we employed ferrocene methanol as a model redox probe in order to 

detemiine the membrane permeability and estimate the mass transport rate constant of 

ethanol through the membrane. The results indicated that a substrate mass transport 

limiting current would be much larger than the current flux obtained at the membrane 

enzyme electrode. Therefore, we carried out a series of experiments in which we 

varied the NAD^ and enzyme concentrations, membrane thickness and spacer 

distance, in order to determine the rate-limiting step for the membrane enzyme 

electrode. The results were inconsistent with those expected for irreversible enzyme 

kinetics, but indicated that current response of the membrane enzyme electrode 

depended on the equilibrium concentration of NADH produced in the enzyme 

solution behind the membrane. We therefore added L-lysine into the system to 

remove the enzyme product, ethanal, in order to confirm our findings. The result of 

adding L-lysine showed that the enzyme electrode response was limited by the 

amount of product present in the solution behind the membrane, confirming that the 

enzyme kinetics were reversible. 

An obvious advantage of removing enzymatic products for a reversible enzyme 

electrode system is the higher sensitivity of the dehydrogenase enzyme electrode 

towards the substrate. Dehydrogenase enzymes catalysing oxidation of compounds 

containing alcoholic groups, are reversible, with the equilibrium constants favouring 

the oxidised coenzyme, NAD^. For example at pH 7, the equilibrium constants for 

glycerol dehydrogenase is 5.1 x 10"̂ , L-lactate dehydrogenase is 2.76 x 10"̂  and 

malate dehydrogenase is 6.4 x 10'^ [20]. 

This work shows the practical application of the poly(aniline)-poly(vinylsulfonate) 

modified electrode in an alcohol dehydrogenase amperometric sensor and the 

advantage of using a membrane enzyme electrode design to identify the rate-limiting 

step. 
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Chapte r 4 - Ef fect o f Ca l c i um and Other Ions I 

Effect on the Electrocatalytic Oxidation of NADH by Poly(aniline)-
poly(vinylsulfonate) and Poly(aniline)-poly(styrenesulfonate) 

Modified Electrodes 

4.1 Introduction 

4.1.1 Effect of calcium on electrocatalytic oxidation of NADH 

Enhancement of the NADH electrocatalytic current at a modified electrode by simple 

addition of calcium salt to the solution was first reported by Katz et al. [1]. In their 

work, they employed pyrroloquinoline quinone (PQQ) as the mediator for NADH 

oxidation. The electrocatalytic oxidation of NADH by a mediator has been described 

by a mechanism in which there is formation of a charge transfer complex between the 

electron transfer mediator and NADH [2-4] as follows: 

Mox + NADH ^ [M—NADH] ^ + NAD+ + Hr" 

where Mo* and Mred are the oxidised and reduced mediators, respectively and 

[M—NADH] represents the charge transfer complex. 

Katz and co-workers rationalised the enhancement of the catalytic current in the 

presence of calcium in terms of the formation of a ternary complex between PQQ, 

Ca^+and NADH [1]: 

NADH + PQQ ^ [NADH PQQ] ^ NAD^ + PQQHz 

where PQQ and PQQH2 represent the binary complexes formed 

between and the oxidised and reduced mediators, respectively; 

[NADH Ca^^ PQQ] represents the ternary charge complex formed between 

mediator, NADH and Ca^^. 
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Subsequently, others have found similar enhancement effects on the electrocatalytic 

current towards NADH in the presence of or [5-10]. Table 4.1 shows the 

mediators which have reported to show increased electrocatalytic currents towards 

NADH in the presence of Ca^^ or other divalent ions. 

The explanations of the enhancement effect of proposed by Katz et al. [1], 

Pariente et al. [5] and Mano et al. [9-11] were in favour of the proposed bridging role 

of Ca^^ between mediator and NADH. For example, Pariente et al. [5] found that the 

enhancement effect on the electrocatalytic current in the presence of Mĝ "̂  was greater 

at higher pH, with the concomitant decrease in the values of Ku compared to those in 

its absence. Hence, they postulated that favours interaction between the 

deprotonated form of the mediator (QH ) and NADH. The values of Ku and ĉat were 

obtained from the pseudo first order rate constant derived from Koutecky-Levich 

plots. This result is similar to that of Katz and co-workers, where they found that the 

values of Ku decreased significantly by 150 times in the presence of Ca^^, while Acat 

remained unchanged. However, direct evidence of this bridging role of Ca^^ between 

mediator and NADH was not provided. Mano et al. [9-11] conducted a more detailed 

study in their attempt to understand the nature of the enhancement effect of Ca^^ when 

using reduced nitro-fluorenones as mediators for NADH oxidation. They found that 

the reduced trinitro-fluorenone modified electrode when coated with a thin 

hydrophobic layer of toluene gives insignificant electrocatalytic current towards 

NADH. However, the addition of Ca^^ increases the electrocatalytic current towards 

NADH to the same magnitude as when toluene was absent. From UV spectroscopic 

studies, they confirmed that the solubility of NADH in toluene is enhanced 

significantly in the presence of Ca^^ [9]. They postulated that the enhancement of the 

electrocatalytic current for the oxidation of NADH mediated by 2,4,7-

trinitrofluorenone in the presence of Ca^^ or Mĝ "̂  is due to greater hydrophobicity of 

the NADH-Ca^^ complex and hence enhanced interaction with the hydrophobic 

mediator molecules. From IR studies [9] and ^'P-NMR [11] studies, the complexation 

of NADH with Ca^^ is believed to arise from the interaction between the phosphate 

groups in NADH and Ca^^. 
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Table 4.1 Mediators which show enhanced electrocatalytic currents towards NADH in the presence of M 2+ 

Mediator 
Method [M^+] [NADH] Enhancement of 

electrocatalytic current 
towards NADH 

Ref. 

--S(CH2)2NHr| "7 iT 

Ax 
HO 0 

Pyrroloquinoline quinone (PQQ) 

C.A. 
&C.V. 

20 mM 

20 mM 

20 mM 

1 mM 

Ku = 109 mM 
(without Ca^^) 

Ku = 0.73 mM 
(with Ca^^) 

10.7x 

3.2x 

8.5x 

[1] 

-SCCHzkNH /NH 

C.V. 20 mM 1 mM 1.2x to 1.5x [1] 

V ° 

6 
OH 

Electropolymerised film of 3,4-
dihydroxybenzaldehyde (DHB) 

C.A. 
&C.V. 

5 mM Câ + 

5 mM Mĝ ^ 

5 mM Bâ ^ 

1 mM 

î M = 0.20 niM 
(without Ca^^) 

Âm = 0.06 mM 
(with Câ +) 

1.75X 

1.75x 

~ l . lx 

[5] 
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Mediator 
Method [M"+] [NADH] Enhancement of 

electrocatalytic current 
towards NADH 

Ref . 

0 

C - . Q - O H 

^ S 0 , „ " 

Pyrocatechol sulfonephthalein (PS) 

Probably C.V., 
not mentioned 

explicitly 

lOmMCa^^ 

10mMMg^+ 

10 mM 

1 mM - 2 . 1 X 

~ 2.0 X 

~ no effect 

[6] 

Electropolymerised film of toluidine blue 0 

C.A. 
&C.V. 

20 mM 

20 mM Mĝ + 

20 mM Bâ ^ 

1 mM 

î M = 0.89 mM 
(without Câ "̂ ) 

2.2 X 

2.1x 

l . lx 

[7] 

CH2(CH0H)3CH20H 

0 

Riboflavin 

C.V. 

(poor stability 
in steady-state 

current towards 
NADH in the 
presence of 

0.1 mMCa^+ 

O.lmMMg^^ 

1 mM 

A'm = 1.8 mM 
(without Ca^^) 

1.3x 

1.4x 

[8] 
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Mediator 
Method [M'+] [NADH] Enhancement of 

electrocatalytic current 
towards NADH 

Ref. 

NO2 C.V. 200 mM Ca^+ 0.5 mM 1.2x [9] 

0 
2,4,7-trinitro-9-fluorenone (TF) 

(poor stability 
in steady-state 
current towards 
NADH) 

COOH NO2 

NO2" y NO2 

0 

2,5,7-trinitro-9-fluorenone-4-carboxylic acid (TFCA) 

C.V. 

(poor stability 
in steady-state 

current towards 
NADH) 

350 mM Ca^^ 

20 mM Câ "̂  

20 mM Mg^+ 

20 mM Ba^^ 

0.5 mM ~5x 

~2.4x 

~1.8x 

-1.75x 

[9] 

C.A. = chronoamperometry, i.e. constant potential, steady-state experiments 

C.V. = cyclic voltammetry 
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On the other hand, when a carboxyHc group is introduced into the trinitrofluorenone 

mediator, Mano and Kuhn found that the enhancement effect is even greater compared to 

the unsubstituted mediator [9], This result is analogous to that reported by Katz et al., 

where the control experiment using a mediator without the acidic carboxylic groups is less 

affected by the presence of Ca^^ [1], 

It is interesting to note from Table 4.1 that the two mediators with attached carboxylate 

groups showed the greatest enhancement effect (although the added concentration is 

different) in the presence of Ca^^. This suggests that the carboxylate group is a possible 

complexing site for or Mg^^. However, the effect of enhancement by 2,5,7-trinitro-

9-fluorenone-4-carboxylic acid occurs at very much higher concentration of Ca^^ (at 700 

times that of NADH concentration), whereas, PQQ requires a concentration of Ca^^ which 

was of only 20 times that of NADH, to achieve double the enhancement effect observed 

in TCFA. Similarly for the other mediators, the Ca^^ concentrations employed to achieve 

current enhancements are between 5 to 20 times that of NADH concentrations. This 

suggests that the current enhancements may not be due to the complexation of NADH 

with alone, otherwise we should observe similar magnitudes of enhancement effect 

over a similar range of Ca^^/NADH concentration ratios for all mediators. The difference 

in the enhancement effect may also be due to the choice of the NADH concentration. For 

example, where data on values were available, we see that Katz et al. has chosen the 

NADH concentration (1 mM) to be much smaller than the value of 109 mM. 

However, upon addition of 20 mM the NADH concentration is now higher than the 

new Ku value which has decreased to 0.73 mM. Whereas, Pariente et al. chose the 

NADH concentration (1 mM) to be above both the Km values in the presence and absence 

of Ca^^. Since the effect of Ca^^ is to shift the Ku value, this could explain why the effect 

of enhancement observed by Pariente et al. and other workers were not as high as that 

observed by Katz et al.. 

Furthermore, where data are available for comparison, the trend observed for the other 

divalent ions are different for the four mediators PQQ, DHB, PS and TFCA. Thus, 

suggesting that the mechanism of the enhancement effect may not be the same for the 

different mediators and could be far more complex than the simple bridging role of Ca^^, 

first proposed by Katz and co-workers. 
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4.2 Results 

4.2.1 Cyclic voltammetry of PANI-PVS in the presence of calcium ions 

100 

50 

< =L 

-50 

-100 

-150 

Buffer 
5 mM Ca 

-0.2 

20 mM Ca^ 
50 mM Ca^ 
100 mM Ca^ 

0.0 0.2 

Evs SCE/V 

0.4 

Figure 4.2 Cyclic voltammetry of PANI-PVS in pH 7.1 buffer with varying 

concentrations of Ca^^. 0.1 M Tris-HCI buffer (pH 7.1), 25 °C, degassed, ^deposition =100 

mC cm"^, A = 0.196 cm^, initial potential held at -0.3 V (for 300 s), v = 2 mV s'̂  

Cyclic voltammetry on PANI-PVS was carried out in the presence o f varying amounts of 

calcium ions in pH 7.1 Tris-HCI buffer solutions, in order to study the effect o f Ca^t The 

results are shown in Fig. 4.2. 

In the absence o f the cyclic voltammogram of poly(aniline)-poly(vinyl sulfonate) 

shows a broad anodic plateau from 0.05 V to 0.2 V (Fig. 4.2). Fig. 4.2 shows that as the 

concentration o f Ca^^ increases to 100 mM, there is a rise in the anodic current at about 

0.2 V , while the anodic current at 0.05 V remains unaffected by the addition of Ca 
2+ 
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Protonation/deprotonation processes and electron transfer between electrode and polymer 

or electron hopping along the polymer chains are not the only processes which control the 

redox transformation of poly(anilines). Other processes which have been found to be 

limiting are insertion/expulsion of ions [12, 13] and polymer morphological changes [14]. 

The result in Fig. 4.2 suggests that the redox process of PANI-PVS depends on mobility 

of ions, rather than the electron transfer process itself This is consistent with many 

studies that showed cation transport to be the rate-limiting process in poly(anilines) doped 

with large anions such as Nafion [12, 13] and poly(styrenesulfonate) [15]. A similar rate-

limiting effect of cation transport is observed for poly(pyrroles) doped with Nafion [12, 

16, 17], dodecylsulfonate [18] and other large sulfonate ions [19]. In fact, this cationic 

transport limiting process in poly(aniline) and poly(pyrrole) doped with large counter 

anions, has been utilised successfully in electrochemical sensors for cations [18, 20]. 

If the redox transformation of poly(aniline)-poly(vinylsulfonate) is limited by cation 

mobility during potentiodynamic sweep, then we should observe differences in the cyclic 

voltammograms of poly(aniline)-poly(vinylsulfonate) in the presence of and another 

cation, K"̂ . In a separate experiment, we cycled a poly(aniline)-poly(vinylsulfonate) film 

potentiodynamically in a Tris-HCl buffer solution (pH 7.1) containing 100 mM KCl (Fig. 

4.3). We have chosen Tris-HCl as our buffer system for these cyclic voltammetric 

experiments because first, Ca^^ ions form insoluble salts with HP04^" and P04^" ions 

present in the citrate-phosphate buffer, but are soluble in Tris-HCl buffer solutions. 

Second, Tris (tris(hydroxymethyl)aminomethane) was chosen because it has a molecular 

mass of 121.14, about 3 times that of Ca^^ and K^, hence would not affect the cyclic 

voltammetry result if the rate-limiting step is due to ion mobility. 
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Figure 4.3 Cyclic Voltammetry of PANI-PVS in the presence of and K \ 0.1 M 

Tris-HCl buffer (pH 7.1), 25 "C, degassed, d̂eposition = 100 mC cm" ,̂ A= 0.196 cw?, initial 

potential held at -0.3 V (for 300 s), v= 2 mV s"' 

Fig. 4.3 shows that in the presence of 100 mM K^, the anodic current at 0.2 V increases 

while the anodic current at 0.05 V remains unaffected. The increase in the anodic current 

at 0.2 V in the presence of 100 mM is greater than that observed for Ca^^ of the same 

concentration (at 100 mM) or similar ionic strength (at 30 mM). Clearly, this indicates 

that the redox process occurring at 0.2 V is affected by the presence of cations, and 

K^, while the redox process occurring at 0.05 V does not depend on cations. From Fig. 

4.3, we also see that the cathodic peak current increases in the presence of the cations 

Ca^^ and K"̂  and the increase is larger for compared to Ca^^. 

We remember from section 1.3.4 that poly(aniline) films exhibit two redox couples during 

potentiodynamic sweeps between -0.2 V and 0.5 V (vs. SCE) in 1 M H 2 S O 4 . At pH 7, 

however, these two redox couples could not be distinguished from one another, due to the 

greater shift in potential of the second peak compared to the first peak under conditions of 

increased pH. The observation in Fig. 4.2 indicates that the redox process occurring at 0.2 

V is affected by the presence of cations Ca^̂  and while the redox process occurring at 

0.05 V does not depend on cations. This can be explained in terms of redox 
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transformation between the different forms of poly(aniHne). For the first redox peak, the 

rate-limiting step is the slow electron transfer process due to the non-conducting nature of 

leucoemeraldine, hence cation movement would exert little influence on the anodic 

current. On the other hand, the redox transformation of the conducting emeraldine into the 

non-conducting pemigraniline would not be limited by electron transfer process. Instead, 

other processes such as charge compensation by movement of ions would be significant. 

The greater peak currents in the presence of is consistent with cation mobility being 

the rate-limiting step, since has a smaller hydrated radius (0.331 nm) compared to Câ "̂  

(0.412 nm) [21]. 

A complete description of the potential shift and the peak current increase is, however, 

difficult and will not be attempted in this work. This is because as discussed above, the 

redox process of PANI is coupled to the equilibration of protons within the film, ion 

insertion/expulsion and conformational changes. Furthermore, proton equilibration 

depends on the total proton concentrations within the film, which are affected by the 

concentrations of all cationic species in the electrolyte solution and their corresponding 

competition for incorporation in the film. Such effects have been discussed in greater 

detail by Anson and co-workers [22], 
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4.2.2. Reversibility of the effect of calcium 
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Figure 4.4 Cyclic Voltammetry o f PANI-PVS in 2 M H2SO4 before and after 

amperometric experiment wi th of N A D H and Ca^^. The second cycle obtained before the 

amperometric experiment was used instead of the first because of the first cycle effect. 25 

°C, Gdeposhioa PANI-PVS = 20.69 mC, A= 0.196 c m \ i /= 50 m V s V 

For a PANI-PVS film that has been used in an amperometric experiment where N A D H 

and Ca^^ were present, the cyclic voltammogram in acid showed slightly displaced peaks 

with less total redox charges, compared to the cyclic voltammogram obtained before the 

experiment. After the fourth cycle, the peak positions and total redox charge were 

restored (Fig. 4.4). The same film was re-used again in another amperometric 

experiment wi th N A D H and calcium and there was no observable change in its 

electrocatalytic current towards NADH. The same amperometric response towards 

N A D H was obtained for a new film immersed for 5 min in a buffer solution containing 30 

m M Ca^% rinsed with buffer solution and then followed by the amperometric experiment. 

Hence, this uptake of Ca^^ by the polymer film is a reversible process. 
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The decline in polymer redox charge observed after an amperometric experiment where 

was present, was also observed when potential of the polymer was continually 

cycled in a 4 M HCl solution containing 2 M CaCli (Fig. 4.5). 
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Figure 4.5 Cyclic voltammetry of PANI-PVS in 4 M HCl, 2 M CaCh. 25 °C, d̂eposition 

PANI-PVS = 7 mC, A= 0.0707 cm^, v= 50 mV s"' from 2""̂  cycle to 20* cycle. 

The total redox charge, determined from the cyclic voltammogram, declined to about 90% 

of its initial value after 20 cycles at a sweep rate of 50 mV s"'. Whereas, in the absence of 

CaClz, the cyclic voltammogram of PANI-PVS in 4 M HCl shows no change in the total 

redox charge after 20 cycles. This decline in redox charge can be explained by a 

displacement of protons by Ca^^, hence resulting in less protonated emeraldine units in the 

polymer. Thus, the electroactivity of the poly(aniline) film was lowered as more sites 

within the polymer were taken up by instead of H^. The original cyclic 

voltammogram in HCl was recovered after a simple process of rinsing the polymer film 

with the acid solution containing no ions. This is an important result for the PANI-

PVS based NADH sensor because it means this simple strategy of adding a salt such as 

CaCl2 can be employed repeatedly for the same film to enhance the sensor performance. 

Our conclusion from these studies is that the uptake of by the polymer film does not 

increase the polymer electroactivity, but in fact, caused it to decline, as more Ca^^ ions are 
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incorporated into the film (Figs. 4.4 & 4.5). This uptake of Ca^^ by the polymer film is 

reversible, clearly suggesting a complexation process between PANI-PVS and is 

involved. 

4.2.3. Constant potential, steady-state response towards NADH 

A thin film of PANI-PVS (100 mC cm" ) was deposited onto a rotating disc electrode. The 

electrode was rotated at a constant rotation speed of 30 Hz in a pH 7.1 Tris-HCl buffer, to 

keep a constant and reproducible diffusion layer throughout the experiment. A constant 

potential, steady-state experiment was conducted in which aliquots of NADH were 

introduced into the buffer solution first, followed by Ca^^. The same polymer film was 

rinsed with buffer solution, cycled in 2 M H2SO4 to re-protonate the film and re-used in a 

second amperometric experiment where the order of NADH and Ca^^ additions were 

reversed. The result is shown in Fig. 4.7. 
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Figure 4.6 Effect of calcium at constant potential on the amperometric response of 

PANI/PVS towards NADH. O.IM Tris-HCl (pH 7.1), 25 °C, 30 Hz, A = 0.0707 cm^ 

GdeposiUon = 100 mC cm'^ 

It is obvious that the enhancement effect of (on the PANI-PVS steady-state response 

towards NADH) in both experiments was the same, within experimental error (+10%). A 

current response towards NADH reached steady-state in the order of 2-3 s and this was 

unaffected by the presence of Ca^ .̂ However, during additions of Ca"""̂ , the time taken to 
2+ 
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reach steady-state was much longer (~ 700 s) for the first addition and shorter for 

subsequent additions. This was observed for additions of Cd?* in the presence and 

absence of NADH (Fig. 4.6). A second difference between Câ "̂  and NADH additions 

was that there was a large positive transient current for additions of Ca^^. In contrast, this 

was not observed during additions of NADH. In the absence of NADH, additions of 

did not increase the baseline current, thus suggesting that this transient current is due to a 

perturbation of the equilibrium state of the system. In the presence of NADH, the steady-

state currents towards NADH in both experiments (Fig. 4.6 A and B) were similar, thus 

suggesting that this perturbation process occurred independently of the electrocatalytic 

oxidation of NADH by PANI-PVS. 

4.2.4. Comparison of current enhancement in cyclic voltammetry and amperometric 

experiment 
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Figure 4.7 Cyclic Voltammetry of PANI-PVS in the presence of NADH with and 

without Ca^^. 0.1 M Tris-HCl buffer (pH 7.1), 25 °C, degassed, d̂eposition PANI-PVS = 20 

mC, A= 0.196 cm^, initial potential held at -0.3 V (for 200 s), v=2 mV s"'. 

Fig. 4.7 shows the cyclic voltammogram of PANI-PVS in the presence of NADH with 

and without Ca^. In the absence of NADH, a pair of well-defined redox peaks for PANI-
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PVS in pH 7.1 solution were observed (Fig. 4.7). The anodic and cathodic peaks occur at 

57 mV and -56 mV (vs. SCE), giving a formal potential of - 1 mV (vs. SCE). In the 

presence of NADH, there was an enhancement of the anodic current and a corresponding 

decline in the cathodic current. This is evidence for the electrocatalytic effect of PANI-

PVS on NADH oxidation which has been studied in detail by Bartlett et al.[4]. The 

presence of NADH did not affect the peak potentials of PANI-PVS. Interestingly, upon 

addition of calcium in the presence of NADH, the cyclic voltammogram was similar to 

that obtained in the presence of NADH alone. At 100 mV, the presence of enhanced 

the electrocatalytic current towards NADH by only 1.1 times, if we compare the anodic 

currents in the presence of NADH (with and without Câ "̂ ). Whereas under comparable 

conditions, the steady-state electrocatalytic current towards NADH at a constant potential 

was increased by about 12 times in the presence of Ca^^. Clearly, the effect of Ca^^ on 

electrocatalytic oxidation of NADH by PANI-PVS is limited by a certain process or 

processes during cyclic voltammetry. 

By comparing the redox charges of poly(aniline) in the presence and absence of NADH, 

we can obtain some insights into the turn-over rate of the redox sites within the polymer 

film during reaction with NADH. We chose a thin film of poly(aniline)-

poly(vinylsulfonate) so that the NADH-polymer reaction occurs throughout the film. The 

amount of redox charge involved in the polymer-NADH reaction during cyclic 

voltammetry, QNADH, is obtained from the sum of the differences in the oxidation and 

reduction charges between cyclic voltammograms of PANI-PVS in the presence and 

absence of NADH and is indicated by the shaded region in Fig. 4.7. 2 n a d h represents the 

total amount of polymer which is reduced by NADH during one cycle of the 

potentiodynamic sweep back and forth from -0.3 V to 0.4 V (vs. SCE) and is calculated to 

be 7.52 mC from Fig. 4.7. Whereas, the oxidation charge of a similar PANI-PVS film 

during cyclic voltammetry in buffer, gox, represents the total amount of electroactive 

polymer present in the film. We must remember that the reaction between NADH and 

the electroactive emeraldine form of poly(aniline) yields the non-electroactive 

leucoemeraldine form of poly(aniline) as follows: 
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N A I / 

PANI 
(emeraldine) (leucoemeraldine) 

From Fig. 4.7, we found GOX to be 5.26 mC, giving a ratio of ^ n a d h / G o x as 1.43. 

Assuming that all the redox sites are electroactive towards NADH, then during one 

potentiodynamic cycle, each site reacts with only one and a half molecules of NADH. 

This means that the polymer sites are at the non-electroactive state for more than two-

thirds of the total time taken (500 s) for the cycle to sweep from -100 mV to 400 mV and 

back to -100 mV, the potential at which the polymer exists in the electroactive emeraldine 

state. This calculation suggests that the polymer-NADH kinetics must be faster than the 

polymer redox transformation in order that the polymer sites remain reduced most of the 

time. Hence, any enhanced effect on the polymer-NADH kinetics in the presence of 

was not observed during cyclic voltammetry as observed in Fig. 4.7. It is interesting to 

also note at this point of discussion, that during steady-state amperometric experiments, 

an initial equilibration time of about 300 s (close to 2/3 of 500 s) is required for a PANI-

PVS film of similar thickness to reach steady-state at constant potential of 100 mV (vs. 

SCE) in the pH 7 buffer solution. 

In conclusion, we do not see a similar enhancement effect of on the electrocatalytic 

current towards NADH by PANI-PVS in the cyclic voltammetry experiment, as that seen 

for the constant potential, steady-state experiments. From analysis of the charge passed 

during cyclic voltammetries of PANI-PVS in the presence and absence of NADH, this 

difference between cyclic voltammetry and constant potential, steady-state experiments is 

very likely due to the slower redox transformation of polymer compared to the polymer-

NADH kinetics. 
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4.2.5. Coulometric measurement of transient oxidation process during Ca^^ or 

interaction with PANI-PVS and PANI-PSS 

To study whether there is any correlation between the transient process observed in Fig. 

4.6 and the enhancement effect of Ca^^ on the electrocatalytic current towards NADH for 

PANI-PVS, we conducted the following experiment. The same film thickness of PANI-

PVS was deposited onto a rotating disc electrode and kept at 100 mV in the buffer 

solution under the same conditions as in Fig. 4.6. Aliquots of Ca^^ were added into the 

buffer solution and the transient current which relaxed to the baseline current was 

observed. The cumulative charge passed through the polymer for each addition of Ca^^ 

was obtained from the integration of current over time. The same experimental conditions 

were used for a film with a different counter polyanion, poly(aniline)-

poly(styrenesulfonate) or PANI-PSS. 

Fig. 4.8A shows the plot of the ratio of steady-state current towards NADH in the 

presence and absence of Ca^^, with respect to Ca^^ concentrations. Fig. 4.8B shows the 

result for the total cumulative charge passed through the polymer at various 

concentrations of Ca 
2+ 
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Figure 4.8 Effect of Ca on (A) the ratio of steady-state currents of NADH oxidation 

with and without Ca^ ,̂ /NADH.Ca2+/fNADH; (B) Cumulative charges passed through the 

polymer in the absence of NADH. Data for PANI-PVS and PANI-PSS films are shown. 

O.IM Tris-HCl (pH 7.1), 25°C, 9 Hz, ga, eposition ' 100 mC cm' 
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It is interesting to note the similarity between both plots of cumulative charge and the 

ratio of steady-state currents of NADH oxidation with and without with respect to 

concentration. Furthermore, when no NADH was present, upon dilution of the Ca^^ 

solution by addition of buffer solution, a negative transient current was observed. By 

diluting the Ca^^ solution (removing Ca^^ solution and adding buffer solution at the same 

time) until no transient current was observed, the total negative cumulative charges during 

removal of Ca^^ were measured. These cumulative charges approximately equalled those 

for the positive transient oxidation charges during addition of Câ "̂ . This shows that the 

interaction of Ca^^ with the PANI-PVS film is a reversible process, similar to that 

observed earlier in section 4.2.2. The same was observed for the response of PANI-PVS 

towards MgClz. 

In the literature, chronocoulometric methods have been used for the determination of the 

apparent diffusion coefficient of mobile species confined to a layer on an electrode 

surface. The value of diffusion coefficient obtained using this method was associated 

with ion diffusion through the polymer, electron hopping processes or both, depending on 

which process limits the current [23, 24]. As the ions move into or out of the polymer, a 

corresponding number of electrons must move across the electrode/polymer interface in 

order to provide charge compensation. In order to give a positive transient during or 

Mĝ "̂  addition, the movement of one divalent cation into the polymer film may be 

accompanied by egress of three out of the film. As CI" ions are also added into the 

solution together with Ca^^, the movement of Ca^^ may be accompanied by CI" as well, as 

shown in Fig. 4.9. 
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Figure 4.9 Schematic diagram showing the movement of ions into/out of polymer 

during addition of ions in the electrolyte solution (A) when movement involves only 

cations (B) when movement involves both cations and anions 
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It is however, difficult to determine the exact ratio of the ionic species involved in the 

transient oxidation process. As we have said in section 1.3.4, movement of ions depends 

not only on the chemical potential difference of the ions across the film/solution interface, 

but also the Donnan potential which exists at the interface. One thing which we can 

conclude is that this differential effect of adding Ca^^ or Mg^^ diminishes as the 

concentration of Ca^^ or Mg^^ present in the solution increases. This resembles a 

reversible binding process occurring between the ion and polymer, which reaches 

saturation when all the binding sites are filled. Such binding processes of cations have 

been directly observed in poly(pyrrole) using radioactive cations [19]. 

In the above, we assume that unequal movement of ions into and out of the film which 

gives rise to a build-up of charges within the polymer film, would be accompanied by a 

redox reaction of the polymer in order to maintain charge balance. For example, if there 

were three protons leaving and one Ca^^ ion entering the film, a net oxidation charge of 

le" charge would be observed in order to keep the film at its original neutral state. This 

charge movement would be transient in nature, since there will be no charge movement 

once the film returns to its original charge balance. If we disconnect the polymer film 

from the external circuit such that no redox charge can flow through the polymer, then we 

should observe a build-up of charges within the film when Ca^^ was introduced into the 

external solution. This build-up of charges should be readily observable from the 

potential of the polymer film with respect to an external reference. In order to confirm 

this hypothesis as described in Fig. 4.9, we carried out the following experiment where 

the polymer potential was measured with respect to SCE under the same conditions as in 

Fig. 4.8B. In this case, the polymer was left at open circuit, instead of held at 100 mV and 

its potential measured with respect to SCE using a high-impedance voltmeter. Aliquots of 

Ca^^ were added into the buffer solution and the potential was recorded and result shown 

in Fig. 4.10. Fig. 4.10 shows that the open-circuit potential of the polymer film decreased 

as the concentration of Ca^^ increased in the external solution. The concentration of Ca^^ 

at which the potential drops to half its limiting value is 5.6 mM, whereas, the 

concentration of at which the cumulative charge increases to half its limiting value is 

3.6 mM. This reasonable similarity in the concentration dependence of the two 

experiments measuring the same process using different approaches suggests strongly that 

the transient current in the presence of divalent cations is the result of ion movement into 

and out of the film. 
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Figure 4.10 Change in measured potential of PANI-PVS film with respect to SCE. The 

transient oxidation response of PANI-PVS towards Ca^^ (from Fig. 4.SB) was plotted for 

comparison. Experimental conditions are the same as in Fig. 4.8B. 

Thus far, from cyclic voltammetric studies in section 4.2.1, we see that cyclic 

voltammetiy of PANI-PVS is affected by the concentrations and type of cations present in 

the external solution. The increased currents on the forward and reverse sweeps suggest 

expulsion and uptake of cations by the polymer, respectively, consistent with the findings 

by other workers. However, upon repeated cycling in the presence of Ca^^, the polymer 

shows reduced electroactivity, which is readily recovered by rinsing with buffer or acid 

solution. The transient oxidation currents observed when was added to the polymer 

film in the absence of NADH, support the suggestion that was taken up by the 

polymer film. This was further supported by a separate experiment measuring the open-

circuit potential of the polymer in the presence of changing concentrations of Ca^^. 

Hence, we have several pieces of evidence pointing to the fact that PANI-PVS film takes 

up Ca^^ ions. Finally, the transient cumulative charge and the ratio of the steady-state 

currents of NADH oxidation with and without Ca^^, ZNADH,Ca2+/iNADH, show similar 

dependence upon the Ca^^ concentration, providing the first evidence in this chapter that 
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Ca^^ uptake by the polymer film is related closely to the enhancement of electrocatalytic 

current towards NADH. 

In the following section, we shall use ^'P-NMR studies to investigate the role of Ca^^ in 

the reaction between the PANI-polyanion films and NADH. 

4.2.6. ^'P-NMR studies - effect ofpoly anions 

From ^'P-NMR studies, Mano et al. have found that the single peak in the spectrum of 

NADH is changed into four peaks upon addition of Ca^^. This was characteristic of a 

change from an A; system into an AB system where the 2 phosphorous atoms of the 

pyrophosphate group in NADH experienced a change in the local chemical environment 

in the presence of Ca^^ [11]. 

H H O 
NADH 

-OCH. 

T 

II II N N' 
- P - O - P , 0 , 
& & 

HO'' 'OH 

In the presence of the mediator, 2,5,7-trinitro-9-fluorenone-4-carboxylic acid, there was a 

change of the spectrum in terms of both the chemical shift and coupling constant of the 

peaks from that observed for solutions containing NADH and Ca^^, without the mediator. 

This was attributed to the formation of a ternary complex between NADH, Ca^^ and 

2,5,7-trinitro-9-fluorenone-4-carboxylic acid [11]. 

In order to understand the nature of the interaction of with NADH in the presence of 

polyanions, a series of solution ^'P-NMR experiments was carried out where only Ca^^ 

and a polyanion were present in the solution. This was done in collaboration with Kuhn 

and co-workers at the University of Bordeaux. The result is shown in Fig. 4.11. 
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4.2.6.1. ^^P-NMR spectra 

Spectrum A of Fig. 4.11 displays the solution ^'P-NMR spectrum of a liquid sample 

containing Ca^^ and NADH. The quadruplet that is detected is typical of a pair of 

phosphorus atoms strongly coupled and showing so-called second order effects [25]. 

Upon addition of PSS to the solution, Spectrum B, there is little change. This was unlike 

the result obtained when the same concentration of 2,5,7-trinitro-9-fluorenone-4-

carboxylic acid was employed in the presence of the same quantities of and NADH 

where a second quadruplet appeared at around -11.5 and -11.71 ppm (J=16 Hz) [11]. 

One must mention that the sample is still a clear solution and that liquid state NMR has 

been used. The concentration of -SO3' anionic groups present in the PSS solution is much 

higher than that of the -COO in the 2,5,7-trinitro-9-fluorenone-4-carboxylic acid solution, 

since one PSS polyanion contains multiple monomer units. In fact, the concentration of 

anionic groups present, based on the polymer molecular mass, was calculated to be -10 

mM. To ascertain whether the concentration of anions would exert an influence on the 

^'P spectra, a repeat experiment was carried out using 0.086 pM PSS where its SO3' 

concentration was about 30 jxM. The result showed no difference from that where only 

Ca^^ and NADH were present (result not shown). 

The presence of Na^ was shown to cause a deshielding effect on the ^'P-NMR of NADH 

in the presence of Ca^^ [11]. As the polyanions were supplied as the sodium salts, this 

deshielding effect may also be present in the spectra observed in Fig. 4.11. A control 

experiment was carried out using protonated PSS, PSS'H^, instead of PSS'Na^. The PSS" 

H^ was obtained from PSSTSfa^ using a strong acid cation gel exchange resins as described 

under Materials and Methods section. The result obtained was similar to that already 

obtained for PSS"Na^ (not shown). 

Since PSS" shows no obvious effect on the ^'P-NMR of NADH in the presence of Ca^^, 

we are interested to find out further if PANI itself has an effect on NADH in the presence 

of Ca^^. Generally, solutions of poly(anilines) can be obtained by dissolving the 

emeraldine base in solvents such as N-methylpyrrolidone (NMP) [26]. Alternatively, the 

protonated emeraldine can be dissolved in substituted phenolic solvents such as m-cresol 

[27]. However, both these methods to obtain polymer solutions for NMR are not suitable. 
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First, organic solutions of emeraldine base are an inappropriate representation of the 

actual pH 7 condition employed for the electrocatalytic oxidation of NADH by PANI-

PSS. Second, phenols may bind with through the negatively charged phenoxide 

groups and this would interfere with the interpretation of NMR results. Hence, the 

following solid state ^'P NMR experiment was carried out to study the effect of PANI-

PSS on the ^'P-NMR of NADH in the presence of Ca^^. PANI-PSS was deposited 

potentiostatically at +0.9 V vs. SCE on a Pt plate electrode (1 x 1.2 cm^) from a solution 

containing 20 mg cm'^ poly(styrenesulfonate), 1.88 mol dm"̂  H2SO4 and 0.44 mol dm"̂  

aniline (freshly distilled). The film formed was dried using a heat gun, and removed 

thoroughly using a glass spatula (some polymer did remain on the plate, but this 

constituted less than 1% of the total polymer mass). The polymer material was then 

ground into a fine powder using a ceramic pestle and mortar. 

The solid polymer sample was equilibrated with NADH in the presence or absence of 

Ca^^, the particle suspension was filtered and the resulting powder re-suspended in 50 jiiL 

D2O and poured into a 4mm diameter HR-MAS zirconia rotor. The rotor was placed at the 

magic angle (54.7°) with respect to the magnetic field and spun at 5 kHz, to remove all 

solid state interactions. No signal was detected when Ca^^ was absent, spectrum C, 

whereas a broad quadruplet similar to what was detected in solution was observed in the 

presence of Ca^^. It must be mentioned here that spectra C and D were collected under 

exactly the same conditions except the number of scans. Spectrum C was collected 

overnight (8k scans), whereas spectrum D was quickly obtained after 64 scans. It must 

also be mentioned that the recycle delay was set to 5 s in all cases, that is to say, more 

than 5*Tiz ensuring a non saturation of signals {vide infra). 

4.2.6.2. Relaxation time measurements 

Spin-lattice relaxation times, Tiz, were measured on samples B and D, as described in 

materials and methods. Values of 0.97±0.05s and 0.33+0.02 s were found respectively. 

The line width at half height (l/nTz) measured on spectrum B is 3.7+0.2 Hz and 14.6+0.4 

Hz for spectrum D. 
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The above NMR experiments led us to two conclusions: 

a) PSS does not modify the NADH spectral features detected in the presence of calcium, 

and 

b) calcium promotes NADH binding to PANI-PSS particles. 

As already detailed in a recent publication [11], the quadruplet that is detected in the 

presence of calcium is indicative of an unfolding effect of the cation on the NADH 

molecular structure. This is currently of important biochemistry interest because 

knowledge of the three-dimensional structures and dynamics of cation-bound and free 

forms of NAD^/NADH is important for understanding the many biochemical roles of the 

coenzymes [28, 29]. 

In spectrum B, the polymer PSS did not modify this quadruplet suggesting that the 3D 

structure of NADH is little affected by the polymer in solution. The solid state NMR 

results demonstrate that in the absence of calcium, NADH is not bonded to the PANI-PSS 

particles (no NMR signal after filtration). Addition of calcium when preparing the 

particles in the presence of NADH led to a detectable signal, after filtration, showing that 

the coenzyme has been adsorbed on the PANI-PSS particles. Both Tiz and T2 relaxation 

times indicate that NADH molecular motions on the nanosecond-to-millisecond time 

scale are slowed down by the presence of PANI-PSS particles. This result shows that in 

the presence of Ca% a significant amount of NADH was retained within the polymer 

film, which was otherwise not retained in the absence of Ca^^. This would suggest that 

Ca^^ has an effect on Aw or partition of NADH into the film, rather than on ĉat in the 

electrocatalysis of NADH by the polymer. 
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Figure 4.11 Proton-decoupled ^'P-NMR spectra of mixtures of NADH, calcium, PSS and 

poly(aniline). 

A) Solution NMR spectrum of NADH (4 mM), calcium (1 M) in H20/(20% DgO). A 

line broadening of 1 Hz was applied before Fourier transformation. Temperature: 

300 K; recycle delay: 5 s; number of scans: 64; spectral width: 10 kHz. Chemical 

shifts are expressed relative to 85% H 3 P O 4 (0 ppm). 

B) same as A) with 30 jiM PSS. 
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C) solid state HR-MAS NMR spectrum of the mixture PANI-PSS/NADH after 

filtration (see text). Spinning speed, 5 kHz; spectral width, 10 kHz; number of 

scans: 8192; recycle delay: 5 s. Chemicals shift are expressed relative to 85% 

H 3 P O 4 ( 0 p p m ) . 

D) same as in C) except the presence of calcium and only 64 scans. 

4.2.7. Effect of other cations 

When other divalent cations Mĝ "̂  and Zr^^) were present in the solution containing 

NADH, large enhancements of electrocatalytic currents were also observed. These 

enhancement effects were, however, less than that for Ca^^. To understand whether this 

enhancement effect is specific for divalent ions, the response of PANI-PVS towards 

NADH was obtained in the presence of the same concentrations of monovalent ions (Na^ 

and K^). The electrocatalytic currents towards NADH were enhanced by 2.0 and 2.7 

times, respectively, compared to the 12 times enhancement effect in the presence of Ca^^. 

At identical ionic strength to that of the CaClz solution, the electrocatalytic currents 

towards NADH were enhanced by 3.9 and 6.9 times for 90 mM of Na^ and 

respectively. This shows that the effect of enhancement was not due to an ionic strength 

effect alone, otherwise, we should observe the same magnitude of enhancement as for the 

Ca^^ solution. The electrocatalytic current towards NADH in the presence of Ca^^ was 

enhanced further by 1.1 times only when 90 mM Na"̂  was added to the solution, instead of 

3.9 times. This non-additive effect of current enhancement was also observed between 

Na^ and Ba^^, Na^ and Mg^^, and Ca^^. No difference was observed between the 

steady-currents when the divalent cation was added to the NADH solution first, followed 

by the monovalent ion or when the additions were made in the reverse order. These 

results suggest that the enhancement effect of monovalent ions operates via the same 

mechanism as that for the divalent ions. 

Interestingly, if the enhancement factor (defined as the ratio of the steady-state current 

towards NADH with and without the cations present) is plotted with respect to the 
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charge/hydrated radii ratio, we observed a linear correlation (Fig. 4.12), except for Câ "̂  

which falls above the line. 

X 10 Mg Ba 

z / Tjj (nni" ' ) 

Figure 4.12 Plot of z/ru against Enhancement factor, /NADH,Mn+//NADH- O.IM Tris-HCl 

(pH 7.1), 25°C, 9 Hz, gdeposition̂ lOO mC cm'^, 30 mM. z = charge of metal cation; 

th = hydrated ionic radius obtained from reference [21]. 

The z/ru ratio is the ratio of the cationic charge over the hydrated ionic radius. 

Incidentally, the z/rn ratio is a measure of the cation affinity for adsorption onto 

negatively charged surfaces and is used to predict the cation exchange capacity of clay 

minerals [30]. That is, a large cationic charge and small hydrated radius would favour a 

stronger electrostatic attractive force and decreased separation between the opposite 

charges. The trend observed in Fig. 4.12 thus suggests that the binding of cations occur at 

the negatively charged polyanionic sites, rather than the positively charged poly(aniline) 

backbone. This is further supported by evidence that cations do bind to polyanions such 

as poly(vinylsulfonate) and poly(styrenesulfonate) [31-33], It may seem strange that 

Ca^^ does not fall in the linear trend observed for the other divalent cations, suggesting 

that Ca^^ affects the steady-state current through a different mechanism, over and above 

the general mechanism observed for the other cations. 
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4.3. Conclusion 

In section 4.2.5, we saw the first evidence that suggests prior uptake of Ca^^ is necessary 

for the enhancement of electrocatalytic current towards NADH. This proposed sequence 

is further supported in section 4.2.7, where we find that the enhancement of current due to 

divalent and monovalent cations is related to the charge-over-hydrated radius ratio, which 

is indicative of an electrostatic binding process with large negatively charge sites. The 

result from ^'P-NMR confirms that the effect of is to bring the NADH molecule into 

the polymer film. It is unclear at this point, whether this effect is to increase the value, 

i.e. the partition of NADH into the film, or the Ku value, i.e. binding of NADH to the 

polymer. However, it is certain that poly(aniline) and poly(styrenesulfonate) do not affect 

the NADH molecule in the same way as 2,5,7-trinitro-9-fluorenone-4-carboxylic acid, in 

the presence of Ca^^. It was suggested that Ca^^ acts as a bridge between NADH and 

2,5,7-trinitro-9-fluorenone-4-carboxyhc acid [11]. The absence of any change to the 

quadruplet spectrum of Ca^^ and NADH in the presence of PSS in solution or PANI-PSS 

particles clearly shows that the bridging role of between polymer and NADH is 

insignificant, if not absent. In order to elucidate which kinetic parameters play the most 

important role during enhancement of the electrocatalytic current towards NADH, 

we shall use kinetic modelling to analyse results obtained from steady-state, constant 

potential experiments in the next section. 
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Chapte r 5 - Ef fect o f Ca lc ium and Other Ions I I 

Comparison of the influence of on the various kinetics parameters for the 
electrocatalytic current towards NADH 

5.1. Introduction 

As mentioned in Section 4.1.1, the mechanism for the electrocatalytic oxidation of NADH 

by a mediator is commonly described in the literature as follows; 

ĉat , . 
Mox + NADH ^ [M—NADH] —> Mred + NAD + H 

k.\ 

where Mqx and Mred are the oxidised and reduced forms of the mediator, 

respectively and [M—NADH] represents the charge transfer complex. k\ and 

represent the binding and dissociation rate constants of the complex formed between the 

oxidised mediator and NADH. represents the catalytic rate constant for the 

breakdown of the complex into products. 

Wallace [1] has written a critical review of this common approach to modelling NADH 

electrocatalytic oxidation. She has pointed out the common mistake in analysing the 

NADH experimental data using the Koutecky-Levich equation (eqn. (5.1)) where the 

second order kinetics are defined by a pseudo first order kinetics rate constant Observed as 

follows: 

1 1 1 
" ' " T m -l/fir-»T > (5.1) 

1.554MFD'' ' *[NADH]fr 

and jCw, = 

In modelling the electrocatalytic current response of poly(aniline)-polyanions modified 

electrodes towards NADH, Bartlett et al. [2] have treated the kinetics of the reaction 

between poly(aniline) and NADH explicitly. In addition, they have considered the 

partitioning of NADH into the film, as well as diffusion of NADH within the polymer 
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film. Analytical solutions were obtained for four limiting cases. Two of the limiting 

cases were described for a thin film where the reaction occurred throughout the film, in 

situations where the substrate concentrations were either saturating ([NADH] > ^m) or 

non-saturating ([NADH] < Ku}- The other two limiting cases were described for a thick 

film where the NADH reacted in a thin layer at the outside surface of the polymer layer, 

in situations where the substrate concentrations were either saturating or non-saturating at 

the outside of the film. The kinetic model is summarised in the case diagram at Fig. 5.1 

below, which shows the four limiting cases, together with the current expressions for the 

limiting cases and across the boundaries between each pair of cases. This case diagram is 

adapted from reference [2]. 

143 



5 - o/" Ca/cmm oW OfAer /owj // CAee .$e«g TO/Y 

log £ 0 

1/2 

n 

I 

1 / 2 

IV 

III 

MF/4A: [site]I 

log a 0 

Figure 5.1 Case diagram for the kinetic model derived by Bartlett et al. in reference [2], showing the relationship between between the four 

limiting cases and the location of the boundaries between the cases. The equations are the analytical expressions derived for each limiting case. 
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The full equation which describes the current for all cases is given by: 

i - nFAK^ y ^ ̂  

with 

y = {2g[a - ln(l + «)]}"' tanh 
(1 + a){2[a - ln(l + a)\ 1/2 

(5.2) 

(5.3) 

and 

£ = (5.4) 

a : 
; r s [ N A D H J 

(5.5) 

If film thickness, L, is assumed to be linearly related to the deposition charge passed to grow 

the film, (gdeposition, then we can replace Z by: 

L = oQ (5.6) 

where cr is a constant. 

If we consider the case I/II boundary, as the film grows thicker, it will reach a thickness such 

that all the NADH is consumed within the layer so that the concentration of NADH at the 

iimer face of the film falls to zero. This takes place for a thick film when the electrocatalytic 

[site]A:^Z 
rate constant, is greater than the mass transport rate constant within the film. 

^ when s>\. A thin film in this model is defined by the condition g < l s o 

that mass transport through the film is more rapid than the electrocatalytic oxidation of 

NADH, so that the reaction now occurs throughout the film. The case I-II boundary 

expression (eqn. (5.8) in Table 5.2) describes the effect on the oxidation current of NADH 

when increasing the film thickness from a thin film (case I) to a thick film (case II), under the 
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condition where the NADH concentration is non-saturating. By analysing a set of 

experimental data using the analytical expression for the case I-II boundary (eqn. (5.8)), we 

can obtain information on the values of and — — - . 

We now turn our attention to the case I/III boundary. According to the kinetic model, the 

NADH has to partition into the film: 

NADHo NADHdim 

and reaction within the film is described by a second order binding reaction between NADH 

molecules and catalytic sites, followed by an irreversible breakdown of the NADH-polymer 

complex into products at a rate determined by Acat: 

-̂ M ĉat 
NADHfim + {site} ^ {NADH} {NAD+} + H+ + le" 

At low NADH concentrations (case I) where there is insufficient NADH to saturate the sites, 

(i.e. when [NADH J < ), then the concentration of empty catalytic sites, [{site}], 

remains relatively constant and therefore, the reaction rate is linearly dependent on NADH 

concentration. As the NADH concentration increases to the situation where 

[NADHg]> I ( c a s e III), the concentration of bound catalytic sites, [{NADH}] is now 

significant compared to the empty catalytic sites, [{site}]. The reaction rate now depends on 

the turn-over rate of the bound catalytic site and is independent of the NADH concentration. 

By analysing a set of data that crosses from case I to case III, the non-saturating to the 

saturating condition for a thin polymer film, we can extract information on the value of KulK^ 

as well as the turn-over rate of the catalytic sites and site concentration, A:cat[site]. Therefore, 

by choosing appropriate experimental data that crosses the case boundaries, we can obtain 

information on kinetic parameters which control the oxidation rate of NADH by the polymer 
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film. The analytical expressions for the currents across the different case boundaries are 

given in Table 5.2. 

Case boundary Analytical solution 

I/II 

VV J (5.8) 

i/ni 
[sitejZ, 

^ ;irs[NADHJ ^ 
;rg[NADHJ + ̂  M y (5.9) 

n/iv 
MfW l2A [̂site]A:MD, 

V J 

- I n 
K, M y (5.10) 

ni/TV 
nFA-^lk .̂̂ ^ [sitejATgDg [NADH„ ]tanh 

Aou[site]Z, 

^KsDs[NADHJ (5JU) 

Table 5.2 Analytical expressions describing the steady-state currents towards NADH 

when a single parameter ([NADHQ] or V) is varied such that the physical condition of the 

poly(aniline)-NADH system is changed from one limiting case to another across the 

respective case boundary. 

This kinetic model has been shown to agree closely with experimental data for the steady-

state electrocatalytic response towards NADH by poly(aniline)-polyanion modified 

electrodes, where the poly(anions) used were poly(vinylsulfonate), poly(styrenesulfonate) and 

poly(acrylate) [2-4]. In the first part of this chapter, this kinetic model is used to analyse the 

electrocatalytic response by poly(aniline)-poly(vinylsulfonate) modified electrodes towards 

NADH in the absence and presence of and to obtain the kinetic parameters. From the 

kinetic parameters, we can gain further understanding of the mechanism for the enhancement 

effect of on the electrocatalytic response towards NADH by poly(aniline) modified 

electrodes. In the second part of this chapter, we combine a reversible binding model for 

Ca^^ adsorption by the polymer film, with the poly(aniline)-NADH kinetic model and the 

relevance of this combined model to experimental data is discussed. The third part of this 

chapter discusses all the results obtained in this chapter and the previous chapter four, with 

reference to the other works described in literature. A plausible mechanism for the Câ "̂  

enhancement of the electrocatalytic current towards NADH by poly(aniline) is then proposed 

at the end of this chapter. 
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5.2. Kinetic analysis of the electrocatalytic response towards NADH by poly(aniline)-

poly(vinylsulfonate) in Tris-HCl buffer (pH 7.1) 

5.2.1. Comparison of experimental results with the literature 

Rotating disk experiments in citrate-phosphate buffer solutions (pH 7.0) have been carried out 

by Bartlett et al. [2-4] to obtain experimental data for the kinetic analysis of the 

electrocatalytic response towards NADH by poly(aniline)-poly(anion) films. For the 

experiments involving Ca^^, it would be ideal to use the same citrate-phosphate buffer in 

order to compare the behaviour of the film response towards NADH in the presence of Ca^^. 

However, for the reason we have discussed in section 4.2.1 before, divalent Ca^^ does not 

form precipitates in Tris-HCl buffer, unlike the phosphate buffer system. Therefore, Tris-HCl 

buffers were used for all experiments. In order to have a direct comparison of the 

poly(aniline)-poly(vinylsulfonate) film behaviour with previous work by Bartlett et al., we 

need to first determine if we can reproduce the same kinetic parameters obtained in the 

literature [2] under the same citrate-phosphate buffer experimental conditions. Two 

experiments using freshly prepared poly(aniline)-poly(vinylsulfonate) films of the same 

thickness were carried out in citrate-phosphate buffer under identical conditions as that 

reported in reference [2]. The best-fit parameters were obtained by non-linear least squares 

fits of the experimental data to current expressions for the thick film (II-IV) case boundary 

(eqn. (5.10)). Then, using these best-fit parameters, the best-fit lines were calculated and 

plotted as a function of surface concentration of NADH, [NADHo], alongside the 

experimental data in Fig. 5.3. The surface N A D H concentration, [NADHQ ] , was calculated 

from the bulk NADH concentration, [NADH b u l k ] , using the mass transport rate constant 

nFADJl where Do is the solution diffusion coefficient of NADH and I is the Nemst diffusion 

layer thickness. The current calculated from the kinetic parameters obtained in reference [2] 

for a poly(aniline)-poly(vinylsulfonate) film of the same thickness is plotted in Fig. 5.3 for 

comparison. 
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Figure 5.3 Currents measured at 100 mV vs. SCE for the oxidation of NADH at 

poly(aniline)-poly(vinylsulfonate) modified glassy carbon electrodes (deposition charge 75 

mC, geometric area 0.196 cm^) plotted as a function of NADH concentration recorded at a 

rotation speed of 9 Hz, in 0.1 M citrate-phosphate buffer, pH 7. The solid line through the 

points were calculated by non-linear least squares fits of the experimental data to current 

expression for the case 11-lV boundary (eqn. (5.10)). The dashed line was calculated from the 

parameter values obtained from Table 6 in reference [2]. 

The excellent agreement between the experimental data for the poly(aniline)-

poly(vinylsulfonate) film and that obtained from an earlier reference [2] in citrate-phosphate 

buffer, indicates that the electrocatalytic response towards NADH by poly(aniline)-

poly(vinylsulfonate) is highly reproducible. It also shows that using the electropolymerisation 

technique to grow poly(aniline) films gave good and reproducible control of the film 

properties. This provides us with confidence in the comparison of the kinetic parameters 

obtained from the experimental data under different conditions. 

The approach to obtaining kinetic parameters from the current response towards NADH using 

the analytical solution for the different limiting cases has been described in the literature [2-

4]. The analysis was carried out by first measuring the dependence of the current on film 
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thickness, L. The thin film case was identified as the region where the current was limited by 

film thickness. The dependence of the current response on NADH surface concentration, 

[NADHo], was then obtained for films with thicknesses that fall within this thin film case. 

From the plot of NADH concentration against current, the NADH concentration at which 

NADH concentration became saturating (that is, the value of KulK^) could be obtained by 

non-linear least squares fits of the experimental data to the current expression for the case I-III 

boundary (eqn. (5.9)). Then, going back to the film thickness data, we selected only those 

data where NADH concentrations were non-saturating, that is, when [NADHo] was less than 

KulKs- The appropriate current expression to describe such film thickness data is the one 

that describes the boundary between Cases I and II (Table 5.2). It must be stated here that the 

aim of this work was not to re-invent the wheel, but to apply this established method and 

kinetic model as an analytical tool to obtain kinetic parameters from the electrocatalytic 

current towards NADH. Therefore, in the following sections, we analysed the current 

response of poly(aniline)-poly(vinylsulfonate) towards NADH in Tris-HCl buffer with and 

without calcium ions, using the kinetic model described by Bartlett et al. This is useful in 

providing insights into the mechanism which controls the electrocatalytic process of NADH 

by poly(aniline), especially in the presence of calcium ions. 

5.2.2. Kinetic analysis of the experimental data obtained in Tris-HCl buffer 

Fig. 5.4 shows the steady-state current response towards NADH in Tris-HCl buffer for seven 

poly(aniline)-poly(vinylsulfonate) films grown with varying deposition charges. Fig. 5.4 

shows that the sensitivity of the film towards NADH increased with the film deposition 

charge until 125 mC where there was no further increase in current response towards NADH 

for the film grown with deposition charge of 200 mC. 
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Figure 5.4 Plots of steady-state current against surface concentrations of NADH obtained 

for a poly(aniline)-poly(vinylsulfonate) film grown potentiodynamically with deposition 

charges from 21 to 300 mC onto a glassy carbon rotating disk electrode (geometric area of 

0.196 cm^). Electrolyte solutions used were 0.1 M Tris-HCl buffer at pH 7 and 25 °C. The 

modified electrode was rotated at a speed of 9 Hz for all experiments. 

Thus, films between 20 and 50 mC would fall within the limiting case of a thin film according 

to the case diagram in Fig. 5.1 (where 50 mC was chosen as a safely net to avoid the boundary 

region). Three such thin films were prepared and their current response towards NADH were 

measured for a concentration range between 0.1 mM and 75 mM, in order to determine the 

point at which NADH concentration becomes saturating for such a thin film case. The results 

are plotted in Fig. 5.5. For comparison, the steady-state current response towards NADH in 

citrate-phosphate buffer for a poly(aniline)-poly(vinylsulfonate) film of similar charge (20 

mC) are plotted together with the data for Tris-HCl buffer in Fig. 5.5. The data points for the 

current for NADH oxidation in citrate-phosphate buffer were calculated from the kinetic 

parameters obtained from reference [2]. 
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Figure 5.5 Plots of steady-state current against surface concentrations of NADH obtained 

for a poIy(aniline)-poly(vinylsulfonate) film grown potentiodynamically with deposition 

charges from 21 to 42 mC onto a glassy carbon rotating disk electrode (geometric area of 

0.196 cm^). Electrolyte solutions used were 0.1 M Tris-HCl buffer at pH 7 and 25 °C. The 

modified electrode was rotated at a speed of 9 Hz for all experiments. The solid lines 

represent the best fits of the experimental data to the expression for the case I-III boundary 

(eqn. (5.9)), the resulting kinetic parameters are given in Table 5.6. The dashed line shows the 

steady-state current response towards NADH for a poly(aniline)-poly(vinylsulfonate) film in 

0.1 M citrate-phosphate buffer, pH 7 (deposition charge of 21 mC), calculated from the 

kinetic parameters in reference [2], 

Clearly from Fig. 5.5, the poly(aniline)-poly(vinylsulfonate) current response towards NADH 

is strongly affected by the type of buffer used. If we compare the current response towards 

NADH for the 21 mC films obtained in citrate-phosphate and Tris-HCl buffers (Fig. 5.5), we 
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see that at 1 mM NADH, the current response towards NADH was 4 times greater in citrate-

phosphate buffer compared to Tris-HCl buffer. Whereas at 69 mM, the reverse trend was 

observed where the current response towards NADH was greater by 3.5 times in Tris-HCl 

buffer compared to citrate-phosphate buffer. For a film of 21 mC deposition charge, we 

understand that this corresponds to a thin film case for poly(aniline)-poly(vinylsulfonate) in 

citrate-phosphate buffer [2] as well as in Tris-HCl buffer (as deduced from Fig. 5.4 by 

inspection). In such a case, the reaction occurred through the film and therefore, as we 

increased the NADH concentration, we should see a corresponding increase in the current 

until it was limited by the maximum electrocatalytic rate, that is, the value of A:cat[site]. At 

low NADH concentration, we would expect the current response towards NADH for a thin 

film to be also affected by the binding affinity of the polymer for NADH and the partition 

coefficient of NADH into the film, that is, the value of Km /Ks. As the value of /^s 

increases, the sensitivity towards NADH is reduced, due to a lower binding affinity for 

NADH and a lower partition coefficient of NADH into the film. Clearly, from Fig. 5.5, we 

can see that there is a reduction of both and Ku/Ks when the buffer used is citrate-

phosphate, compared to the Tris-HCl buffer, as indicated by the reduced current at large 

NADH concentrations and increased sensitivity at low NADH concentration, respectively. 

For all the three thin films, good fits were obtained and the values of the corresponding rate 

constants obtained from the best fits of the experimental data are given in Table 5.6. 

Deposition A:cat[site] cr/mol s'̂  C ' cm ^ Km/Ks /mM No. of 

Charge/mC points 

21 (9.54 ± 0.07) X 10"* 48.7 ±0.5 21 

23.5 (10.58 ± 0.08) X 10'̂  51.2 ±0.6 35 

42 (10.40 ± 0.04) X 10"̂  43.5 ±0 .2 37 

Table 5.6 Best-fit parameters obtained from the analysis of the currents for NADH 

oxidation in Tris-HCl at poly(aniline)-poly(sulfonate) modified electrodes. The values were 

obtained by non-linear least squares fits of the experimental data to current expression for the 

case I-III boundary (eqn. (5.9)). 
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From Table 5.6, we estimate that at concentrations around 40 mM, the catalytic sites are half-

filled. Hence, we selected data from Fig. 5.4 where the NADH concentrations were much 

lower than 40 mM, so that it can be described by the limiting cases I and 11. 
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Figure 5.7 Re-plot of Fig. 5.4 as a function of deposition charge. Solid lines were best fits 

of the experimental data to the current expression for the case I-II boundary (eqn. (5.8)). The 

resulting kinetic parameters are given in Table 5.8. 

Figure 5.7 shows the same data obtained from Fig. 5.4, but plotted with the steady-state 

currents towards NADH as a function of the deposition charge. From Fig. 5.7, we see that the 

current response towards NADH increased with increasing film thickness until it reached 

about 100 mC. At increasing NADH concentrations, the currents increased for each film 

thickness, confirming that there were vacant catalytic sites within these films, as one would 

expect for NADH concentrations that are much lower than the value of The best fits 

of the experimental data were calculated using the expression for the case I-II boundary (eqn. 

(5.8)) and the resulting kinetic parameters are given in Table 5.8. 
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[NADHo]/mM (fs'2)s No. of 

points 

0.1 (1.72 ± 0.09) X 10"̂  16.3 ±2 .2 7 

0.2 (1.79 ± 0.06) X 10^ 14.4± 1.1 7 

0.3 (1.79 ± 0.05) X 10"̂  13.1 ±0.8 7 

0.5 (1.82 ± 0.09) X 10"̂  12.8 ± 1.4 7 

0.8 (1.75 ± 0.08) X 10^ 14.9 ± 1.6 7 

1.2 (1.81 ±0.08) X 10^ 12.8 ±1.3 7 

1.5 (1.77 ± 0.08) X 10"̂  13.0± 1.3 7 

Table 5.8 Best-fit parameters from the analysis of the currents for NADH oxidation at 

poly(aniline)-poly(vinylsulfonate) modified electrodes in Tris-HCl buffer, pH 7. The values 

were obtained by non-linear least squares fits of the experimental data to current expression 

for the case I-II boundary (eqn. (5.8)). 

From Table 5.8, we see that the two parameters (̂ ^ ,̂ [site]<T V AT^Ds)"^ and 

&om seven separate fits carried out at different concentrations 

agreed closely. This shows that the kinetic model described by Bartlett et al. for the 

electrocatalytic oxidation of NADH by poly(aniline)-poly(anion) films is valid when NADH 

oxidation was carried out in Tris-HCl buffer for the poly(aniline)-poly(vinylsulfonate) film. 

Turning to the effect of rotation rate, the data in Fig. 5.9 refers to the result of a single film 

with thickness corresponding to a thin film. We therefore fitted the experimental data to the 

analytical expression for the current across the I/HI boundary (eqn. (5.9)) and the resulting 

best fit parameter values of [sitejcr and KulKs, are given in Table 5.10. 

155 



Chapter 5 - Effect of Calcium and Other Ions II Chee-Seng TOR 

7 

6 

5 

< 4 
IL 

^ 3 

2 

1 

0 

t 

t 

A 1 Hz 

V 4 H z 
• 9 H z 

• 1 6 H z 
• 2 5 Hz 
• 36 Hz 
A 49 Hz 

0.0 0.5 1.0 1.5 2.0 

[NADH,„,J /mM 

2.5 3.0 

Figure 5.9 Plots of current as a function of NADH bulk concentration for a poly(aniline)-

poly(vinylsulfonate) film grown potentiodynamically with deposition charges of 20 mC onto 

a glassy carbon rotating disk electrode (geometric area of 0.196 cm^). Electrolyte solutions 

used were 0,1 M Tris-HCl buffer at pH 7 and 25 °C. Results are shown for six different 

rotation speeds. The resulting kinetic parameters are given in Table 5.10. 

It is clear from Fig. 5.9 that increasing rotation speed from 1 to 49 Hz has little effect on the 

electrocatalytic response of poly(aniline)-poly(vinylsulfonate) film towards NADH in Tris-

HCl buffer. This is unlike the result reported for the same poly(aniline)-poly(vinylsulfonate) 

film in citrate-phosphate buffer where there was a significant decrease in current at rotation 

speed less than 9 Hz [2]. This indicates that the mass transport of NADH in the solution was 

not rate-limiting for oxidation of NADH at the poly(aniline)-poly(vinylsulfonate) film in Tris-

HCl buffer. 
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^/Hz A:cat[site]cr/mol s'̂  C"' cm ^ /niM No. of points 

1 - 4 9 (9.54 ± 0.07) X 10"* 48.7 + 0.5 56 

Table 5.10 Best-fit parameters from the analysis of the currents for NADH oxidation at a 

poly(aniline)-poly(vinylsulfonate) modified electrode in Tris-HCl buffer, pH 7, at different 

rotation speeds. The values were obtained by non-linear least squares fits of the experimental 

data to current expression for the case I-III boundary (eqn. (5.9)). 

In order to confirm that the kinetic parameters obtained from the above analyses using 

limiting case approach were appropriate, we fitted all the experimental data for six different 

film thicknesses over a concentration range from 0.1 mM to 70 mM (a total of 214 data points 

for 8 separate experiments) to the full equation (5.3). The initial estimates for the fitting were 

calculated from the kinetic parameters obtained in Tables 5.6 and 5.8. The result for the 

fitting was given in Table 5.11. 

A:cat[site]cr/moi s'̂  C ^ cm ^ Km/Ks /mM No. of points 

(8.9 ± 2.2) X 10'̂  13.3 ±0 .9 33.6 ±3 .5 214 

Table 5.11 Best-fit parameters from the analysis of the currents for all NADH experiments 

fitted using the full equation (5.3) for poly(aniline)-poly(vinylsulfonate) modified electrodes 

in Tris-HCl buf&r, pH 7. 

The values of the kinetic parameters ^cat[site] <t and ( ^ c a t [ s i t e ] i n Table 5.11, show 

excellent agreement with the results obtained by fitting the experimental data to the analytical 

expressions for the limiting case boundaries in Tables 5.6, 5.8 and 5.10. The agreement 

between the KulK^ values is fairly satisfactory, the larger variation here is understandable 

because most of the experimental data are obtained at NADH concentrations below 10 mM 

and hence do not yield much information about KulKs- In the following section 5.2.3, we 

analyse the experimental data for the current response towards NADH when 25 mM was 

present in Tris-HCl buffer at pH 7. Then in section 5.2.4, we compare the kinetic parameters 
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obtained for the experiments conducted in citrate-phosphate buffer, Tris-HCl buffer and Tris-

HCl buffer containing 25 mM Câ "̂ . 

5.2.3. Kinetic analysis of the experimental data obtained in 25 mM Ca^* (Tris-HCl buffer) 

Using a similar approach to that of section 5.2.2, we first analysed the data for a series of 

polymer films grown with varying deposition charges to identify the thin film limiting case. 

Fig. 5.12 shows the effect of film thickness for five poly(aniline)-poly(viny]sulfonate) films 

grown with different deposition charges ranging from 21 to 205 mC. 
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Figure 5.12 Plots of steady-state current against surface concentrations of NADH obtained 

for poly(amline)-poly(vinylsulfonate) films grown potentiodynamically with deposition 

charges from 21 to 205 mC onto a glassy carbon rotating disk electrode (geometric area of 

0.196 cm^). Electrolyte solutions used were 0.1 M Tris-HCl buffer containing 25 mM Ca^^ at 

pH 7 and 25 °C. The modified electrode was rotated at a speed of 9 Hz for all experiments. 

The solid lines show the steady-state current response towards NADH for poly(amline)-

poly(vinylsulfonate) films in 0.1 M Tris-HCl buffer, pH 7 without Ca^ ,̂ obtained fi-om Fig, 

5.4. 
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From Fig. 5.12, we can see that there were obvious differences in the current response 

towards NADH when Ca^^ was present, compared to the case when there was no ions 

present in the electrolyte solution (Fig. 5.4). First, in the presence of 25 mM Ca^^ at low 

NADH concentrations (~ 1 mM), there was a large increase in current response towards 

NADH by about 10 times for a film grown with a deposition charge of 20 mC, compared to 

the current obtained in the absence of Ca^^. At higher concentrations of NADH, e.g 5 mM, 

there was no significant enhancement of current towards NADH by Ca^^ for the thick films 

grown with deposition charges of about 90 mC and above. Second, we can see from Fig. 5.12 

that in the presence of Ca^^, the current response towards NADH was not linear with respect 

to the NADH concentration, but started to saturate at much lower NADH concentrations 

compared to the result obtained in the absence of Ca^^. Third, when Ca^^ was present, there 

was little effect of film thickness on the current response towards NADH at low NADH 

concentrations, unlike the observation in the absence of where we saw that increasing 

film thickness increased the sensitivity of the film towards NADH oxidation. Clearly, the 

presence of Ca^^ caused the reaction to occur within a thin layer at the outside surface of the 

polymer film, similar to a thick film case where NADH is rapidly consumed with little 

penetration into the film interior. We analysed the data in Fig. 5.12 using the current 

expression for the thick film case II-IV boundary (eqn. (5.10)). The results of the fitting are 

given in Table 5.13. 

2deposition/inC kcat{site]KsDs /mol cm"' s"̂  Km/Ks /niM No. of 

points 

21 (5.29 ± 0.24) X 10"''' — 19 

42 (8.61 +0.16) X 10'"̂  0.03 ± 0.008 13 

89 (1.16 ± 0.02) X 10 '̂  0.06 ± 0.002 15 

125 (1.07 ± 0.03) X lO " 0.07 ± 0.002 29 

205 (1.18 ± 0.02) X 10"'̂  0.10 ±0.003 15 

Table 5.13 Best-fit parameters from the analysis of the currents for NADH oxidation at 

poly(aniline)-poly(vinylsulfonate) modified electrodes in 25 mM Ca^\ Tris-HCl buffer, pH 7. 

The values were obtained by non-linear least squares fits of the experimental data to current 

expression for the case II-IV boundary (eqn. (5.10)). The Ku/Ks value for the 21 mC film has 

an error about 12 times larger than the best fit parameter, hence is not shown in the table. 
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From Table 5.13, we see that the changes in the rate constants on changing film thickness are 

larger than the standard errors obtained for the estimates of these parameters during the non-

linear least squares fitting. Furthermore, we observe an increasing trend in the values of 

^cat[site]^s^s and Km/^s as the film thickness increases. This was because the thinner films in 

this set of experimental data do not fall within the limiting cases of II and IV, which we 

assumed to be true by inspection of Fig. 5.12. Therefore, the experimental data for the thinner 

films gave larger errors during the fitting of data to the analytical expression for the case II-IV 

boundary (eqn. (5.10)), as shown in Table 5.13. For films of increasing thickness, we see 

decreasing errors and the values of ^cat[site]i^s^s and Km/^s do not differ by more than an 

order of magnitude. We therefore conclude that the thick film hmiting case is valid for the 

films grown with deposition charges between 42 and 205 mC. 

Next we re-plot the data in Fig. 5.12 as a function of deposition charge. The result is shown 

in Fig. 5.14 and the values for the best fit parameters obtained from fitting the data to the 

analytical expression for the case ni-IV boundary (eqn. (5.11)) are given in Table 5.15. 
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Figure 5.14 Re-plot of Fig. 5.12 as a function of deposition charge. The resulting kinetic 

parameters were given in Table 5.15. 
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[NADHo] /mM (Aea,[site] d)̂ '̂  /mol^^ cm^ 

0.07 to 0.85 

1.3 

5.3 

(2.10 ± 0.50) X 10"̂  

(2.27 ± 0.14) X 10"* 

(1.41 ±0.35) X 10'̂  

(1.43 ± 0.10) X 10'̂  

Table 5.15 Best-fit parameters from the analysis of the currents for NADH oxidation at 

poly(aniline)-poly(vinylsulfonate) modified electrodes in Tris-HCl buffer, pH 7. The values 

were obtained by non-linear least squares fits of the experimental data to current expression 

for the case III-IV boundary (eqn. (5.11)). Large standard errors (greater than 1000%) were 

obtained for NADH concentrations less than 1.3 mM and are therefore not shown in the table. 

Fig. 5.14 shows that the current response of poly(aniline)-poly(vinylsulfonate) film towards 

NADH in the presence of 25 mM is unaffected by film thickness at NADH 

concentrations less than or equal to 1.3 mM. From Table 5.15, we see that there are no best 

fit parameter values available when the experimental data for the experiments at NADH 

concentrations less than 1.3 mM were fitted to the case I-II boundary (eqn. (5.8)). due to large 

errors obtained from the fitting. This is to be expected as these low concentration values are 

close to the Km/Ks value obtained from fitting the data to the analytical expression for the 

thick film case II-IV boundary (eqn. (5.10)), in Table 5.13. When we fitted the experimental 

data for these low NADH concentrations, to the analytical expression for the unsaturated case 

I-II boundary, we also obtained large standard errors (greater than 100%) for the best-fit 

parameter values. Clearly, this indicates that these NADH concentration values fall on the 

boundaries and therefore, it is difficult to obtain precise kinetic parameter values from the 

fittings. 

Next, we look at the effect of rotation rate on the current response towards NADH in the 

presence of 25 mM Ca^^, shown in Fig. 5.16 for a thick poly(aniline)-poly(vinylsulfonate) 

film grown with 42 mC deposition charge. From Fig. 5.16, we can see that the influence of 

rotation speed on the oxidation current for NADH in the presence of is more significant 

compared to Fig. 5.9, when Ca^^ was absent in the electrolyte solution. This is a direct result 

of the increase in the electrocatalytic oxidation rate of NADH at the poly(aniline)-

po]y(vinylsulfonate) film in the presence of Câ ^ since larger rotation speeds are now required 
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I 

to bring NADH to the polymer film in order to achieve the condition where mass-transport is 

not limiting. The best fit parameters obtained by fitting the data to the analytical expression 

for the case II-IV boundary (eqn. (5.10)) are given in Table 5.17. 
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Figure 5.16 Plots of current as a function of NADH bulk concentration for a poly(aniline)-

poly(vinyIsulfonate) film grown potentiodynamically with deposition charges of 40 mC onto 

a glassy carbon rotating disk electrode (geometric area of 0.196 cm^). Electrolyte solutions 

used were 0.1 M Tris-HCl buffer at pH 7 and 25 °C. Results were shown for six different 

rotation speeds. 

The best fit parameter values given in Table 5.17 are similar to those obtained for the same 

film thickness in Table 5.13. Hence, we see that the polymer film did not suffer from loss of 

reproducibility when varying the rotation speeds from 1 to 49 Hz. This is the advantage of 

using poly(aniline) modified electrodes as mediators for the oxidation of NADH, compared to 

electrodes modified with other mediators which are adsorbed onto the electrode surface, such 

as the trinitrofiuorenones. The high reproducibility and stability of the poly(aniline) films are 

important and necessary to this work because it allows us to extract reliable and reproducible 

kinetic parameters for comparative studies with other poly(aniline)-poly(anion) films and with 

the same poly(aniline) films under different conditions. 
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w/hz A:cat[site]ZsZ>s /mol cm"' s"̂  km/ks / m M No. of points 

1 - 4 9 (8.35 +0.07) X 10"'̂  0.021 ± 0.005 56 

Table 5.17 Best-fit parameters from the analysis of the currents for NADH oxidation at a 

poly(aniline)-poly(vinylsulfonate) modified electrode in Tris-HCl buffer, pH 7, at different 

rotation speeds. The values were obtained by non-linear least squares fits of the experimental 

data to current expression for the case II-IV boundary (eqn. (5.10)). 

It must be mentioned here that the range of experiments for the electrocatalytic oxidation of 

NADH by poly(aniline)-poly(vinylsulfonate) modified electrodes, is limited. For example, 

films grown with deposition charge less than 15 mC, gave poor reproducibility with regards 

to NADH oxidation due to the uneven nucleation and growth of the polymer film during the 

onset of the polymerisation process. Thus, it was not possible to study the response towards 

NADH for the thin film case when was present in the electrolyte solution. On the other 

hand, it is not useful to compare current responses towards NADH for films with deposition 

charges beyond about 200 mC, where coloured oligomers can be observed to form at the film, 

and then diffuse away, instead of depositing over the existing film. With regards to NADH 

concentrations, we observed that at NADH concentrations below 1 mM, the current response 

of the different thickness polymer films could not be described adequately by the analytical 

expressions for the unsaturated cases across the I-II boundary or the saturated cases across the 

III-IV boundary. This suggests that these concentrations coincided with the Km/Ks value. 

However, we were unable to measure the current response towards NADH at concentrations 

less than about 10 pM when was present, due to limitation by the large noise to signal 

ratio at low NADH concentrations. These lower limits of film thickness and NADH 

concentrations mean that we cannot extract such accurate kinetic information for the case I-II 

and case I-III boundaries. However, despite these limitations, we can still obtain a fairly 

accurate estimate of the case I-II and case I-III boundaries, by fitting all the experimental data 

to the full equation (5.3) using reasonable initial values of the kinetic parameters for the 

fitting. These initial kinetic parameter values were not dependent on initial guesses but were 

obtained from the best fit parameters of the final set of data to the analytical expressions for 

case II-IV and case III-IV boundaries in Tables 5.13 and 5.15. That is, the kinetic parameter 

values for the thick film of 205 mC deposition charge in Table 5.13 and data obtained at 5.3 
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mM NADH concentotion in Table 5.15. The experimental data for five film thicknesses, 

over a concentration range between 0.03 mM and 65 mM, were fitted to the full equation (5.3) 

using three adjustable parameters (at total of 147 data points for 8 separate experiments). The 

result was given in Table 5.18. 

Acat[site] cr/mol s"' C"̂  cm"^ /mM No. of 

points 

(6.0 ± 1.2) X 10-̂  540 + 28 0.11 ±0.01 147 

Table 5.18 Best-fit parameters from the analysis of the currents for all experimental data 

using the full equation (5.3) for poly(aniline)-poly(vinylsulfonate) modified electrodes in 

Tris-HCl buffer, pH 7 containing 25 mM Ca 
2+ 

From Table 5.18, we can see that these parameter values were similar only to those obtained 

for the final sets of data in Table 5.13 (the 205 mC thick film) and Table 5.15 (the 5.3 mM 

concentration). This was unlike the Tris-HCl buffer experimental data in which the parameter 

values derived from fitting the data to the full equation (5.3) and the analytical solutions for 

the limting cases, were the same within the standard errors of the fit. Clearly, this was 

because the available experimental data could not be described unambiguously by the 

appropriate analytical solutions for the limiting case boundaries, when was present in the 

electrolyte solution. In other words, for the Ca^^ experiments, the data we have fell close to 

the boundaries in the case diagram. 

5.2.4. Comparison of the kinetic parameters obtained for the experiments conducted in 

citrate-phosphate buffer, Tris-HCl buffer and Tris-HCl buffer containing 25 mM 

Ca 2+ 

We can now use the parameters obtained to derive case diagrams for the experimental data 

obtained in citrate-phosphate buffer, Tris-HCl buffer and 25 mM Ca^^ in Tris-HCl buffer. 

The case diagrams for these three different conditions were plotted as a function of deposition 

charge, NADH and Câ ^ concentrations in Fig. 5.19. The range of experimental data 
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available was limited by experimental and practical constraints and these limits were shown 

alongside each case diagram. 

f 10 
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Figure 5.19 Plots of the case diagrams for the behaviour of poly(aniline)-

poly(vinylsulfonate) modified glassy carbon electrodes towards NADH oxidation, (A) in 

citrate-phosphate buffer (—) and Tris-HCl buffer (—), (B) in Tris-HCl buffer containing 25 

mM Case diagrams were derived from the best-fit parameters obtained by fitting all the 

experimental data to the full equation (5.3) in Table 5.11 and 5.18. Case diagram for the 

citrate-phosphate buffer was derived fi"om the best-fit parameters values in reference [2]. The 

shaded areas represent the regions where experimental data are available. 

From the case diagram, we can clearly see that the case boundaries fall within the region 

where experimental data are available for the condition when Ca^^ was absent in the 

electrolyte solution. When 25 mM was added to the electrolyte solution, only case II-IV 

and III-IV boundaries fall within the region where experimental data are available. Hence, 

the case I-II boundary for the case diagram in the presence of Câ "̂  was a poorer estimate 

compared to the case diagrams in the absence of Ca^t 

The useful parameters of A:cat[site] and KsDs were extracted from these best-fit values and are 

given in Table 5.20 together with those obtained in the absence of Ca^^ for the Tris-HCl 

buffer and citrate-phosphate buffer. 
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Condition 

(0.1 M buffer, 

pH 7.1) 

Acat[slte]fsDs 

/mol cm'̂  s"̂  

A:cat[site] 

/mol cm ^ s"' 

f s D s 

/cm^ s"' /mM 

Citrate-

phosphate 

(8.9 + 1.2) X 10'^ (4.3 + 1.9) X 10"̂  (2.0 ± 0.6) X 10-^ 1.2 ±0.1 

Tris-HCl (13.5 ± 8.2) X 10"'̂  (2.5 ± 0.8) X 10'̂  (5.4+1.5) X 10-" 33.6±3.5 

25 mM Ca^^ in 

Tris-HCl 

(1.2 ± 0.5) X 10 '̂  (1.7 ± 0.3) X 10'̂  (6.8 ± 1.3) X 10'̂  0.11 ±0.01 

Table 5.20 Best-fit parameters from the analysis of the currents for all experimental data 

fitted at once using the full equation (5.3) of poly(aniline)-poly(vinylsulfonate) modified 

electrodes in Tris-HCl buffer, pH 7.1 with and without 25 mM Ca^^. The values for citrate-

phosphate buffer were obtained from reference [2], 

We see that the change of buffer from citrate-phosphate to Tris-HCl increased ^ [ s i t e ] , but 

reduced ATsDg. In contrast, the addition of 25 mM to Tris-HCl reduced A:cat[site] slightly 

and caused a further large reduction in ATgDs, but insignificant effect on A:cat[site]. There was 

an increase of 30 times in the ATm/̂ s value when the buffer was changed from citrate-

phosphate to Tris-HCl buffer, whereas, upon addition of Ca^^ to Tris-HCl buffer, the KulK^s 

was decreased by more than 300 times. Clearly, the kinetics for NADH oxidation by 

poly(aniline)-poly(vinylsulfonate) films is affected differently when the buffer was changed 

from citrate-phosphate to Tris-HCl, compared to the addition of ions in Tris-HCl buffer 

solution. 
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5.2.5. Conclusion 

In the experiments carried out without Ca^^ in the electrolyte solution, analyses of the kinetic 

parameters were straightforward because there were sets of experimental data that correspond 

to the appropriate limiting cases. On the other hand, for the experiments carried out in the 

presence of Ca^^, we have 'incomplete' sets of experimental data, limited by practical and 

experimental constraints. We therefore, need to select a reasonable initial estimate of the 

kinetic parameters by fitting the data to the analytical expression of the limiting case 

boundaries. Then, using these initial estimates, we fit all the available experimental data to 

the full equation (5.3) to obtain the best estimates of the kinetic parameters. The comparison 

of the kinetic parameters shows that the change of buffer from citrate-phosphate to Tris-HCl 

affected all the three rate constants, Acat[site], ATgDs and KulK^ with the greatest effect being 

on KmIKs- When adding to Tris-HCl buffer, the greatest effect was again on the value of 

Km^Ks and this effect was most significant compared to the change in buffer solution. 

5.3. Varying concentration at constant NADH bulk concentration 

5.3.1. Comparison of experiments where NADH bulk concentrations were kept constant 

with those obtained at constant 0 mM and 25 mM Ca^^ concentrations 

In the previous section 5.2.3, we saw that in the presence of a constant amount of Ca^^ (25 

mM) in the electrolyte solution, there is a large change (about 8 times and 300 times 

respectively) in the kinetic parameters, K^Ds and KulK^- In this section, we describe four 

experiments carried out at constant NADH bulk concentrations, while varying the 

concentration. The four experiments were carried out for thin and thick poly(aniline)-

poly(vinylsulfonate) films in Tris-HCl buffer at non-saturating and saturating NADH 

concentrations. The current response towards NADH at 0 mM and 25 mM Ca^^ 

concentrations for all of these four experiments were compared to the predicted values 

calculated using the kinetic parameters from Table 5.20, where Ca^^ concentration was kept 

constant at 0 mM and 25 mM. The values of the oxidation currents are shown in Fig. 5.21 
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together with the estimated experimental error and the estimated errors obtained from 

calculation of the oxidation current from the kinetic parameters. 
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Figure 5.21 Current response towards NADH in the absence and presence of 25 mM Ca^^ 

for 20 mC and 125 mC films. Black-filled data points (•) represent experiments carried out at 

constant NADH concentration, while varying Ca^^ concentration, with experimental errors at 

10%. White-filled data points (O) represents oxidation current towards NADH with errors 

calculated from kinetic parameters in Table 5,20, for experiments carried under constant Ca^^ 

concentration, while varying NADH concentration. 

Fig. 5.21 shows that the oxidation currents for NADH measured at 25 mM Ca^^ whilst 

varying the Ca^^ concentration were comparable to those obtained at constant Ca^^ 

concentration (25 mM) in Section 5.2.3, within the error of estimation obtained from curve 

fitting. This indicates that the order of Ca^^ addition has little effect on the oxidation current 

towards NADH, as we have noted in chapter 4 when Ca^^ ions were added before and after 

NADH additions and the same enhanced currents in the presence of Ca^^ were obtained. The 

consistent current values obtained under varying and constant NADH concentrations at 0 and 
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25 mM in Fig. 5.21, clearly indicate that the change in the kinetic parameters is 

dependent only upon the final Câ "̂  and NADH concentrations. This means that for each pair 

of Ca^^ and NADH concentrations, we can use a unique set of kinetic parameters to describe 

the oxidation current towards NADH. In the following sections, we take this kinetic analysis 

one step further, by attempting to correlate the change in the oxidation current towards NADH 

directly with the Ca^^ concentration, via changes in the kinetic parameters. 

S.3.2. Effect of varying concentration on the oxidation current for NADH 

From section 5.2.3, we have observed that the oxidation currents towards NADH in the 

presence of 0 and 25 mM Ca^% can be described quantitatively and give different values for 

the parameters of the polymer-NADH kinetic model. However, the experiments carried out 

at 0 and 25 mM Ca^^ do not provide us with much information on how Ca^^ concentration 

affects the changes in the kinetic parameters, while keeping NADH concentration constant. 

Section 5.3.1 described four such experiments obtained at thin and thick films, under non-

saturating and saturating constant NADH concentrations, with respect to the poly(aniline)-

poly(vinylsulfonate) system in Tris-HCl buffer without Ca^^. As Ca^^ were added, the kinetic 

parameters would change. Hence, a film starting from case I in the absence of Câ "̂ , may end 

up in case IV, as shown in Fig. 5.22. Fig. 5.22 plots the position of the four experiments at 

constant NADH bulk concentrations, with reference to the case diagrams for the response of 

poly(aniline)-poly(vinylsulfonate) towards NADH in the absence and presence of 25 mM 
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Figure 5.22 Case diagrams for the behaviour of poly(anihne)-poly(vinylsulfonate) 

modified glassy carbon electrodes towards NADH oxidation, in Tris-HCI buffer and Tris-HCI 

buffer containing 25 mM Ca^^. Case diagrams were derived fi'om the best-fit parameters 

obtained by fitting all the experimental data to the full equation (5.3) in Table 5.20. The 

breadth of the lines in the case diagrams represent the range of error obtained from the best-fit 

parameters. Points represent the four experiments carried out at constant bulk NADH 

concentrations. Horizontal error bars for the points represent the change in surface 

concentration of NADH, [NADHo], as the current changes, while vertical error bars represent 

the error in the film growth charge, estimated at 30% from reference [5]. 

From Fig. 5.22, we see that the limiting cases for the four experiments would change from 

case I to IV, case II to IV, case III to IV and case III to III when the Ca^^ concentration was 

increased from 0 mM to 25 mM. Can this result be explained in terms of a direct influence of 

Ca^^ on one or more of the kinetic parameters? To answer this question, we plot the ratio of 

current towards NADH in the presence and absence of Ca^ as a function of Ca^^ 

concentrations for the four different experiments in Fig. 5.23. 
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Figure 5.23 Plot of the ratio of currents towards NADH in the presence and absence of 

Ca^^as a function of concentration, at constant bulk NADH concentrations. Table 

shows the analytic al expressions for each of the four limiting cases (obtained from reference 

[2]). 

By inspecting Fig. 5.23, we can see that current in the experiment where the condition was 

initially in case I, increased with Ca^^ concentration before reaching a plateau at higher Ca"^ 

concentration (the filled circles in Fig. 5.23). If we make a comparison of this trend with the 

analytical expressions of limiting cases I and IV given in Fig. 5.23, we can conclude that the 

trend is consistent with a mechanism where Câ "*" changes the kinetic parameter KulKs, but 

not or A:cat[site]. For the experiment where the condition was set at the limiting case II, 

the current also increased initially before reaching a plateau at high concentration (the 
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filled triangle in Fig. 5.23). The analytical expressions of cases II and IV, also suggest that 

this trend was due to a change in KufKs alone. For the two experiments in which the initial 

conditions were set in the limiting case III (the filled inverted triangle and diamond in Fig. 

5.23), there were no changes in current response towards NADH as was added. This is 

what we would expect since cases III and IV are not influenced by the kinetic parameter, 

Km/Ks- These results point strongly to a mechanism in which the addition of Ca^^ to the 

electrolyte solution brings about a change in the binding affinity of the electrocatalytic sites 

for NADH as shown by the kinetic parameter Ku/Ks-

This result is consistent with the overwhelming large change (of 300 times) on Km/Ks when 

the concentration of Ca^^ was increased from 0 mM to 25 mM, compared to the change in 

^cat[site] (within standard error of curve-fitting) and KsDs (changed by 8 times) in Table 5.20. 

5.3.3. Combining an adsorption model for polymer uptake of with the polymer-

NADH kinetic model 

The reversible binding of cation to the polymer is considered using the following equilibrium: 

+ [site] ^ [M"+] 

with the rate constant K for the second-order adsorption process and for the first-order 

desorption process. We assume that there are no interactions between the adsorbed M""̂  on 

different polymer binding sites and that the rate constants k̂  and k^ are independent of 

coverage. The adsorption process can thus be described by the Langmuir adsorption isotherm 

[6]. The rate of change of coverage is proportional to the concentration of M"\ m and the 

number of vacant sites, N{\-6), where N is the total number of sites: 

— = (5.12) 
dt 

The rate of change of 6 due to desorption is proportional to the number of bound species, N&. 

(5.13) 
dt 
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At equilibrium, both rates are equal and solving for 6 gives: 

9 = 
m 

K + m 
(5.14) 

where K is the binding constant and equals kjka. 

In chapter 4, we have observed that the polymer takes up ions and this process is 

reversible. We have also observed evidence which strongly suggests that the cumulative 

transient charge passed through a thin film of polymer upon addition of Ca^^ was due to Ca^^ 

movement into the film. If this reversible binding were to follow a Langmuir-type adsorption 

in which the adsorption process is unaffected by the state of coverage, then we should be able 

to apply the above adsorption model to the experimental result in Fig. 4.8B which shows the 

cumulative transient charge passed through the film. Fig. 5.24 shows the same plot as Fig. 

4.8B, but with the calculated values obtained from fitting the experimental data to eqn. (5.14). 

u 
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3 -

3 
O ) 1 • PANI-PVS 

A PANI-PSS 
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[ C a ^ ^ ] / m M 

Figure 5.24 Same plot as Fig. 4.8B. Solid lines through the points were calculated from 

the best fits of the data to eqn. (5.14). 
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There is excellent agreement between the experimental data and calculated values obtained 

from fitting the data to eqn. (5.14) in Fig. 5.24. This indicates that the adsorption of can 

be described by a reversible Langmuir type adsorption. In the following section, we shall 

apply this adsorption model into the polymer-NADH kinetic model, by correlating the change 

in oxidation current directly to Ca^^ concentration for experiments in which Ca^^ 

concentration was varied while NADH concentration was kept constant. 

Next we apply this adsorption model to the polymer-NADH kinetic model. We take the 

experiment which started in the limiting case II (with reference to the 0 mM Ca^^ case 

diagram) and ended in case IV (with reference to the 25 mM case diagram) in Fig. 5.22. 

The appropriate analytical expression for this case II-IV boundary is given by eqn (5.10): 

-In 

At this point, it is useful to remember that this equation was used by Bartlett et al [2] for the 

correlation of steady-state current response towards NADH under condition of varying 

NADH concentrations. However in this work, NADH bulk concentration was kept constant 

throughout the experiment and the change in NADH surface concentrations, [NADHo], was 

insignificant compared to the change in Ku/Ks values. From Table 5.20, we saw that the 

presence of reduced the XM/Â s value from 36.6 mM (in the absence of to 0.11 mM 

(in the presence of 25 mM by a factor of about 300 times. 

Another point to note is binding of to the polymer is assumed to take place via a 

different adsorption site as the electrocatalytic site for NADH oxidation. This is highly 

plausible (although not proven in this work) as the polymer contains negatively charged 

anionic groups on poly(vinylsulfonate) which have a higher preference for Ca^^ ion compared 

to the positively charged poly(aniline) backbone. Incorporation of Ca^^ ions into the polymer 

film can also reduce the concentration of electrocatalytic sites for NADH as we have observed 

in chapter 4, due to changes in the Donnan potential of the polymer-solution interface. 

However, this latter effect is not significant compared to the effect on the value of Ku/Ks, as 

we observed from the cyclic voltammetric studies in Figs. 4.4 and 4.5, and the results of our 

kinetic analysis in Table 5.20. Hence, we assume that the binding of Câ "" to the polymer 

occurs at a different adsorption site that does not influence the concentration of 

electrocatalytic sites. 
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Gibb's free energy for NADH binding, AGo is related to the binding equilibrium between 

NADH and the polymer catalytic sites; 

(5J^5) 

(5.16) 

AG 
RT 

(5.17) 

We saw from Fig. 5.24 that uptake of by the polymer film follows a Langmuir type 

isotherm. Assuming that Ca^^ alters the Gibb's free energy for NADH binding to 

poly(aniline) according to the Langmuir type isotherm, then AG is related to 9, the fraction of 

occupied binding sites as follows: 

AG = AC,(l-%,9) (5.18) 

where AGo is the Gibb's free energy for NADH binding in the absence of and 

rCa^^l 
6 = — ;— , K is the binding constant for the uptake of Ca by polymer and x is a 

constant. 

Combining eqns. (5.17) and (5.18), 

(5.19) 

Taking account of the effect of Ca^^, eqn. (5.10) becomes: 

2 t ^ [ s i t e ] A : g D g expj ^ ( 1 - x g ) 
[NADH, 

-In 

r \ 

[NADH J 
1 + -

exp 
V V RT 

(5.20) 
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The expression for the ratio of currents towards NADH in the presence and absence of Ca^^ is 

as follows: 

expl 

1 /In 
[NADH J 

1 + -
[NADHJ 

exp| 

e x d 

1 - -

RT 

[NADH J 
In 1 + 

[NADH J 
AG. 

RT 
e x d 

(5.21) 

Fig. 5.25 shows the plot of experiment data together with the calculated values obtained from 

the best fit parameters AGq and x obtained by curve fitting the experimental data to eqn. (5.21) 

and using a value of 4 for the binding constant K between Ca^^ and polymer, which was the 

value derived from the curve fitting result in Fig. 5.24. 

120 

[Ca^^]/mM 

2+ 
Figure 5.25 Plot of ratio of currents towards NADH in the presence and absence of Ca 

for 20 mC poly(aniline)-poly(viiiylsulfbnate) Aim in 70 mM NADH bulk concentration. 

Experimental data is the same as that described in Fig. 5.23. Solid line through the points is 

calculated from the best fits parameters of the experimental data to eqn. (5.21). The best fit 

parameters for AGo and x are given in Table 5.26. 
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Fig. 5.25 shows good agreement between the curve fitting and experimental data, in that both 

show a general increasing trend in the oxidation current towards NADH which plateau off at 

high Ca^^ concentrations. However, the experimental data shows that the oxidation current 

towards NADH reached a maximum at about 40 mM and decreased slightly at higher 

concentrations. This decline in the current at higher concentrations could not be 

explained by this preliminary model, unless we take into account the effect of on the 

other two kinetic parameters, ^cat[site] and KsPs- The values of A:cat[site] and ATsDg as we 

observed from section 5.2.3, were reduced by a factor of about 0.3 and 8 times in 25 mM 

respectively, compared to its absence. Table 5.26 shows the best fitted values of AGo 

and the constant x obtained by curve-fitting the experimental data to eqn. (5.21), for an 

experiment in which the concentration was varied from 0 mM to 100 mM. These values 

are compared to the values of AGo and x calculated from two best fitted KulKs values given in 

Table 5.20, where the experiments were conducted under the condition in which Ca^^ 

concentration was kept constant throughout the experiments (at 0 and 25 mM respectively). 

Both set of values for AGo and x agree reasonably well. However, the values obtained using 

these two different approaches were outside the standard errors of the best-fit values. Thus, 

indicating that this model is still inadequate in providing accurate description of the 

experimental data. 

From case II to case IV AGo /kJ mol ^ X 

Best fit parameters 5.3 ±0.1 9.3 + 1.2 

Values calculated from experiments 8.7 + 0.9* 1.9 + 0.4" 

where [Ca^^] was kept constant 

* calculated from eqn. (5.19), using K^/Ks value of 33.6 tnM obtained in the absence ofCa'* (Table 5.20) 

^ ca/cw/arecfeg/z. zIGg va/we va/we 0.77 /wM z'/i (Ae 

Table 5.26 Best fit parameters for AGo and x obtained from fitting the experimental data to 

eqn. (5.21). Experimental data were obtained from a 20 mC film, in which Ca^^ concentration 

was varied, while keeping NADH concentration constant. 
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It is interesting to note that in the absence of Câ ,̂ the calculated Gibb's free energy for 

NADH binding to polymer, AGo, is positive at a value of +8.7 kJ mol"'. At 25 mM Ca^% AG 

becomes negative at a value of -5.5 kJ mol"', calculated from a Ku/Ks value of 0.11 mM using 

eqn. (5.19). This change of about 14 kJ mol"' is similar to the binding energy of the 2'-

phosphate group of NADP(H) to NADPH-cytochrome P-450 oxidoreductase, which binds 

specifically to NADP(H), but not NAD(H) [7]. Sem and Kasper estimated that the interaction 

between the dianion form of the 2'-phosphate group of NADP(H) and the cytochrome 

oxidoreductase provides about 20 kJ mol"' binding energy [7]. This supports our postulate 

that in the presence of Ca^^, increased affinity of the poly(aniline) catalytic sites for NADH 

may be via interaction between the phosphate groups of NADH and the Ca^^-enriched 

polymer film. 

5.3.4. Conclusion 

In this section 5.3, we see that by varying Ca^^ concentration at constant NADH bulk 

concentration, we obtained consistent values of current towards NADH with that calculated 

from the best-fit rate constants obtained under conditions where the Ca^^ concentrations were 

kept constant (at 0 and 25 mM), while varying NADH concentration. 

This indicates that the oxidation current obtained at each NADH and Ca^^ concentration can 

be described by a unique set of kinetic parameters, which change according to both NADH 

and concentrations. When we apply the reversible adsorption model for the binding of 

Ca^^ to the polymer, we observed a good agreement between theory and the experimental 

results, giving us strong evidence that the binding process is reversible and of the Langmuir 

type. We incorporated this adsorption model into the NADH kinetic model, by assuming only 

KulKs, is affected by and apply the modified analytical expression to an experiment 

where the conditions were changed from case II to IV. The good agreement between theory 

and experiment, in the increasing trend of the oxidation current towards NADH with Ca^^, 

shows that that this model is valid. However, this model needs to incorporate the effect of 

Ca^^ on the other kinetic parameters, to satisfactorily explain the maximum point observed in 

the current at large Ca^^. Certainly, more experiments carried out at other constant Ca^^ 

concentrations would yield more useful information on how the boundaries shift as the Ca^^ 

concentrations vary. 
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5.4. Conclusion and possible mechanism for the Câ ^ effect 

The enhancement of electrocatalytic current towards NADH in the presence of between 20 to 

40 mM Ca^^ was about 12 times and 27 times for thin films of PANI-PVS and PANI-PSS, 

respectively. This increase was much higher than those observed by other workers for the 

mediators listed in Table 5.1. Before we make a direct comparison between the PANI-

polyanion system with the other mediators, we should bear in mind the differences and 

complexity of the PANI system compared to the other mediators. First, the other mediators 

are either mono- or only several monolayers thick, whereas, a thin 1 \xm thick PANI-PVS film 

(50 mC cm"^) would be about 500 monolayers thick if we assume one monolayer (comprising 

one PANI-polyanion pair) is about 2 nm. Second, the PANI-polyanion system consists of two 

polymers - PANI with positively charged, protonated amine and imine groups; polyanions 

with negatively charged sulfonate (PVS, PSS) groups. The protons in the PANI polymer can 

be exchanged with other cations. Similarly, the polyanions can also bind cations present in 

the electrolyte solution. 

Because of the thickness of the PANI-polyanion films, the partition and diffusion of NADH 

could be the limiting factors for the steady-state oxidation of NADH at constant potential. 

Greater details can be found in ref. [2], in the kinetic model for NADH oxidation at a PANI-

PVS film described by Bartlett et al. Thus, the enhancement effect observed in the PANI-

polyanion system could be due to an enhancement effect on the partition of NADH into the 

film (an effect on Ks), enhancement of the diffusion of NADH within the film (larger value of 

D), increased affinity of PANI for NADH (an effect on or increased hydride transfer rate 

due to a more favourable orientation of the NADH molecule (an effect on Katz and co-

workers have proposed that the enhancement of NADH catalytic current at their PQQ 

mediator modified electrodes is likely due to the latter two mechanisms, even though from 

their kinetic studies it is clear that the effect of enhancement of NADH catalytic current 

is due to the effect on Ku alone [8]. From our kinetics and ^'P NMR studies of the effect of 

Ca^^ on the NADH oxidation current at poly(aniline)-poly(vinylsulfonate) modified 

electrodes, we found that the enhancement effect of Ca^^ was due to a large change in the 

KulKs value for the reaction between NADH and poly (aniline). That is, the binding affinity 

of the polymer for NADH (^m) and/or the partitioning of NADH into the polymer film {K )̂ 

are increased since it is a ratio one increases and/or the other decreases in the presence of 
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Ca^^. This is further verified by the solid-state NMR which indicates that NADH 

accumulated within the polymer film when Ca^^ was present. 

From coulometric measurement of the transient process and measurement of the potential 

change during addition of Ca^^ to the poly(aniline)-polyanion modified electrodes, it is clear 

that there is uptake of by the poly(aniline)-polyanion films. What is uncertain is the 

actual binding sites for Ca^^, which may be located on the poly(aniline) chain or on the 

negatively charged sulfonate groups of the polyanions. Our proposition is that Ca^^ binds to 

the latter based on findings from literature that Ca^^ binds to polyanions such as 

poly(vinylsulfonate) and poly(styrenesulfonate), and since it is unlikely that there would be 

strong binding of a dication to the positively charged poly(aniline) backbone. 

By modelling the binding of Ca^^ to the polymer using a Langmuir isotherm, we found that 

the enhancement effect of Ca^^ on NADH oxidation current can be described by a change in 

the Km/Ks value, which varies according to the fraction of occupied Ca^^ binding sites. We 

estimated a gain of about 14 kJ m o f ' of NADH binding energy in the presence of 25 mM 

Ca^^, which is similar to that estimated from kinetics studies of the binding of 2'-phosphate 

group of NADP(H) to NADPH-cytochrome P-450 oxidoreductase [7]. This suggests that the 

Ca^^ enhanced affinity of the polymer for NADH may be due to binding of (entrapped 

within the polymer film) to the phosphate groups of NADH. 

From solution ^'P-NMR studies of poly(styrenesulfonate) in the presence and absence of 

NADH/Ca^"^, we saw that there was no significant chemical shift, nor any changes in the 

coupling constant. The solid-state ^'P-NMR of PANI-PSS in the presence of NADH and Ca^^ 

also showed the same trend that there was no significant change of coupling constant and 

chemical shifts of the peaks, compared to the spectrum of NADH and Ca^^ in solution. This 

is in contrast to the findings by Mano et al. in the ^^P-NMR studies of their mediator, 2,5,7-

trinitro-9-fluorenone-4-carboxylic acid, in the presence of NADH and Ca^^ [9], They 

observed the two NADH phosphates becoming non-equivalent in the presence of their 

mediator and Ca^^, suggesting that the presence of the mediator increases the unfolding effect 

exerted by Ca^^ on the NADH. They postulated that this further unfolding of the NADH 

molecule in the ternary system is likely due to additional steric hindrance when 2,5,7-trinitro-

9-fluorenone-4-carboxylic acid is bound to the phosphate group via the ionic calcium bridge. 

The absence of a further change in the ^'P NMR spectrum of NADH and Ca^^ in our ternary 
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system of poly(styrenesulfbnate), NADH and suggests that the presence of a 

neighbouring poly(styrenesulfonate) molecule does not cause further unfolding of NADH due 

to steric hindrance. This is because the anionic sulfonate group is attached to a flexible 

polymer chain, unlike 2,5,7-trinitro-9-fluorenone-4-carboxylic acid, where the carboxylate 

group is attached to a rigid planar triple ring system as shown in Fig. 5.27. 

-CHg C H - "^2 

SOg- 0 

Poly(styrenesulfonate) 2,5,7-trinitro-9-fluorenone-4-carboxylic acid 

Figure 5.27 Comparison of the molecular structure of poly(styrenesulfonate) and 2,5,7-

trinitro-9-fluorenone-4-carboxylic acid. 

Based on the above findings, we postulate that the mechanism for enhancement of the 

NADH oxidation current at poly(aniline)-polyanion modified electrodes occurs via binding at 

the polyanion site. Then, by interacting with the pyrophosphate group of NADH, the 

polyanion-bound Ca^^ ion assists in the unfolding of the NADH molecule to assume its 

extended form, as observed in crystallographic studies of NAD^ bound to the Rossman fold of 

dehydrogenase enzymes (refer to the review by Bell et al. [10]). It is generally believed that 

extended conformation of NAD is necessary for the catalytic process of NAD-dependent 

dehydrogenase enzymes because it facilitates binding of the NADH molecule by the enzyme 

and reduces the steric bulk surrounding the nicotinamide, and hence aids in the direct hydride 

transfer with the substrate [11]. From our kinetic studies, Ca^^ has little influence on the ĉat 

value for the enhanced electrocatalytic oxidation rate of NADH by poly (aniline). There is 

however, a large change in the Km/Ks value, which indicates increased affinity of the polymer 

for NADH in the presence of Ca^^. Therefore, there must exist a mechanism whereby the 

presence of Ca^^ increases unfolding of the NADH molecules and facilitates increased 

binding between NADH and poly(aniline). 

NMR studies have revealed that the aromatic rings of the nicotinamide and adenine moieties 

in NADH are stacked close together at a distance of less than 0.39 nm [12, 13]. Other studies 

by circular dichroism and absorption spectroscopy, also suggest a parallel-stacked structure 
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[14] in which the nicotinamide ring B side is stacked against the adenine. The percentage 

which exists in the folded conformation is believed to be 15-40% [15, 16], Determination of 

the crystal structure of the Li^ salt of NAD^ in the absence of the enzyme revealed an 

extended conformation, but with evidence of intermolecular paralled ring stacking in which 

the A side of the nicotinamide ring is stacked against the adenine at a distance of 0.31 nm in 

between [17, 18]. 

On the other hand, it is known that the carbon-carbon distance between nicotinamide reactive 

carbon and substrate carbon is about 0.3 nm for the oxidation of benzyl alcohol by liver 

alcohol dehydrogenase (0.335 nm in the enzyme crystal structure [19] and 0.259 nm of the 

transition state obtained from computational studies [20]). The C-H-C angle calculated by 

Hammes-Schiffer for the transition state is almost linear, at 167.9°. Using a 3-dimensional 

drawing software (Chem3DDraw), we positioned the nicotinamide ring such that the distance 

between the transferable hydride and the nitrogen of the imine group of poly(aniline) was set 

at a distance of 0.26 nm and the C-H-N angle at 168° (see Fig. 5.28 E) At this distance and 

angle, it is possible to orientate the nicotinamide ring such that the centroid distance between 

the nicotinamide ring and phenyl ring is about 0.3 nm, similar to the distance between the 

nicotinamide ring and the adenine ring in the folded NADH molecule determined by NMR 

studies [12, 13]. That is, the pi stacking between the aromatic phenyl rings of poly(aniline) 

and the nicotinamide ring of NADH may play an important part in the binding interaction 

between NADH and poly(aniline). The role of Ca^^ then would be to increase the unfolding 

of the NADH molecule and expose the B side of the nicotinamide ring (Fig. 5.28 A to D) 

which was buried by hydrophobic ring stacking with the adenine ring. That is, the unfolding 

of the NADH molecule aids in increasing the chance of binding the NADH molecule to the 

phenyl ring of poly(aniline) via the B side of the nicotinamide ring. This suggests a 

stereoselectivity in the reaction. Also, the close proximity of the Ca^^-enriched polyanion to 

the poly(aniline) chain, would help to bring the NADH molecule closer to poly (aniline). This 

is a plausible mechanism for the increased binding affinity of poly(aniline) for NADH in the 

presence of Ca^^. 
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Figure 5.28 Postulated steps for NADH binding to poly(aniline) in the presence of Ca^^ ion. (A) Approach of a folded NADH molecule to 

a poly(aniline) chain; (B) unfolding of NADH molecule in the presence of ion; (C) & (D) Binding of the unfolded NADH molecule; (E) 

the postulated transition state of unfolded NADH-poly(aniline) complex during hydride transfer. 
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C h a p t e r 6 - Conclusion and Fu tu re Work 

6.1. Conclusion 

In Chapter 3, we developed an alcohol membrane enzyme electrode based on poly(aniline)-

poly(vinylsulfonate) modified electrodes. This is the first time poly(aniline) modified 

electrodes have been used for the sensing of ethanol in amperometric sensors. In this work, 

we employed a membrane enzyme electrode design for the investigation of the rate-limiting 

kinetic step at the yeast alcohol dehydrogenase enzyme/poly(aniline)-poly(vinylsulfonate) 

electrode. Using this membrane enzyme design, we were able to vary known physical 

parameters systematically. Initially, we used the commonly used approach for kinetic 

analysis of amperometric enzyme biosensors, based on irreversible enzyme kinetics. We 

found poor agreement between theory and experiments. Instead, the experimental evidence 

indicated that the substrate dependent current of the enzyme electrode was affected by product 

concentration, thus suggested an enzyme kinetics in which the backward enzyme reaction rate 

was significant. A kinetic model based on reversible enzyme kinetics was derived by 

equating fluxes which occurred within the distinctly defined layers of the membrane enzyme 

electrode. In this model, we employed relaxation kinetics to describe the distance over which 

the enzyme equilibrium reaction was affected by perturbation process such as concentration 

or temperature changes. Using this model, we calculated the NADH concentration at the 

polymer-enzyme solution interface and used it to derive plots of current versus NADH 

concentration. There was good agreement at low NADH concentrations between this plot 

derived from calculated NADH concentrations with that obtained experimentally at a 

poly(aniline)-poly(vinylsulfonate) modified electrode without the enzyme nor membrane. At 

higher NADH concentrations, the current response of the membrane enzyme electrode was 

lower than the expected value. From steady-state amperometric response towards NADH in 

the presence of ethanol, we found that ethanol has an inhibitory effect on the electrocatalytic 

response of poly(aniline)-poly(vinylsulfonate) films towards NADH. We chose a non-

competitive model derived in enzyme kinetics to describe this inhibitory eGect of ethanol on 

the current response of the polymer films towards NADH. By incorporating this non-

enzymatic inhibitory effect of ethanol into the reversible enzyme kinetic model for ethanol 
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membrane enzyme electrodes, we were able to obtain good fit between theory and 

experimental data. 

In Chapter 4 and 5, we studied the effect of on the current response of poly(aniline)-

poly(vinylsulfonate) and poly(aniline)-poly(styrenesulfonate) films towards NADH. We 

found that uptake of Ca^^ by the polymer film was necessary for the enhancement of 

electrocatalytic current towards NADH. The results from kinetics studies and ^'P-NMR 

spectroscopy confirmed that the main effect of was to bring the NADH molecule into the 

polymer film, either by increasing partition of NADH into the film, or binding of NADH to 

the polymer catalytic sites. We applied a reversible adsorption model for the binding of Ca^^ 

to the polymer and observed a good agreement between theory and the experimental results. 

This strongly suggested that the binding process between polymer and Ca^^ was reversible 

and of the Langmuir type. We then incorporated this adsorption model into the NADH 

kinetic model by assuming only the kinetic parameter, (which described the binding of 

NADH to catalytic sites and the partition of NADH into the polymer film, respectively) was 

affected by the presence of Ca^^. Deviation of the experimental data from the model 

suggested that the other kinetic parameters, ^cat[site] and KsDs were important at higher Ca^^ 

concentrations. At the end of chapter 5, we postulated a possible mechanism for the 

enhancement effect of Ca^^ on the electrocatalytic oxidation of NADH by poly(aniline)-

polyanion modified electrodes. 
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6.2. Future works 

In this section, we discuss the possible future works that can be carried out in the area of 

dehydrogenase enzyme biosensors, based on the work described in this thesis. 

First, the ability to detect alcohol using the membrane enzyme electrode described in Chapter 

3, suggests that we should be able to extend this to other dehydrogenase enzyme electrodes. 

In a separate work under the supervision of Phil Bartlett and in collaboration with Evelyne 

Simon (University of Southampton), together with Catherine Halliwell and Tony Cass of 

Imperial College, we explored the application of site-directed mutagenesis as a mean to 

enzyme modification for biosensor applications [1,2]. This approach was found to be viable 

and has the advantages of good reproducibility and reduced problems of enzyme inactivation 

compared to the chemical modification methods. By introducing a histidine or cysteine tag 

onto the lactate dehydrogenase enzyme, more enzymes could be attached to the polymer film 

[3], presumably via electrostatic or covalent attachment to the polymer film, respectively. 

The increase in enzyme mass loading of the film, gave rise to corresponding higher steady-

state current response of the biosensor towards the enzyme substrate, L-lactate. These works 

showed the potential of extending the application of poly(aniline)-polyanion modified 

electrodes as dehydrogenase biosensors, and suggested the possibility of using site-directed 

mutagenesis for enzyme modification, as a general approach to immobilising enzymes onto 

electrodes. This would avoid the common problems associated with enzyme immobilisation 

techniques involving the use of chemical coupling agents such as carbodiimide, cyanogen 

bromide, ethyl chloroformate, glutaraldehyde and 3-aminopropyltriethoxysilane [4], These 

problems include poor reproducibility and reduced enzyme activities, due to low specificity 

and relatively harsher chemical environment of the chemical coupling reactions compared to 

the physiological environments of the enzymes. 

Another way to increase enzyme loading on the polymer-modified electrode is to increase 

surface area of the polymer. This can be carried out by using a porous conducting polymer 

with pore sizes larger than that of the enzyme molecules, hence increasing the polymer 

surface area for attachment of enzymes. We have prepared such conducting polymers with 

large pore sizes in the micrometer range, using a self-assembled colloidal template based on 
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poly(styrene) latex spheres [5], similar to that employed for macroporous metals [6] and 

semiconductors [7], Poly(pyrrole), poly(aniline) and poly(bithiophene) were polymerised 

electrochemically and the polymer grown through the interstitial spaces between 

poly(styrene) latex spheres (0.5 p,m or 0.75 jum in diameter) self-assembled in a close-packed 

array on gold substrates. The latex sphere template was subsequently removed by dissolution 

in toluene. This work on the development of macroporous conducting polymers was carried 

out under the supervision of Phil Bartlett in collaboration with Mohammed Ghanem and Peter 

Birkin at the University of Southampton. 

Research in our group has shown that poly(aniline)-polyanion modified films can be 

employed as NADH transistors when the polymers were grown across the gap between two 

carbon microband electrodes (-10 jam wide with ~20 |im gap and -4.5 mm long) [8]. 

Therefore, the same principle of using poly(aniline)-polyanion modified electrodes as 

dehydrogenase enzyme biosensors should be applicable to biotransistors. We have shown 

that it was possible to use the NADH transistor to respond to ethanol, by simple addition of 

alcohol dehydrogenase enzyme and NAD"^ in the bulk solution [9]. By employing the earlier 

approach of attaching genetically modified enzyme (histidine tagged lactate dehydrogenase) 

to poly(anilines) films, we could use the same NADH transistor as a lactate dehydrogenase 

enzyme transistor for the detection of L-lactate [10]. The lactate dehydrogenase enzyme 

transistor response time was longer than the alcohol dehydrogenase enzyme transistor 

response time for the same concentration of substrate. This was likely due to a difference in 

the enzyme equilibrium kinetics. Clearly, the same NADH amperometric sensor and 

transistor based on poly(aniline)-polyanion filmrs can be extended to other substrates since 

there are over 300 dehydrogenases that use NAD^/NADH as coenzyme and these NAD^ 

dependent dehydrogenases catalyse the redox reactions of numerous compounds of interest 

such as ethanol, lactate, glutamate and malate [11]. 

It would be interesting to explore the possibility of using Ca^^ ions to enhance the substrate 

oxidation current in the dehydrogenase enzyme biosensors. This would reduce the cost of 

using large amount of the expensive coenzyme, NAD^ for current enhancement. At the same 

time, it has the potential of developing reagentless biosensors, if is able to bind and 

retain the coenzymes, NAD(H) in sufficient concentrations within the polymer films. 

Certainly, deeper understanding of the binding mechanism between Ca^^, polymer and 

NADH, should be useful for designing appropriate biosensors for specific tasks in the future. 
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Appendix A 

Al. Calculation of equilibrium constant for alcohol dehydrogenase enzymes 

From standard reduction potentials ofNAD^/NADH and product/substrate: 

RCHO +2Hr + 2e- CA2) 

Standard potential for the reaction between NAD"̂  and RCH2OH calculated from the 

above standard reduction potentials is: 

]NAJ)+ + IlCFbC%I 7 tUlDH + RCHD f H T ^13) 

where 

The Nernst equation for the zero current condition is: 

r _ po a(NADH)a(RCHO)a(H+) 

fiF a(}4yiD+),3CRC]HbC)H) 

At equilibrium when = 0, then 

(Vl.S) 

_ a(NADH)a(RCHO)a(H+) ^ 

" a(N/L[)+)a(RjCH2C)tQ 

and n=2 

At pH =_)/ where a(H^ = 10"̂ , then 

Acq. pH = y = (A. 7) 
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Appendix B 

Bl. Relaxation of single step equilibrium process 

Bl-1. First order reaction 

Consider a one-step reversible equilibrium reaction involving one reactant and one 

product as follows: 

k\ 
A ; = ± B (BJ^ 

ki 

Initially, the both forward and backward reactions are in equilibrium. This 

equilibrium can be perturbed by a rapid change in the concentrations of A and B, for 

example by a temperature change. Consequently, a net chemical change must take 

place in order to bring about a new equilibrium at the new temperature. This change 

from the initial equilibrium state to a new equilibrium state is known as 'relaxation'. 

The concentrations of A and B during the relaxation process can be described as 

follows using the conservation of mass law: 

Species Initial concentration Final concentration Concentration 

during relaxation 

A Ao ACQ Aod + X 

B Bo Boo .800-X 

where subscripts 'o' and 'oo' denote the concentrations at initial and final 

equilibriums, respectively. 

At time t, the rate of change of species B can be expressed in terms of the rate 

constants: 
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^ (B.2) 

k^iB^ + (^, + A:_, )x (B.3) 
dt dt 

At the final equilibrium, there is no net change in nor 5a, and therefore. 

-- A.,]?* = 0 0B.4) 

and we can remove these terms accordingly from eqn. (A.3), leaving 

--- = (t, 4-4;,);: (B.5) 
at 

which gives upon integration: 

% = (]B.6) 

= 0B.7) 
T 

where r i s known as the 'relaxation time'. 

The rate constants are related to the equilibrium constant î eq for the reversible 

reaction as follows: 

jKcq = (?3 8) 

From eqns. (B.7) and (B.8), we can obtain the rate constants, kx and k.\ from the 

relaxation time and equilibrium constant. 
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Bl-2. Second order reaction (yielding one product) 

Consider the following second order enzyme-substrate binding reaction in which only 

one product is formed: 

k\ 
E + S P C&9) 

h 

Using the same mass conservation law as above, we can express the rate of change in 

product concentration during the relaxation process as follows: 

t + % ) - - %) (B.IO) 
at 

(Ac 
—— — —k_^P^ + k^(E^ + S^)x + k_^x + k^x (B.l 1) 

dt dt 

Equilibrium conditions require that 

dP 
= :=0 (T3.12) 

and removing these terms from eqn. (B.12), leaves 

:[A:,(E^+5'^) + A:_jA; + A:,x (B.l 3) 

is assumed to be very small so it can be neglected. Upon integration of B.13, 

T 

08.14) 

= (B 15) 
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Bl-3. Second order reaction (yielding two products) 

Consider the following second order reaction in which two products are formed: 

k\ 
A + B ^ = ± C + D (BJ6) 

Using mass conservation law, the rate of change in product concentration, C during 

the relaxation process can be expressed as follows: 

+ * ) (* . + X) -AL,(C.-.c)(.CL-z) (13.17) 

of af 

03J8) 

Applying equilibrium conditions, 

= *, /L,a. .-AL,c.z) . = 0 CB.19) 

Removing these terms from eqn. (B.I9) and linearizing the equations by assuming the 

terms to be negligible, gives 

Ay 
- ^ = ^ i ( ^ _ + 5 J j c + A;_,(C.+DJ% (B.20) 

Integration of eqn. (B.20) yields 

= (B.21) 

- = + + D J (B.22) 
X 
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