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a b s t r a c t

Data for a series of fully integrated glucose oxidase, osmium redox polyelectrolyte layers deposited on
thiolated gold electrodes by layer-by-layer self assembly was analysed using the relaxation and simplex
method described in our earlier work (Flexer et al., 2008) [12]. The layer-by-layer assembly method
allows fine control over the film thickness, enzyme loading, osmium and glucose concentrations with
good reproducibility from electrode to electrode. In the analysis we combine the use of approximate ana-
lytical expressions with digital simulation to fit the data from an extensive set of experiments. The anal-
ysis shows a thickness dependence of the fraction of ‘‘wired enzyme molecules” and second order
enzyme re-oxidation rate constant for thin films (below 300 nm) following changes in the multilayer film
structure. For films thicker than 300 nm the kinetic data approach that of a redox hydrogel.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Amperometric enzyme electrodes find application both in bio-
sensors for environmental and medical diagnostic applications [1],
such as blood glucose measurement, and in biofuel cells [2,3]. In
many cases coupling of the enzyme catalysed redox reaction to the
electrode is achieved using a redox mediator to ‘‘wire” the active site
of the enzyme to the electrode. This can be achieved using redox
hydrogels, a very successful and flexible approach pioneered by Hel-
ler’s group [4], by entrapping the redox species in a layer at the elec-
trode together with the enzyme [5], or by assembling using a layer-
by-layer method a redox polymer and the enzyme [6]. In practical
applications in both sensors or biofuel cells the performance of the
enzyme electrode, in terms of the current passed at a given enzyme
substrate concentration and electrode potential, is important for the
application. Thus in a sensor application the amperometric current
should, ideally, be linearly dependent on the substrate concentration
over the appropriate range, reproducible from electrode to elec-
trode, and stable during use. In a biofuel cell application the enzyme
electrode should exhibit fast kinetics for the reaction of the enzyme
substrate at a low overpotential, to ensure good energy conversion
efficiency, and show good stability in operation.

The practical performance of an amperometric enzyme electrode
is determined by the interplay of a number of kinetic processes
including mass transport of species within the immobilised enzyme
layer, the kinetics of the enzyme catalysed reactions and the kinetics
of electrode reactions and charge transport through the film [7,8]. In
principle any of these processes could limit the performance of the
enzyme electrode and so a detailed understanding of these processes
and their interplay is essential to an understanding of the overall
performance of the amperometric enzyme electrode. Such an under-
standing also allows the rational design and optimisation of practical
enzyme electrode performance – knowing which step or steps is lim-
iting electrode performance allows one to make systematic changes
to improve sensor electrode performance or biofuel cell efficiency or
stability.

Despite the significant potential benefits detailed studies of the
kinetics of amperometric enzyme electrodes are still relatively rare
[8]. There are several factors which contribute to this. First, be-
cause of the number of possible rate limiting processes involved
a full analysis demands a substantial set of data covering a range
of electrode preparation conditions such as enzyme loading, and
film thickness. A full analysis cannot be made on the basis of mea-
surements on a single electrode, there is simply not enough infor-
mation. Second it is often difficult to prepare enzyme electrodes
with sufficient reproducibility between electrodes to allow a de-
tailed analysis requiring quantitative comparisons between differ-
ent electrodes – in effect a full kinetic analysis of an amperometric
enzyme electrode requires sufficient reproducibility in fabrication

0022-0728/$ - see front matter � 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jelechem.2009.11.017

* Corresponding author. Tel.: +44 2380 592373; fax: +44 2380 593781.
E-mail address: pnb@soton.ac.uk (P.N. Bartlett).

1 Present address: CRPP – Centre de Recherche Paul Pascal, 115 Av. Albert
Schweitzer, 33600 Pessac, France.

Journal of Electroanalytical Chemistry 646 (2010) 24–32

Contents lists available at ScienceDirect

Journal of Electroanalytical Chemistry

journal homepage: www.elsevier .com/locate / je lechem

http://dx.doi.org/10.1016/j.jelechem.2009.11.017
mailto:pnb@soton.ac.uk
http://www.sciencedirect.com/science/journal/00220728
http://www.elsevier.com/locate/jelechem


between electrodes that one could make enzyme electrodes which
could be used in an analytical application without the need for cal-
ibration. Nevertheless with care it is possible to achieve the neces-
sary level of reproducibility, see for example the recent work of
Barton’s group on biofuel cell electrodes [9,10].

In earlier publications we have described a general kinetic mod-
el for the membrane-enzyme electrode in which the enzyme and
mediator are immobilised in a multilayer at the electrode surface
[11] and explained how this can be implemented by combining
the relaxation method with automated grid point allocation with
the simplex algorithm to fit experimental data [12]. In the present
paper we employ this approach for the first time to an extensive
set of experimental data and use the method to extract kinetic
parameters for a real enzyme electrode. To do this we use elec-
trodes fabricated using layer-by-layer self-assembly of glucose oxi-
dase and an osmium redox polymer (GOx/PAH-Os). This system
has the advantages that it has already been physically well charac-
terised using a variety of techniques including QCM, ellipsometry,
FT-IR and Raman spectroscopies [13–18], and it exhibits good
reproducibility and stability. In addition, layer-by-layer assembly
allows us to systematically control the film thickness – an impor-
tant point when we come to test the applicability of the model.

Based on our previous studies of the GOx/PAH-Os system we
know that the film thickness, Os surface concentration and enzyme
loading all grow with the number of adsorption steps. The catalytic
current varies with the film thickness. It has been established that
the redox charge propagation within the film is by electron hop-
ping and the diffusion coefficient has been estimated [15]. We as-
sume that we can approximate the substrate partition coefficient
between the solution and the film, KS, to unity and finally, we as-
sume that, because of the high water content of the films, the glu-
cose diffusion coefficient within the multilayers is almost the same
as in pure water [18].

The great advantage of electrostatically self-assembled systems
as compared to other enzyme electrodes, such as hydrogels, is that
we can design our electrodes at will choosing from a more or less
wide spectrum the thickness, enzyme loading and Os concentra-
tion and, to a lesser extent, the re-oxidation rate constant. In this
way, we are able to test the simulations on electrodes of a wide
variety of parameters, and not only on one or two specific cases.

In this paper we present a complete study of the system for dif-
ferent film thickness, glucose concentration and electrode poten-
tials. In the analysis of the experimental data we combine the
use of analytical expressions describing the different limiting cases
identified in the theory of Pratt and Bartlett [11] with digital sim-
ulation by the relaxation method with automatic mesh point allo-
cation combined the simplex optimisation to extract kinetic
parameters from experimental data [12].

2. The model

A general kinetic model for an enzyme-membrane electrode has
been described previously [11] and for fuller details the reader is
referred to the original paper. The model describes the general sit-
uation of a redox mediator and redox enzyme immobilised in the
same layer at the electrode surface. This is a very common situa-
tion exemplified by, for example the popular and successful ap-
proach of using a redox hydrogel pioneered by Heller and his
colleagues [4].

The reactions occurring in the film can be written

Aþ E2!
k

Bþ E1 ð1Þ

E1 þ S$KMS ES!kcat E2 þ P ð2Þ

and at the electrode

B! Aþ ne� ð3Þ

where A and B are the oxidised and reduced forms of mediator, E1

and E2 are the oxidised and reduced forms of the enzyme, S and P
are the substrate and product of the enzymatic reaction and ES is
the complex formed between enzyme and substrate.

The substrate undergoes partition between the bulk solution
and the film (partition coefficient KS) and then diffuses within
the film with a diffusion coefficient DS. The mediator is assumed
to be confined within the film. Charge propagation within the film
can either be by physical diffusion of the mediator within the film
described by a diffusion coefficient DA or, if the mediator is cova-
lently bound within the film, charge propagation can occur by elec-
tron hopping self-exchange between the reduced and oxidised
forms of the mediator described by a diffusion coefficient De.
According to the Dahms-Ruff formalism [19,20] these two situa-
tions are equivalent with DA = De. The enzyme-substrate reaction
is described using Michaelis Menten kinetics (Eq. (2)). The oxidised
mediator, in the case of an oxidation reaction such as that in the
glucose oxidase/glucose electrode, regenerates the oxidised form
of the enzyme with a second order rate constant k, according to
the conventional ‘‘ping-pong” mechanism [21].

In the specific case of the glucose electrode using glucose oxi-
dase (GOx) and an osmium redox mediator the reactions are

Sþ GOxox $
KMS S� GOxox!

kcat Pþ GOxRED ð4Þ

GOxRED þ 2PAH� OsðIIIÞ!k Sþ GOxox þ 2PAH� OsðIIÞ þ 2Hþ ð5Þ
PAH� OsðIIÞ ! PAH� OsðIIIÞ þ e ð6Þ

Notice that in Eq. (5) we have included the stoichiometric factor of 2.
The second-order differential equations describing the system

in the steady state are

DA
d2½A�
dx2 ¼

1kkcat½A�½S�½E�TOT

k½A� ðKMS þ ½S�Þ þ kcat½S�
ð7Þ

DS
d2½S�
dx2 ¼

kkcat½A�½S�½E�TOT

k½A� ðKMS þ ½S�Þ þ kcat½S�
ð8Þ

where [S] is the concentration of glucose, [E]TOT the concentration of
enzyme in all forms, and [A] the concentration of Os(III). In Eq. (7) f
is the stoichiometric factor (equal to 2) when the enzyme mediator
reaction proceeds in two sequential steps both first order in medi-
ator [7]. The concentrations of mediator and substrate vary with po-
sition within film. (Eqs. (7) and (8)) are non-linear second-order
differential equations and do not have a closed form analytical
solution.

We begin by recasting the problem in terms of the following
dimensionless variables [7,11]

v ¼ x
L

ð9Þ

a ¼ ½A�
½A�TOT

ð10Þ

s ¼ ½S�
KS½S�1

ð11Þ

l ¼ KS½S�1
KMS

ð12Þ

j ¼ L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k½E�TOT

DA

� �s
ð13Þ

c ¼ k½A�TOTKMS

kcatKS½S�1
ð14Þ

g ¼ DSkKMS

DAkcat
ð15Þ
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