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Introduction
History

Historically, Clark and co-workers (1) and others
(2,3), were the first to explore rather simple biosensor
formats such as physical entrapment of soluble enzymes
or enzyme membranes fixed to an electrochemical
transducer starting as early as 1962. These basic systems
formed the foundation of sensors exploiting the bulk im-
mobilization of biomolecules directly onto a transducer.
The current stage of development for immobilization of
biomolecules to transducers has produced a variety of
approaches. These approaches include: covalent bonding
of organized monolayers of biocompounds directly to
the transducer, entrapment of biocompounds into sol-gel
glasses, or immobilization of biocompounds into three-
-dimensional and multi-layer systems. These systems are
immobilized directly onto transducers such as semicon-
ductor devices, optical waveguides, and various elec-
trode materials (e.g. gold, doped carbon, etc.). The tech-
nological advances in microelectronics and fibre-optics
have dramatically increased the number of physical
transducers which are available for use in biosensors (4,
5). This is further augmented by advances in biochemis-
try, immunochemistry and biotechnology which have
resulted in increased availability of well characterized
enzymes, antibodies, tissues, living organisms and recep-
tors for use in these devices.

The immobilized bioreagent-based devices, more
commonly known as »biosensors«, have been histori-
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cally regarded as a subgroup of chemical sensors in
which a biologically-based mechanism is used for detec-
tion of the analyte. Because chemical sensors are re-
garded as miniaturized transducers which selectively
and reversibly yield an electrical signal that is propor-
tional to a specific analyte of interest, this definition
would exclude many biocanalytical devices which em-
ploy irreversible binding. The scope of this review, how-
ever, will include all significant classes of molecular de-
vices which use immobilized bioreagents.

Need

Advancements in the manufacturing processes,
higher standards of living and increased quality con-
science on part of the global population, coupled with
the rapid analysis and user friendly instrumentation de-
signs, require methods and devices that can meet these
demands. These highly variable application or user
needs are the major governing factors for the currently
observed upsurge in the biosensor research activity and
sensor activity in general. Particular analytes to be meas-
ured and the selectivity required will dictate the choice
of a biocompound for molecular recognition. Other pa-
rameters such as sensitivity, sample environment, cost,
life time, user skill, etc., play a vital role in the selection
of a particular transduction technique. Regulatory re-
quirements and the nature of the application may play
a decisive role in the sensor design and development.

! Permanent address: U.S. Fnvironmental Protection Agency, National Exposure Research Laboratory Las Vegas, NV, USA



114 A, SHARMA and K. R. ROGERS: Immobilized Biomolecular Devices, Food technol. biotechnol. 34 (4) 113-123 (1996)

Bioanalytical devices show the potential to meet
monitoring needs in such areas as clinical diagnostics,
process control, food, military and environmental monito-
ring. Nevertheless, of the numerous biosensor configu-
rations reported in the literature, few have been com-
mercialized (6). Biosensors which have been commercially
developed have been used in applications with well de-
fined performance requirements such as matrix, concen-
tration range, and reproducibility (i.e. blood glucose
monitoring, single analyte monitoring for the food in-
dustry and determination of biological oxygen demand
for waste water processing). Although biosensors have
been able to meet the application criteria (in these spe-
cific cases), for the most part, biosensors have not been
able to meet the performance standards for numerous
applications for which they show potential.

The highest level of activity for biosensor develop-
ment is currently in the clinical and diagnostics markets.
Although in the clinical area, these bioanalytical devices
show the potential for development as compact and
low-cost devices, their most significant contributions will
most likely be as components in the laboratory-based
high volume multianalyte instruments currently offered
by several manufacturers.

Analytical monitoring needs in the agricultural and
food industry involve several areas, including process
control and quality assurance monitoring for (i) specific
compounds associated with the product, (ii) specific mi-
croorganisms (those endogenous to the product as well
as foreign contaminants), and (iii) chemical indicators of
spoilage. Currently available products for the agricul-
tural and food industries are primarily related to the
need to monitor single analytes found in the product.
These molecular sensors consist of single analyte detec-
tors for compounds such as glucose, lactose, galactose,
starch, cthanol, methanol, urea, glutamate, lactate, ox-
alate, etc., as well as for compounds indicative of sca-
food freshness (7).

Another area of application for bioanalytical devices
is for the detection of analytes of military interest such
as nerve agents, mustard gas, explosives, and a number
of toxins and pathogens. One of the greatest challenges
which these molecular monitoring devices face (for these
applications) involves the variety of compounds and
matrices encountered. In addition, these applications re-
quire that the device be durable (i.e. the ability to func-
tion in harsh environments such as dust, humidity and
wide temperature variations); casy to operate (i.e. by
minimally trained personnel); and function in potentially
remote and continuous circumstances with high reliabil-
ity and sensitivity.

The high-cost and slow turnaround times associated
with the measurement of regulated pollutants clearly in-
dicate a need for environmental field analytical methods.
Biosensors show the potential to be developed as sensi-
tive, sclective, and potentially portable devices capable
of continuous, in sitit, and remote monitoring of environ-
mental pollutants. As in potential military applications,
one of the main challenges to the development of
biosensors in this area is the requirement to monitor di-
verse matrices such as ground water, soil extracts, cte. In
addition, these devices must show sensitivities commen-
surate with regulatory (national and international) action

levels for specific analytes such as pesticides, PCBs, phe-
nolics and polycyclic aromatic hydrocarbons.

Advantages/Features

Biosensors are typically composed of a biological
recognition element, a physical transducer, an electrical
amplificr and a data processing system (Fig. 1). Biological
recognition elements which have been reported in bio-
sensors include: enzymes, receptors, immunocompounds,
DNA (total and sequence-specific recognition), microbes,
transport proteins and tissucs (both plant and animal).

Electrical
Signal . Data
Elactrical Acquisilion
Armpiifier and

Biclogical
Recogniticn
Elemant

Physical
Transducar

Display

Fig. 1. Basic concept of a molecular device based on immobi-
lized bioreagent [from Ref. 5]

Physical transducers which have been reported for
use in biosensors include the following: electrochemical,
optical, thermal and acoustic devices (Table 1). The bio-
logical recognition elements (i.c. enzymes, receptors,
immunochemicals) can be interfaced to any of these
transducers, given an appropriate signal transduction
mechanism can be devised. Potential advantages offered
by biosensor technology include minimal sample prepa-
ration, high speed of analysis and the potential for in
situ and flow stream analysis for process control.

Table 1. Biosensor components

Biological recognition clements  Physical transducers

Enzymes Electrochemical
Receptors Optical
Antibodies Optical-electronic
Cells Acoustic

Tissues Thermal

Sensing organs

Biosensor characteristics are primarily determined
by the choice of biological recognition clement, the
physical transducer, and the assay format. Consequently,
it is critical that the operational characteristics be consid-
ered and reconciled against the potential application
early in the development process. These issues include:
(i) reagent requirements (i.c. need for reagents other than
the analyte; substrates, cofactors, pH buffers, and oxida-
tion reduction mediators); (ii) temperature requirements
(i.e. enzyme-catalysed reactions approximately double in
velocity with each increase in temperature of 10 °C); (iii)
size and power requircments; (iv) environmental inter-
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face requirements (i.e. aqueous, organic, sample size,
ete.); (v) requirements for calibration.

Clearly, immobilized biorcagents offer a wide vari-
ety of features and hence choice to develop low cost mo-
lecular devices for a number of applications. Their
adaptability to flexible formats and compatibility with a
host of transduction techniques make these devices very
attractive for practical exploitation. Such devices are ex-
pected to be non-toxic, non-carcinogenic, disposable or
reusable and suitable for large scale manufacture.

Using Immobilized Reagents — Sensor
Fundamentals

Molecular Recognition

Molecular recognition mechanisms used in bio-
molecular sensors are of three main types. These mecha-
nisms include: (i) biocatalysis (e.g. the measurement of
products or inhibitors of enzyme-catalysed reactions); (ii)
stoichiometric binding (c.g. binding of an analyte to an
antibody, receptor, or sequence of DNAY; or (iii) combi-
nation of both (e.g. recognition of an analyte by a mi-
croorganism followed by enzymatic amplification of a
measured product). In addition to recognition of an ana-
lyte at concentrations of interest, a variety of other issues
must be considered. Such issues include: the specificity of
the molecular recognition; the stability and immobili-
zation options; and the characteristics of the assay format.

Enzymes have historically been used in biosensors
primarily as a result of their ability to catalytically con-
vert an analyte of interest to a product which is optically
or electrochemically detectable. In addition, the availabil-
ity of purified enzymes and extensive literature on im-
mobilization techniques have made these proteins attrac-
tive for use in molecular recognition devices.

The general expression governing enzyme kinetics is
typically presented in the following form:

u= dex [SJ / KM + lS]

in which ¢ is the reaction rate in (mol s71), |S] is the sub-
strate concentration, V), is the maximum reaction rate
and Ky is the Michaelis constant (i.e. the concentration
of substrate resulting in one half the maximum rate for
the enzyme catalysed reaction).

There are also certain limitations for use in molecu-
lar recognition devices imposed by enzyme kinetics. For
example, the dynamic range (for substrate determina-
tion) using cnzyme catalysed reactions is determined
primarily by the Ky; value. This is duce to the fact that at
low substrate concentrations (i.e. [S]< Ky) the reaction
rate is lincarly proportional to the substrate concentra-
tion (8). Thus, for analytical enzyme applications, en-
zyme assays are typically configured such that the sub-
strate concentrations are considerably lower than the Ky,
In practical terms, however, substrate concentrations be-
low (L1 Ky are not typically useful due to the low rate
of product formation. In the case of biosensors which
measure enzyme inhibitors, the detection limits are pri-
marily determined by the type of inhibition (i.e. com-
petitive, non-competitive or irreversible) and the en-
zyme's affinity for these compounds.

Although enzymes are useful as biological recogni-
tion elements, the selection of substrates and inhibitors
is limited to the finite number of biocatalysts which have
been produced through evolution. By contrast, antibod-
ies can be developed to practically any hapten that can
be attached to a carrier protein (i.c. immunogen). Anti-
bodies have been reported which are specific to a wide
range of compounds. In addition, monoclonal antibodies
can be selected which show a range of specificities from
individual compounds te compound classes as well as a
range of detection limits from 107 to 1072 M.

Although the range of binding affinities between an-
tibodies and antigens is broad, most analytical methods
using immunochemicals including those reported for an-
tibody-based biosensors, concentrate on the use of irre-
versible binding. This limitation has been overcome, in
certain cases using several approaches. Antibody-based
biosensors have been reported, which can be reactivated
after a binding event by lowering the pH of the buffer
solution to allow the dissociation of analyte from the im-
mobilized antibody (9-11). In addition, reversible bind-
ing of antigen to monoclonal antibody immobilized to a
transducer surface has been demonstrated by using non-
equilibrium kinetic measurements (12).

Reagent Immobilization

Coupling of the biological recognition clement to the
transduction element is a critical aspect in the ultimate
reliability and performance of the molecular recognition
device. Due to the variability in both structure and func-
tion of the biological components as well as the varicty
of materials used for signal transducers, numerous cou-
pling strategics have been reported. There are a number
of issues, however, which should be considered in the
choice of a particular coupling method.

With respect to the biological recognition clement,
chemical groups which are typically used for coupling
include: carbohydrate, amine, carbonyl, and sulfhydryl
groups. Immobilization of these biomolecules requires
consideration of the number and accessibility of these
groups as well as their location relative to the active
(catalytic or hapten binding) site. Other important issucs
include the length, chemical characteristics, and »cleav-
ability« of the linker chain used to attach the recognition
element to the transducer. In addition, each type of rec-
ognition element (i.c. antibody, enzyme, or microbe) has
certain functional and operational features, some of
which are unique to each system. For example, in the
case of antibodies, orientation of the binding domains
F.. and F, can increase the stability, accessibility, and
overall performance of these biosensors. Approaches
which have been used to orient immobilized antibodies
include: the use of proteins A, G, ete. (proteins that spe-
cifically bind to the F, portion of the IgG); the use of the
protein avidin which tightly binds biotin, a low molecu-
lar mass compound that can be covalently attached to an
antibody); and the usc of species specific anti-lgG anti-
bodies which also bind to the F, portion of the antibody
allowing optimal orientation of the primary antibody.

In the case of cnzymes, primary considerations in-
clude: the maintenance of catalytic activity and the ac-
cess of the substrate to the active site. In addition to im-
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mobilization strategies, various types of membranes
have been incorporated which control substrate accessi-
bility and prevent saturation kinetics as well as limit in-
terferences from non-substrate compounds.

For receptors, many of which are integral membrane
proteins, approaches which have been used to accommo-
date their need for a lipid bilayer environment include
incorporation of these proteins into liposomes and sur-
face-immobilized bilayer membranes. In some cases,
however, receptors have been shown to retain their bind-
ing activity after immobilization on a solid surface. For
example, transferrin-binding protein retains its activity
after reconstitution onto Eupergit CB-6200 beads (13)
and nicotinic acetylcholine receptor maintains a portion
of its binding activity upon immobilization to both
quartz fibres and nitrocellulose membranes.

Microorganisms typically require non-covalent im-
mobilization methods such as entrapment behind a
membrane or in a hydrophilic gel such as agarose.

Transducer surfaces to which biomolecules are typi-
cally immobilized include: quartz, silicon, metals, or
polymers. In particular, the proposed operating format
and mechanism of signal transduction are important is-
sues in the choice of immobilization methods. For affin-
ity-based devices, non-specific binding of the analyte,
analyte-tracer, or affinity protein can cause significant in-
terferences. For catalytic-based devices, which use elec-
trochemical detection, co-immobilization of an oxidation-
-reduction mediator can dramatically improve biosensor
performance. In addition, the recent use of Langmuir-
-Blodgett techniques have been useful in preparing
monomolecular layers and organized structures.

Signal Transduction

Given the diversity in biological recognition ele-
ments in addition to variations in signal transducers, it
is not surprising that a wide variety of signal transduc-
tion mechanisms have been reported for these devices.
Most of these devices, however, fall into one of two
main classes; those which use biocatalytic and those
which use affinity-based transduction mechanisms.

The signal transduction mechanism for biocatalytic
devices (enzyme-based) typically relies on the catalytic
conversion of a non-detectable substrate into an optically
or electrochemically detectable product. In the case of
optically detected products, fluorescent compounds are
typically used as indicators because of the high sensitiv-
ity afforded by their use. These indicators can either be
part of the optical sensor (i.e. immobilized to the optical
waveguide) or detected in solution at the end of the op-
tical fibre. As mentioned previously, the range of ana-
lytes which can be detected by enzyme-based biosensors
is limited to substrates or inhibitors of the enzyme, how-
ever, several strategies have been used to expand this
range. The range of analytes which can be measured us-
ing enzyme-based devices can be extended by the use of
a second enzyme to convert a non-detectable primary
product into a detectable secondary product. Recycling
cofactors and substrates which have limited diffusional
constraints (14) is another strategy that has been em-
ployed. A second basic mechanism for signal transduc-
tion in biocatalytic devices detects inhibitors, cofactors,

and modulators of enzyme activity. These compounds
are detected as a result of their effect on the biosensor
steady state signal established in the presence of the sub-
strate.

In contrast to enzymes, the primary signal transduc-
tion mechanism for receptors and antibodies is through
a stoichiometric binding event. In this mechanism, ana-
lytes are measured indirectly through binding of an op-
tically or enzymatically labelled analyte-tracer which
competes with the analyte for a limited number of bind-
ing sites. Where the analyte shows a measurable physi-
cal property [e.g. fluorescence of benzo[a]pyrene; (15))
the binding of analyte can be measured directly at the
surface of the sensor. Signal transduction mechanisms
which use an enzymatic label require a two step process.
The first step involves competitive binding of the analyte
and analyte-tracer to the immobilized antibody or recep-
tor. In the second step, the catalytic conversion of sub-
strate to product is used as a measure of the original
binding event. Enzyme amplification affords consider-
able sensitivity for this format. However, free antibody-
-labelled analyte must be separated from labelled ana-
lyte which is bound to the antibody immobilized to the
sensor surface which requires a multi-step procedure.

Electrochemical

Potentiometric — Potentiometry has been used as an
analytical technique for over a century. Although this
technique was limited primarily to the determination of
pH, the development of ion-selective electrodes over the
past 30 years has tremendously expanded the range of
possible applications. The principle involved with poten-
tiometric measurement is typically centred around a per-
meability-selective ion-conducting membrane that sepa-
rates ions of interest (in the sample) from ions at a
constant activity inside the electrode body. The unequal
distribution of ions inside and outside the membrane re-
sults in a charge potential that is measured using a ref-
erence electrode. The measured potential (E) is related to
the analyte activity (a;) in the sample by the Nernst
equation:

E=E"+(RT/nF)Ina

where E? is the standard potential for a, = 1, R is the gas
constant, F is the Faraday constant, T is the thermody-
namic temperature, n is the total number of charges on
ion i. In practice, decadic logarithm is used in place of
the Napierian logarithm.

The selectivity of these devices to various ions (c.g.
H', ¥, I', CI') and gases (CO,;, NH,) is derived from
their perm-selective membranes (16). The development
of various membrane materials which will bind the ion
of interest and reject other closely related ions has been
and continues to be an area of active rescarch. The in-
terface of these devices with enzymes, however, has also
recently become an active research area and shows the
potential to greatly expand the possible application of
these devices.

For example, enzymes which produce or consume
protons as a result of catalysis (e.g. penicillinase, urcase,
glucose oxidase, and acetylcholinesterase) have been in-
terfaced to pH electrodes (17). Although these devices
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are potentially useful, they are not without limitations.
These limitations arise from the fact that in addition to
the product inhibition effects typically observed with en-
zyme catalysed reactions, the product (i.e. hydrogen ions
or hydroxide ions) indirectly affect the conformation and
activity of the enzyme. In addition, the use of buffers to
control this effect complicates the measurement of the
reaction product. In response to these challenges, inno-
vative solutions have been reported such as pH-stat con-
figurations which electrochemically compensate for en-
zyme-catalysed pH changes. In this configuration, the
current used to electrochemically compensate for the
production or consumption of protons is also used as a
measure of analyte concentration (18).

applied vollage, L Immobliized enzyme
o

1
reference ele ctrodc!

epoxy (E)

Insulator
Py
e.g. Si02

ptype silicon

]

{ A}
drain current S’ Iy

Fig. 2. An immobilized enzyme based potentiometric device
[from Ref. 5]

Although the glass membrane pH electrode has be-
come a standard laboratory device, characteristics such
as durability, cost, and size have limited its use as a
transducer for possible bioanalytical applications. A
practical alternative which has been recently commer-
cialized and extensively used in biosensors is the ion-se-
lective field-effect transistor (ISFET) (Fig. 2). In this de-
vice, a gate voltage modulates the conductance between
a source and a drain through the field-effect of a semi-
conductor. The ion sensitivity and selectivity of these de-
vices arise from the characteristics of the membrane ma-
terial used as the gate.

Silicon nitride (Si;N,) is one example of a gate mem-
brane. Other materials are sensitive to ions such as Na',
K', Ca™", NHj, Ag" and Br. Although these devices have
primarily been coupled to enzymes which produce or
consume protons (19), any biological recognition or cata-
lytic event which modulates the concentration of ISFET-
-sensitive ions can potentially be used with these trans-
ducers. The primary limitations associated with ISFET-
-based biosensors involve the small surface area of the
gate membranes and inconsistencies in protein immobi-
lization.

The light addressable potentiometric sensor (LAPS)
is another pH sensitive potentiometric transducer which
has been recently introduced. This sensor, which also
uses silicon nitride-coated surface, becomes highly sen-
sitive to solution pH in discrete locations when illumi-
nated by an LED array. This sensor has been used to
measure the activity of various (proton producing or
consuming) enzymes that are immobilized to a cellulose

nitrate membrane and pressed against the sensor sur-
face. The use of enzyme tracers has allowed the use of
immunochemical assays which have been used to meas-
ure analytes such as DNA (total and specific sequences),
human chorionic gonadotropin, pathogenic bacteria, ace-
tylcholinesterase, drugs, and pesticides (20).

Amperometric — Electroanalysis using controlled-po-
tential techniques, basically involves the measurement of
a current in response to an applied potential. The current
is generated from an electroactive species which is either
oxidised or reduced at the electrode surface.

The limiting current is given by the following equa-
tion:

I, =(nFADc)/S

where n is the number of participating electrons, A is
the area of the working clectrode, F is the Faraday con-
stant, D is the diffusion coefficient for the electrical spe-
cies of concentration ¢ in a given sample, and ¢ is the
thickness of the diffusion layer.

The typical cell design includes working and refer-
ence electrodes. Reference electrodes are typically silver-
-silver chloride and working electrodes can be constructed
from a variety of materials (e.g. gold, platinum, glassy
carbon, carbon paste, etc.) in a varicty of configurations
(e.g. screen-printed planar, cylindrical, microfibre, etc.).

In certain circumstances, which require a poten-
tiostat in place of a simple d.c. source, a three-electrode
cell with an additional reference electrode can be used.
In potentiostatic amperometry the voltage drop IR does
not contribute significantly to the working electrode po-
tential E.

For amperometric biosensors, a non-electrochemi-
cally active substrate is enzymatically converted to an
electrochemically active product. This product is then
oxidised or reduced at a working electrode which is
maintained at a specific potential. The current is linecarly
proportional to the concentration of product which is
(under certain conditions) proportional to the substrate
concentration.

Amperometric biosensors typically rely on an enzy-
me system which catalytically converts electrochemically
non-active analytes into produgts that can be oxidised or
reduced at a working electrode which is maintained at
a specific potential with respect to a reference eclectrode,
The current is lincarly proportional to the concentration
of the electroactive product, which is proportional to the
non-electroactive enzyme substrate. Enzymes typically
used in amperometric biosensors are oxidases which cata-
lyze the following class of reactions:

oxidase

Substrate (S) + O3 ——— roduct (P) + H-O,

These reactions are clectrochemically monitored by
measuring the disappearance of Os or the increase of
H;0,. For example, the ambient oxygen concentration
can be monitored as it is depleted from solution. Because
Os is continuously diffusing through the semi-permeable
membrane, a steady-state current is established which is
dependent on the substrate concentration. Alternatively,
H-0, can also be measured at the clectrode surface.
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Early configurations of this type of biosensor were lim-
ited by a small dynamic range and large overpotential
required to oxidise H,O,. The overpotential resulted in
the problem of oxidising non-substrate compounds pre-
sent in the sample matrix (such as ascorbate in blood).
Recent configurations, however, incorporate a number of
innovations including: oxidation-reduction (redox) me-
diators, permeability sclective membranes, and multien-
zyme systems that facilitate the use of cofactors and co-
factor cycling systems. By transferring electrons from the
enzyme to the electrode, the mediator substitutes for the
natural electron acceptor (e.g. Os). This allows the en-
zyme to be regenerated during the enzymatic cycle and
effectively lowers the potential which must be applied
to the electrode.

Mox + En.‘d R qu_\t + Eux
M,y —> M+ 2H" + 2¢°

Although, the soluble redox mediators that have
been used to reduce the cffect of transient oxygen con-
centrations and reduce interferences from electroactive
substances in the sample matrix, due to their small mo-
lecular masses, they must typically be supplied to the
bioscnsor reaction mixture. Innovations such as the use
of electron relay polymers, however, have facilitated the
development of »reagent-less« amperometric electrodes
which require only the substrate (analyte) of interest.
Additional innovations include the use of multi-enzyme
systems which can be used to couple an enzyme-cata-
Iysed reaction for which neither the substrate nor prod-
uct are electroactive to a second reaction producing an
electrically measurable product. Because advances in-
volving the limitations of selectivity and sensitivity are
continually being made, these devices are most likely to
continue in their contribution to commercial applications
in medical diagnostics, environmental, and food indus-
trics.

Conductance/Capacitance — The relationship of elec-
trolyte conductivity x to the conductance G is given by

x=Ku G

where K,y is the conductivity cell constant.

This relation makes it possible to monitor chemical
reactions during which the overall conductivity of the
solution is altered, by either production or consumption
of ionic species. Clearly, any change in the clectrolyte
concentration, temperature or area of the electrode sur-
face can affect the performance of the devices. For these
reasons, conductometric/capacitance based sensors are
considered to be relatively non-specific. Fortunately, a
variety of molecules such as enzymes exist, that can be
used to impart specificity to this type of transducer.

The ionic species producing or consuming enzy-
matic reactions, depending on the total ionic strength of
the media, may alter the conductance/capacitance of the
medium. This basic concept has been exploited in fabri-
cating a number of planar interdigitated electrodes
based on conductometric transducers for biosensors.
These electrodes, together with a variety of enzyme sys-
tems, impart specificity to this type of transducer. One
such example is the urcase enzyme, which catalyses the

production of ionic species, and which has been used as
an immobilized coating form onto the planar interdigi-
tated electrodes. However, the conductance being scnsi-
tive to temperature, Faradayic processcs, double layer
charging and concentration polarisation, it is desirable
that differential methods using internal controls are used
(19).

Calorimetric

Temperature changes associated with molecular re-
actions has been exploited for bicanalytical applications
because most biological reactions are thermogenic. In the
case of enzyme-catalysed reactions, the enthalpy changes
are quite high ranging from 20-100 kJ/mol (21).

Relatively simple enzyme thermistors can be used to
measure substrate-dependent biccatalytic reactions.

The temperature change due to enzyme catalysis is
dependent on the molar enthalpy and heat capacity of
the system, accordingly,

~AH,, n
Allm—— T F

Cs
where AT is the temperature change, AH,, is the molar
enthalpy, n, is amount of the product and Cg is the heat
capacity of the system, including the solvent.

A number of calorimetric methods such as »enzyme
thermistors« and »immobilized enzyme flow enthalpi-
metric analysers« that have been reported exploit this
behaviour (21). A wide range of analytes, such as urea,
glucose, ethanol, lactate, penicilin, oxalate, sucrose and
urate, have been measured using calorimetry (21, 22).

Recent developments in miniaturized devices have
led to improved sensitivity in measuring changes in ac-
tivities of metaloenzymes, due to the binding of apoen-
zymes to metals. The use of thermostated systems, heat
exchangers and cnzyme sequences which recycle a sub-
strate or cofactor can be exploited to gain enhanced sen-
sitivity. For example, co-immobilization of catalase with
various H;O, producing oxidases can more than double
the enthalpy per mole of substrate, reduce the detrimen-
tal effects of hydrogen peroxide and reduce the net oxy-
gen consumption (21).

Optical

A vast number of optical transduction techniques
are available for developing biosensors (4,23). These may
include linear optical phenomena such as absorption,
fluorescence, phosphorescence, polarisation, rotation, in-
terference, etc. or non-linear ones, such as second har-
monic generation that have been exploited for biosensor
development. Choice of a specific optical method depends
on the nature of application and desired sensitivities. In
principle, nearly all optical techniques can be coupled to
fibre optics and integrated optic technology, thus in-
creasing the versatility of these methods. In this review
we shall discuss only a few development examples.

The construction of an optical waveguide is based
on the principle of total internal reflection of light. As
shown in Fig. 3, when the angle of incidence of light at
the interface between the material of refractive index
and the material of refractive index n-, where ny > na, is
greater than the critical angle 6,
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O =sin™" (na/ny),

the light is reflected back into the medium of refractive
index ny. This phenomenon is known as total internal
reflection (TIR). A waveguide is constructed from two
optical materials of different refractive indices that al-
lows the light entering at or above the critical angle to
be repeatedly reflected (guided) down the lenght of the
waveguide.

n; cladding n; cladding
L T . e~ NN (O il -
N iy y M, core i J
| il et N coreer
(a}

()

lig. 3. Optical wave-guide principle and cross section of optical
fibre | from Ref. 4]

An example of TIR spectroscopy which utilises the
phenomena of the evanescent field is termed total inter-
nal reflectance fluorescence (TIRF). TIRF has been used
with planar and fibre-optic waveguides as the signal
transducer in a number of reported biosensors (23).
These optical biosensor formats may involve direct de-
tection of the analyte of interest or indirect detection
through optically-labelled probes.

[n these transducers, light is propagated down a
waveguide which generates an electromagnetic wave
(evanescent wave at the surface of the optically denser
medium of the waveguide and the adjacent less optically
dense medium (Fig. 4). The amplitude of the standing
wave decreases exponentially with distance into the
lower refractive index material. The fluorescence of a
fluorophore (probe) excited within the evanescent field
can be collected either outside the waveguide or by cou-
pling the emission frequencics back into the waveguide.
In configurations which use TIRF the biological sensing
element is immobilized on the side rather than the end
of the waveguide. This configuration is particulary use-
ful for measuring binding events at a solid/liquid inter-
face because the washing steps typically used to separate
bound from unbound analyte probes are not required (24),

Using a planar waveguide, a competitive immu-
noassay technique termed the fluorescence capillary fill
device (FCFD) has been exploited (Fig. 3b). The FCFD
allows a simple assay of a target protein by automat-
ically measuring the correct volume of the analyte which
is mixed with a predetermined amount of competitive
immunochemical to produce a portion of labelled immu-
nocomplex which is measured by TIRE. Light focused
onto the waveguide base will generate an cvanescent
ficld that interacts with the fluorophore containing an
immunocomplex. The resulting fluorescence is detected
at the optical edge of the waveguide. The evanescent
field cnsures that only molecules within 10 nm will be
detectable, thereby avoiding any of the wash or separa-
tion steps associated with an immunoassay. The meas-
urement of human chorienic gonadotropin, a glycopro-
tein present in women during pregnancy and for the
detection of the rubella antibody has been demonstrated
using this method (25,26).

do
/-\ /-\
e ____,......—'...—-—
medium 77, madium 17,

Fig. 4. Total internal reflection at a dielectric interface and ge-
neration of evanescence wave Lfrom Ref. 4

The evanescent field can be enhanced by an order
of magnitude by replacing the low refractive index me-
dium with a thin layer (typically about 50 nm) of a met-
al, e.g. silver. Above a critical angle, all light is reflected
except for a range at which the interfacial electron
plasma undergoes surface plasmon resonance (SPR). The
damping of the plasmons by the metal film at optical
wavelengths results in a change of reflectivity at the SPR
angle. A typical SPR device consists of a silver film de-
posited on a glass plate, prism, or optical fibre, and may
potentially offer a sensitivity better than 5 x 10 * degrees,
although the science is providing difficult to implement.
SPR has been applied to immunosensors (27,28) by de-
positing a thin metal film onto the immunosensor sur-
face, resulting in an increase in the strength of the sur-
face ficld.

Surface plasmon resonance has recently been used
as the basis for signal transduction in biosensors. In a
typical experimental sct-up, incident light is reflected
from the internal face of a prism in which the external
face has been coated with a thin metal film (Fig. 5). At
a critical angle, the intensity of the reflected light is lost
to the creation of a resonant oscillation in the electrons
at the surface of the metal film. Since the critical angle
is dependant on the refractive index of material present
on the metal surface, this method has been used to
measure binding events such as the binding of antibod-
ies to antigens immobilized at the sensor surface (29).

The concept of integrated optics technology is analo-
gous to that of integrated circuits, with the exception
that photons — and not electrons — carry information. In-

bio-recognition
element

anzlyle sample

thin metal film

reflected
light
incident

light
7 signal
glass prism pracessing
phota deteclor

Tig. 5. Surface plasmon resonance (SPR) set-up | from Ref. 4|
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tegrated optics is based on the total internal reflectance
properties of planar waveguide to produce two dimen-
sional analogues of lenses, mirrors, diffraction gratings,
ete. The main advantage of this technology is miniaturi-
zation, stability and raggedness of the optical structure,
i.c. fewer set-up adjustments required, and the technique
offers the promise of novel optical structures.

Heideman ef al. (30) have used an experimental set-
-up wherein the light (incoming and outgoing) is cou-
pled via etched gratings, and the complete set-up is fab-
ricated on a silicon wafer using standard techniques. The
changes in evanescent field due to immunoreactions are
detected by an interferometer (Fig. 6). A sensitivity to
chorionic gonadotropin of 25 nM was reported. This ge-
neric design is applicable to the construction of devices
for other analytes as well.

substrate

™ )

(a)
substrate NAD(P)"
[analyte)
K
‘\J enzyme [ NAD(PJHF* [—rv F+ho
product NAD{PH E® 4——J
(b)

Fig. 6. Substrate induced quenching (SIQ) concept

Another interesting design of an integrated device
for an immunochemical assay is that reported by Zhou
et al. (31). They constructed a differential measurement
device using twe wells in a buried monomode wave-
guide. One well contains the analyte specific immuno-
chemical (immobilized), whilst the other well has an im-
mobilized control immunochemical.

Acoustic

The linear relationship between the change in the
mass at the crystal surface and the change in its oscillat-
ing frequency has been utilised in developing the acous-
tic devices as mass sensors. The vibrating piezoelectric
crystal produces an oscillating electric ficld in which the
resonant frequency of the crystal depends on its chemi-
cal nature, size, shape and mass. Therefore, the fre-
quency of a crystal placed in an oscillating circuit, can
be measured as a function of the mass. When the change
in mass (Am) is very small compared to the total mass
of the crystal, the change in frequency (Af) relates ko Am
in the following expression:

Af = CF? (Am/ A)

where f is the vibrational frequency of the crystal in the
circuit, A is the area of the electrode and C is a constant,
determined in part by the crystal material and thickness.

Piezoelectric crystals, also known as quartz crystal
microbalance (QCM), are typically made of quartz and
operate at frequencies between 1 and 10 MHz. These de-
vices offer a detection limit of mass bound to the clec-
trode surface that is about 10 to 10" g in liquids, with
a frequency discrimination limit of 0.1 Hz. Enzymes and
antibodies based molecular devices for a number of ana-
lytes, including formaldehyde, cocaine and parathion,
have been constructed using these transducers (32).

Use of varying electrode configurations on the pie-
zoelectric material results into gencration of different
types of clectric waves. One such configuration results
into surface acoustic wave (SAW) devices. Molecular de-
vices based on SAW have been used to detect vapours
which are absorbed by chemically selective coatings.
One limitation of these devices is the excessive signal
damping which prevents them from being used in lig-
uids. These transducers can operate at higher frequen-
cies (i.c. 250 MHz) than the QCMs and hence are capable
of yielding higher sensitivitics. Another type of piczo-
electric transducer that is based on the generation of sur-
face transverse wave (STW), and that has been recently
reported operates at over 250 MHz in liquids (33). This
device type appears promising for development in clini-
cal and environmental applications, since it is sensitive
and stable, and is capable of functioning in liquid envi-
ronments.

Miscellaneous

Development of a light addressable potentiometric
sensor (LLAPS) offers a novel transducer attractive for usc
in biosensors. In this device discrete locations on the sili-
con nitrite-coated sensor are made sensitive to pH, by
illumination from an LED array. Various enzymes which
produce or consume protons can be immobilized to a
cellulose nitrate membrane which is pressed against the
sensor, resulting in very small sampling volumes. Immu-
nochemical schemes, using enzyme-probes, have also
been demonstrated to measure such analytes as DNA
(total and specific sequences), human chorionic gonado-
tropin, pathogenic bacteria, anticholinesterase drugs and
pesticides (20).

Recently, a novel concept involving use of a photo-
chemical reaction between an indicator and reduced ni-
cotinamide adenine dinucleotide (NADH]} has been ex-
ploited for the development of biosensors (34). One ex-
ample of this concept has been demonstrated by Sharma
and co-workers wherein excited thionine molecule has
been employed as the indicator species. Several bioas-
says which have been successtully developed and incor-
porated into sensor formats include those for glucose,
ethanol and glycerol, and pesticides. The important fea-
tures of this sensing technique include possibilities of
measurements in the desired region of the optical spec-
trum, continuous recycling of the NADH to NAD', im-
proved sensitivities and use of low-cost solid state in-
strumentation.
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Applications

Medical and Healthcare

Commercially available immobilized bioreagent
based molecular devices in the medical and health care
area include enzyme electrodes for the detection of glu-
cose and lactate in blood and serum. These devices use
enzyme electrodes (7) and are capable of continuous
monitoring. Additionally, these devices are reliable, inex-
pensive to manufacture and demonstrate operational
characteristics for simple and rapid clinical/diagnostics
of target analytes. A number of other over-the-counter
type disposable test devices are available in market. One
of the most successful ones are those for glucose and for
the pregnancy test. Biosensors appear well suited for
other clinical diagnostic applications and detection of
other clinically significant analytes, including i.e. meta-
bolites, ions, drugs-therapeutics, pathogens, antibodies,
hormones and blood proteins.

Considerable amount of effort has been directed to-
wards the development of in vive biosensor for continu-
ous monitoring in intensive care medicine, surgery and
life threatening situations (35). The continuous monitor-
ing of urca in dialyzate for use in artificial kidney during
the hemodialysis procedure on patients with chronic kidney
failure is another potential field of application. Another
similar application is in the development of an artificial
pancreas.

Undoubtedly, the development of biosensors for
continuous and in sifu operation is the greatest potential
advantage over currently available diagnostic techniques.
However, sensor fouling and clot formation pose major
challenges in the development of implantable biosensors
for long term monitoring.

Another potential arca of biomolecular devices ap-
plication is the semi-quantitative analysis of analytes in
urine. Immunoassay tests for detection of a variety of
clinical analytes have established themselves in the lu-
crative market of »over-the-counter« applications such
as home pregnancy tests. In those cases where biosen-
sors offer significant improvements or add new capabili-
ties such as quantitative tests for lactate in blood or urea
in urine (for athlete monitoring), these devices might
find niche in this well developed market. Biomolecular
devices that may also find market as part of portable
(cart-top) clinical laboratory analysers continue to ex-
pand the range of clinical analytes which can be rou-
tinely measured.

Industrial Process Control

Immobilized biomolecular devices offer several po-
tential advantages in industrial process control in the
fermentation and biotechnology industries over conven-
tional analytical methods, where a rapid turnaround on
numerous measurements are required to maintain the
system at maximum operating efficiency. Biosensor tech-
nology offers several potential advantages. Biosensor
methods often require little or no sample preparation
and can be used on-line (i.e. sample is removed and pre-
sented to the instrument in a continuous or discontinu-
ous process) or in-line (i.c. the biosensor is placed in the
flow stream). Although in siti biosensors may present a

number of challenges in terms of sterilisation require-
ments to prevent product contamination, this configura-
tion would have some distinct advantages in terms of
system integration and automated feed-back control.
Because many industrial processes involve high
temperature variations, vibration and harsh chemical en-
vironments, research efforts for development of process
control devices have mainly been directed towards
physical and chemical devices which are rugged, reliable
and capable of automated calibration (33). Of course,
these processes are too rigorous for biological recognition
elements. However, progress has been made towards so-
lutions to many of these challenges, for example, by in-
troducing biological reagents through controlled release
polymers or specially designed fluidic systems (36).

Environmental

With the exception of biosensors for biological oxy-
gen demand (BOD), commercially available biosensors
for environmental applications are virtually non-existent
(36). A number of research reports, however, have appear-
ed in the literature, describing biosensors for detection
of compounds such as phenolics, ammonia, chloroaromat-
ics, benzo[a]pyrene and formaldehyde, as well as pesti-
cides, including organophosphates and triazines (37,38).

Opportunities for environmental field applications
of biomolecular devices fall into two main areas: field
screening and field monitoring. These areas differ pri-
marily in their assay format requirements. Field screen-
ing applications typically require that single or compos-
ite samples be assayed at numerous locations for site
characterisation purposes, whereas field monitoring re-
quires that samples be continuously or semi-continuous-
ly analysed at fixed locations.

The environmental market (similar to the clinical
market) is currently experiencing a proliferation of im-
munoassay test kits for detection of environmental pol-
lutants. These kits are formated for single analysis-dis-
posable use and have been targeted primarily towards
field screening applications (39). As a consequence, bio-
sensors targeted for field screening applications must en-
ter a very competitive market. Biosensors, however, can
also be formated for continuous and in situ applications
(40). Although challenges concerning operational life-
times, fouling and internal calibration have yet to be
solved, biosensors developed for these applications may
find a market niche occupied by few other competing
technologies.

Food and Nutrition

Process and quality control procedures and require-
ments for the food industry are similar to those pre-
viously described for process industry in general, with
the exception that the food industry must meet (in some
cases) strict government requirements for the quality
and composition of its products. Biosensors currently
available for food analysis are exclusively of the enzyme
electrode type and measure analytes such as glucose,
lactate, ethanol, lactose, sucrose, galactose, methanol and
starch (7). Other biosensors with potential application to
food analysis which have been demonstrated in the
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laboratory include devices for detection of phenolics (in
oils) and aspartame (41).

Due to easily available backup from laboratory set-
tings, most of the food analyses take place away from
the process line. Hence, potential advantages for minia-
turisation and portability do not seem to be as compel-
ling for food industry applications. Nevertheless, due to
the potentially high number of analyses required, the
need for little or no sample preparation remains a dis-
tinct advantage for biosensor-based methods.

Miscellaneous

Immobilized bioreagents based devices are finding
potential applications in the area of gas monitoring, war-
fare and other defence applications. The agriculture and
marine sectors remain almost untouched and offer excel-
lent opportunities for molecular devices. Among numer-
ous applications, mapping of the movement of various
ionic species and chemicals of interest such as hydrocar-
bons are attractive. Applications of these devices in the
sedimentology and space sciences also remain underin-
vestigated.

Future Trends

With the recent and ongoing advances in biotechnol-
ogy, transcducer fabrication techniques and mass produc-
tion methods have improved, and as a consequence,
new biosensors for practical applications are bound to
emerge. Further, due to their high specificity, sensitivity
and miniaturisation potential, future applications for
biosensors will most likely include their incorporation
with separation techniques to form »hyphenated« meth-
ods. Compound or class specific detection could poten-
tially improve chromatographic and electrophoretic
methods.

Efforts will continue to improve the performance of
enzyme based sensors, and mediators and indicators
coupled with practical transducer designs will allow fab-
rication of improved enzyme-based sensors. On the bio-
compound side, chemical and genetic modification of
enzymes offer exciting possibilities. Availability of anti-
bodies which show high affinity and specificity for small
molecular mass compounds, as well as being reversible
while maintaining a high assay sensitivity, will create
new horizons to develop biosensors. Another attractive
and promising direction is to investigate the use of com-
plex biological recognition elements, such as organelles,
whole cells, tissues (plant and animal), etc. Use of direct
chemoreception in biosensor design will allow a signifi-
cant portion of the recognition, processing and transduc-
tion of signals to be accomplished by the biological sys-
tem.

The electrochemical biosensors remain leaders to
date, but increasing challenges from the other competing
biosensor techniques such as optical, acoustic and cal-
orimetric, are inevitable. The use of mass production
technologies, for example, micro-fabrication of solid
state devices, integrated clectronics and optics, and
deposition of biocompounds using techniques such as
screen-printing and ink-jet printing will aid the commer-
cialisation. Emerging trend is towards an all-integrated

biomolecular device that is capable of performing sepa-
ration, recognition and measurement at its surface thus
avoiding any pretreatment of the complex samples. An-
other approach is to develop integrated devices that are
capable of measuring a number of analytes. Coupled
with the above techno-scientific advancements, there
seems to be a need of rightly growing understanding of
the commercial aspects of the immobilized biomolecular
devices (42).
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Molekularne (senzorske) naprave
s imobiliziranim bioreagensima

Sazetak

Dan je pregled danasnjeg stanja tehnologije koja se primjenjuje u razvoju i izvedbi molekularnih biosenzora.
Opisana je znanstvena i tehnoloska podloga funkcioniranja biosenzora navodenjem karakteristicnih primjera.
Raspravljena su_potencijalna podrucja primjene biosenzora, kao $to su medicinska i zdravstvena zastita, vodenije
industrijskili procesa, motrenje okolisa i kontrola kakvoce u prehrambenoj industriji i drugo.





