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Preface

Of all the recent discoveries in biotechnology, that of biosensor is one
of those which has seen an cmonentxal expansion over the last few
vears. This evolution corresponds with the increasing need for
measuring devices that can follow contnuously changing biological
processes. Biosensors can meet this need provided that their signals
include all the information necessary for an understanding of the
process, especially concerning the nature and concentraton of the
species present in the sample medium.

It 1s well known that sensors form the basis of all instrumental
analysis systems, but they also represent the limiting factors of such
systems. In this book, we restrict ourselves to the description and
study of sensors, leaving aside the different aspects of signal and data
treatment. We believe, however, that it is important to stress the
mulnfaceted character of biosensors, and the applications and economic
factors which follow.

Biosensor construcdon 1s essendaily based on the immobilizaton of
a bioreceptor on the corresponding wansducer. The reader will find that
there are a large variety of techniques for immobilizing enzymes,
cofactors and mediators, and even microorganisms, immunoagents,
dssues, and organeiles. A large part of this book is devoted to enzyme
sensors, which is hardly surprising considering that they have been
extensively studied and are now commercially available. Other types of
biosensors are discussed, with regard to both the principles of their
operation, and their constuction.

Biosensors form part of the science of engineering in both concept
and application. The contents of this book form part of the
Biotechnology option at the Ecole des Mines in Saint-Etdenne, and at
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the Institut National Polyrechnique in Grenoble. Although this book is
aimed at undergraduate students, the in-depth theoretical and technical
discussion may also be useful to graduate students in the fields of
biotechnology, biomedicine, analytical chemistry, or instrumentation.
The bibliography will also give a research scientist, or a student
preparing a thesis, a sound basis and an overview of the field.

The field of biosensors was born out of the collaboration between
scientists from a variety of different disciplines: physicists, chemists,
medical and pharmaceutical scientists, biologists, electronic engineers,
computer scientists, mathematicians, and engineers. All of these
scientists will be able to consult this work without any difficulty and
find information to complement their original training. Any criticisms
or remarks from these readers will be most welcome.

This book is dedicated to the memory of my parents. I am also
grateful to my wife Josiane for typing and preparing the manuscript on
the word processor. I particularly appreciated her cheerful acceptance
of the extra time I needed for editing this book, especially as it occurred
so quickly after the publication of the French monograph Les
Biocapreurs. I also extend my appreciation to my sons Mén and Duc,
and to my daughter-in-law Catherine, for their patience and spirit
during the preparation of this book.
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glutaraldehyde

Y-aminobutyric acid
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glucose oxidase
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HABA 2[(4-hydroxyphenyl)azo] benzoic acid
HCG human chorionic gonadotropin
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HSA human serum albumin

1gG immunoglobulin G

IMFET immuno-field-effect transistor
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MOS metal oxide semiconductor
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PTFE polytetrafiuoroethylene

PVC polyvinylchloride

Qr quinolinium

REFET reference field-effect transistor

SAW surface acoustic wave

SCE standard calomel electrode

SPR surface plasmon resonance

TCNQ- teracyanoquinodimethane
TELISA thermometric enzyme linked immunosorbent assay
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VDRL venereal disease research laboratory
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Introduction

1.1 Biosensors - nature's tools?

Living beings develop and evolve by exchange and communication
with their environment. The information gathered enables them to meet
their needs, reproduce or survive. Messages to their various senses
are received at receptor sites and used to locate food, detect danger,
or find a sexual partner. Some bacteria possess specific chemical
receptors which, through a positive or negative chemotactism, enable
them to locate nutritious substances and distance themselves from
poisons.

Man has long dreamt of employing these wonderful tools, biological
sensors, to observe and understand his environment. For the moment,
however, he must be content with copying nature, and use the arsenal
of cells, tissues, proteins, and enzymes that nature has provided to
create measuring devices which convert an observed event into a
measurable quantity. As a result of this biomimicry, the sensors he
creates are given the name biosensors. Biosensors not only help him to
examine and understand biological processes, but also have numerous
industrial and medical applications. The biological medium is
continually evolving and thus requires continuous monitoring. This is
impossible via traditional sampling methods, and only biosensors
can meet such a requirement. Sensors are well known in medicine
for the determination of pH, the partial pressure of oxygen or
carbon dioxide. Their eventual employment in intensive care or in
surgery could give a constant measure of other important biological
parameters such as the concentration of glucose, urea, or other
metabolites.



2 INTRODUCTION

1.2 Historical development

In 1962, Clark and Lyons [1] first mentioned the possibility of using
enzyme-containing membranes to transform urea or glucose into a
product that was detectable with a pH or oxygen electrode. Later, in
1967, Updike and Hicks [2] prepared an enzyme electrode by
polymerizing a gel containing glucose oxidase onto an oxygen
electrode. When this electrode is placed in contact with a biological
solution containing glucose and oxygen, the two compounds diffuse
into the enzymatic membrane. The electrode then oxidizes the glucose
into gluconic acid using the oxygen in the solution. The oxygen
electrode detects the reduction in oxygen partial pressure, which is
proportional to the glucose concentration. This discovery was a
decisive step in biological analysis. Electrochemistry only provides
sensors that detect anions or cations, but by associating them with a
biological system, a multitude of other substances can be detected,
which would otherwise only be measurable via long and fastidious
procedures. Thus, a new class of sensors was created, biosensors.
They were born out of the combination of existing sensors, such as
amperometric, potentiometric, thermal, piezoelectric, acoustic and
optical sensors, and biological systems, such as enzymes, cells,
microorganisms, chemical receptors, and immunological agents.

Naturally, the first enzyme fixation methods (2] involved physical
retention, and it was attempted to preserve, as far as possible, the
integrity of the biological system. It was later realized that covalent
fixation would prevent enzyme loss, and ensure long-lasting
immobilization. The immobilization of enzymes is of prime importance.
So long as the enzymes remain active, their immobilization enables
repetitive and multiple determination. Conventional enzymatic methods
discard the enzyme after each separate sampling. Enzymes are
expensive because of the various extraction and purification stages they
require, and we can immediately understand the economic interest of
the new procedure, and its impact on the cost of sample analysis in
automated systems.

The immobilization of more than one enzyme on a single support
was another important step in the development of enzyme sensors [3].
A single enzyme is not always sufficient to transform the substance
under study into a substance that is detectable by a transducer. It is
often necessary to resort to several enzymes to perform a series of
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transtormations; the product of the first reacton serving as the substrate
for the second, and so on [4]. In some cases, the enzyme cofactor, for
example, NAD, is not associated with the enzyme and will not be
attached to the support during the immobilization of the enzyme. A
second reaction must therefore be designed to attach the cofactor to the
support, and provide it with the mobility required to reach the actve
site of the enzyme [5].

The immobilization of mediators has recently been achieved. These
compounds, such as ferrocene or the organic conducting salts of
tetracyanoquinodimethane (TCNQ), can be immobilized on conducting
polymers like polypyrroles [6]. Mediators electrochemically reoxidize
the cofactor thereby preventing the dependence of enzyme sensors on
the oxygen concentration. In the glucose-sensitive electrode without a
mediator, for example, oxygen would be essential for the regeneration
of the cofactor FAD during the oxidation of glucose. The use of
mediators thus represents an important contribution in biomedical
analysis, notably for in-vivo measurements where the oxygen
concentration is variable. When mediators are present, the biosensor
can easily function in the absence of oxygen, which is vital for the
study of anaerobic fermentation processes. The regeneration of
mediators, however, requires amperometric eiectrodes to provide the
necessary current for the reoxidation of the cofactor.

Enzyme sensors can also be prepared using field-effect transistors.
Such biosensors are constructed by attaching an enzymatic membrane
to the insulating layer of a semiconductor structure [7]. Transistors are
normally sensitive towards protons, but in the presence of enzymes
they may also detect organic substances, such as urea or penicillin.
They also have the advantage of a low output impedance, a high
signal to noise ratio, and a low price because they can be mass
produced. This means that biosensors with a one-time use can be
envisaged. -

A large technological expansion has also occurred in the area of fiber
optics. Improvements have been made in. the optical quality and
mechanical resistance of optical fibers, and they now have many
applications in transducers. Optical fibers lend themselves to the
construction of biosensors; a suitable biological substance is attached to
the tip of the fiber and produces an optical signal when it is in contact
with the system under study [8]. Optical biosensors exploit a variety of
radiation phenomena, for example, absorption, fluorescence, and



