
[001] GATOR – EXHIBIT 1042

ELSEVIER Clinica Chimica Acta 314 (2001) 1- 26 

www.elsevier.com/locate/clinchim 

Review 

Inununosensors-principles and applications to clinical chemistry 

Peter B. Luppa a.•, Lori J. Sokol! b' Daniel W. Chan b 

• b1sril11refor Cli11ical Clte111is11y a11d Parltobioc/1e111isI1~'. Kli11ik11111 rec/us der Jsar der Tec/111isclte11 U11iversi1a1 Afti11clte,1, 
l s111a11i11ger Str. 12, D-81675 M1111iclt, GermGl\l ' 

b DeparI111e111 of Pmltologi·, Divisio11 ofC/i11ical Cltemism·, Jolt11s Hopki11s Medical !11sIir111io11s, 600 N. Wolfe Srreer / Meyer B-121, 
Balri111ore, AID 2 I 287-7065, USA 

Received 22 March 2001: received in revised form 16 July 2001: accepted 20 July 2001 

bstrnct 

Inrroducrion: Immunosensors are affinity ligand-based biosensor solid-state devices in which the itru1mnochemical 
reaction is coupled to a transducer. The fundamental basis of all immunosensors is the specificity of the molecular 
recognition of antigen by antibodies to follJI a stable complex. Thi I imilar to the immunoas ay methodology. 
lmmuno ensor can be categorized ba ed on the detection principle applied. The main developments are electrochemical, 
optical. and microgravimetric inununosensors. In contrast to immunoassay, modern transducer technology enables the 
label-free detection and quantification of the immune complex. Methods: The analysis of trace substances in environmental 
science. phamiaceutical and food industries is a challenge since many of these applications demand a continuous monitoring 
mode. The use of immunosensors in these applications is most appropriate. Similarly, a series of clinical problems may be 
solved by continuous monitoring of certain analytes. Conclusions: Clinical chemists should take advantage of i1ru11unosen­
sors in clinical diagnostics. There are many recent developments in the i1rummose11sor field which have potential impacts. 
The future role of this technique in intralaboratory, as well as bedside testing, will become even more in1portant as the 
clinical laboratoty is faced with increasing pressure to contain costs. © 200 1 Elsevier Science B.V. All rights reserved. 
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l. Introduction 

The specificity of the molecular recogmhon of 
antigens by antibodies to form a stable complex is 
the basis of both the analytical immunoassay in 
solution and the immunosensor on solid-state inter­
faces. The underlying fundamental concept of these 
analytical methods as ligand assays is based on the 
observation of the product(s) of the ligand-binding 
reaction between the target analyte and a highly 
specific binding reagent [l]. 

The development of immunoassay technology is a 
success stmy especially for the clinical laborato1y 
and still continues to be a vibrant area of research 
[2]. f lllther development and automation will expand 
the possibilities of immunoassay analysis in the clin­
ical sciences. Besides this, new areas for trace analy­
ses using immunoassay were defined in the last 
decade: the environmental analysis of u·ace sub­
stances and quality control in the food induslly. 
Si.nee these applications also need a continuous mon­
itoring mode, the idea of an inununosensor as a 
continuously working heterogeneous immunoassay 
system, covering these features, was conceived. The 
immunosensor is now considered as a major devel­
opment in the immunochem..ical field. Despite an 
ove1whelming number of papers is this field, there 
are only a few commercial applications of immuno­
sensors in clinical diagnostics. The reasons are, in 
part, unresolved fundamental questions relating to 
immobilization, orientation, and specific properties 
of the antibodies or antibody-related reagents on the 
transducer surface. In addition, a key issue is which 
clinical applications may benefit most from i.m­
munosensor devices in the routine medical labora­
io1y. Only if there is consensus on the clinical urility 
of this new technique can the gap between the high 
expectations of the developer and reality be closed. 
Designers of inununosensor devices must be aware 
of the general and special needs of laborato1y 
medicine from new analytical techniques. 

A new analyzer should be simple and "rugged·' 
for the measurement of analytes. Measurements have 
to be performed precisely and accurately, even un­
der ST AT conditions. The analyzer must be fully 
automated and capable of performing rapid measure­
ments with nirnaround times of « I h. Addition­
ally, the determination of an analyte should prefer-

ably be without sample pretreatment in matrices, 
such as serum, plasma, urine or cerebrospinal fluid. 
All parameters determined with a new analyzer must 
meet the following criteria, which are defmed in 
various guidelines: low imprecision, small lot-to-lot 
variations, high analytical sensitivity, optimum ana­
lytical specificity and accuracy with long calibration 
stability, and low interferences by drngs or normal 
and pathological sample components. 

In the clinical laborato1y , a fun1re substitution of 
immunoassays by i.mmunosensors simply depends on 
the superiority and versatility of the new methodol­
ogy. The applicability for point-of-care testing or 
when they are temporarily implanted into the patient 
additionally depends on the reliable and accurate 
analysis of the desired analyte, without drift prob­
lems or mau·ix interferences. 

Due to the tremendously growing variety of 
developments, this review is not intended to be 
comprehensive. Hence, the main focus wil! be the 
description and assessment of reported clinical appli­
cations of immunosensors. For a more thorough 
understanding, we refer to several excellent reviews 
in the last 5 years on teclmical aspects [3- 9) and the 
application of inununosensors [10- 14] in various 
fields. Other related reviews deal with antibody engi­
neering developments [l 5,16] and latest immunoas­
say teclmologies [17- 19]. 

2. Antibodies as bioaffinity inte1·face for both 
immunoassays and immunosensors 

It should fu-st be clarified that the specificity for 
the measurement of analyte(s) in all immunosensor 
systems, as in the case of inmrnnoassays, is depen­
dent 011 the application of binding molecules. This 
pivotal feature is shared by both teclmologies. New 
developments in protein engineering for i.nununo­
globulins (antibody fragments, chimeric antibodies, 
etc.) or in substituting antibodies by alternative bind­
ing components (e.g., aptamers) or structures 
(molecular imprinting) will, therefore, be applicable 
to either technologies, if available. In particular, 
the possibilities in antibody engineering will ena­
ble changes in the affinity and fine specificity of 
antibodies [20,21 ], as well as the expression of 
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fragments as fusion proteins coupled to reporter 
molecules (22). 

2.1. Immobilization procedures for antibodies 

Antibodies have to be properly inunobilized on 
the immunosensor surface, which is mostly pa11 of a 
flow-through cell. The optimum density and adjusted 
(but not random) orientation of the antibodies are of 
paramotmt importance. Due to the different types of 
sensing surfaces, this manipulation can have benefits 
(e.g., improvement of the reaction kinetic parame­
ters), but also unfavorable effects (e.g., increased 
nonspecific binding, pa11ly destroyed paratope). 
There are four different types of oriented coupling of 
antibodies: binding to Fe receptors (such as protein 
A or G or recombinant A/G fusion protein) on the 
surface (23,24]; binding of other binding partners to 
structures, covalently linked to the Fe part of the 
antibody, e.g., the biotin residue on the Fe binds to 
surface-coated streptavidin [25,26]; coupling to the 
solid support via an oxidized carbohydrate moiety on 
the CH2 Fe domain; and the binding ofFab or scFv 
(see Section 2.2) fragments to the smface of the 
device via a sulfhydryl group in its C-tenninal region 
[27,28]. 

Numerous chemical reactions can be applied to 
the immobilization onto solid surfaces. Defined link­
ages between the antibody (or its carbohydrate moi­
eties) and the solid phase material (silica, silanized 
silica, Ta- or Ti-oxides, plastics, sepharose, metal 
fi lms) are being built by glutaraldehyde, carbo­
diimide, succinimide ester, maleiuimide, periodate 
or galactose oxidase (EC 1.1.3.9) (29]. Moreover, 
photo-immobilization of antibodies using albumin, 
derivatized with a1yldiaziridines as photolinker, is 
applicable (30]. Physiosorption is not recommended 
due to the local instability of the layer caused by the 
mechanical stress in the flow-through cell. An excit­
ing new method for antibody inunobilization of a 
quartz surface of a piezoelectric sensor was pre­
sented by Nakanishi et al. (3 I]. It is based on the 
deposition of an ethylenediarnine plasma polymeriza­
tion film on the qua11z c1ystal. This film is extremely 
thin and homogeneous, incorporating amino func­
tions which may be further derivatized and linked to 
inununoglobulins, resulting in an orientation-con-

trolled and highly reusable sensing surface. Another 
recent development is the planar-suppo11ed phospho­
lipid bilayer (SLB), which can be formed on solid 
supports by vesicle fusion and Langmuir- Blodgett 
methods. SLBs maintain two-din1ensional fluidity 
and accommodate multivalent binding between sur­
face-bound ligands and receptor molecules in solu­
tion [32]. 

For noble metal surfaces, such as gold, in particu­
lar, in optical immunosensors, self-assembling mono­
layer (SAM) techniques seem to be first choice. In 
general, a SAM is built of long-chained (C 12 and 
higher) n-alkylthiols with derivatized orgau.ic func­
tional groups, which are easily linked to the gold 
film via the thiol groups by a mechanism still not 
fully understood. The functional groups of the SAM 
crosslink with the Fe portion of the antibody (e.g., 
via the biotin/streptavidin system (33,34]), whereas 
the self-organization of the matrix prevents the sur­
face being subjected to nonspecific binding effects 
(see also Section 3.2.1 for capacitance inununosen­
sors). In addition, the covalent coupling of lgG to a 
short-chain (e.g., thioctic or mercaptopropionic acid) 
SAM-modified metal surface has been shown to be 
an effective affinity-based layer for optical im­
munosensors [35]. 

2.2. Regeneration of amibody-coated sensor s111/aces 

Conventional homogeneous and heterogeneous 
inununoassays, respectively, work discontinuously. 
It is highly desirable, however, that immunoseusor 
devices, applied in clinical diagnostics, are capable 
of quasi-continuous recording. The repeated use of 
disposable sensing elements may mimic a pseudo­
continuous action, but this is not considered here. In 
true immunosensors, the analyte/antigen interaction 
on the sensor-coated surface is reversible. With the 
given sho11 incubation times in the flow-through 
device, the reaction between antigen and antibody is 
far off the equilibrium state. Fast reversibility and 
high sensitivity are mun1ally exclusive of each other. 
Th.is was made clear by Hock in a comprehensive 
theoretical explanation (15]. Consistently, an ade­
quate analytical sensitivity is only warranted if anti­
bodies with increased affmity (> 1010 M- 1 or at 
least with highly improved on-rate) are applied. 
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The regeneration of the binding sites of the anti­
bodies bound to the immunosensor surface needs 
stringent procedmes. Antibody regeneration using 
acidic or alkaline solutions, guanidinium chloride, or 
ionic strength shock is potentially hannful to the 
binding ability and may lead to a diminished lifetime 
of the immobilized antibodies and insidious drift 
proble111S. 

Besides this, it must be considered that with the 
short reaction times between the antibodies and solu­
ble analytes in the flow-through system, the cross-re­
activi ties of the antibody applied can be increased. A 
highly specific recognition of the antigen is a ki­
netic-controlled process due to the complexity of the 
conformational changes in the Fab portion of the 
antibody upon binding of the antigen. 

There are different approaches to solve the "anti­
body regeneration problem": one approach is to dis­
place the antigenic analyte by a highly concentrated 
solution of a related antigen with weak affinity to the 
surface-bound antibody. However, this depends on 
the availability of a suitable antigenic smwgate. This 
is not always feasible and is only applicable to small 
analytes. A second approach is to use the techniques 
of a□tibody engineering to improve tbe chemical 
stability of antibodies as whole molecules or as Fab 
fragments. The phage display technique (36] is such 
a powerful tool. This can be helpful in the selection 
of antibody fragments with improved stability, as 
was recently shown by Jung et al. (37]. Libraries of 
mutants of single-chain Fv fragments (scf v; com­
prising the variable regions of the L and H chains, 
joined by a peptide linker) are generated by a combi­
nation of site-directed and random mutageuesis. The 
selection can be cmTied out under different physical 
or chemical pressures to produce thermodynamically 
more stable scfv mutants. An interesting third ap­
proach is a pseudo-regenerating procedure for im­
munosensors, desc1ibed by Santandreu et al. (38]. An 
amperometric sensor is coated with a conducting 
immunocomposite, fo1111ed by a mixture of specific 
antibody with metbacrylate monomer and graphite. 
After polymerization, the device is ready for use. 
Repeated measurements became possible if the poly­
mer is polished thoroughly with abrasive paper. 
(These notes do not apply to inummosensors with a 
competitive configuration, in which antigenic com­
potu1ds and not antibodies are surface-inunobilized.) 

2.3. Altemative analyre-binding compounds for im­
munosensor app/icarions 

2.3.J. Aptamers 
Aptamers are single-stranded DNA or RNA oligo­

nucleotide sequences with the capacity to recognize 
various target molecules with high affinity and speci­
ficity. These ligand-binding oligonucleotides mimic 
properties of antibodies in a variety of diagnostic 
formats. They are folded into unique overall shapes 
to form intricate binding ti.mows for the target struc­
ture (39]. Aptamers are identified by an in vitro 
selection process known as systematic evolution of 
ligands by exponential emichment (SELEX) (39,40]. 
Aptamers may have advantages over antibodies i11 
the ease of depositing them on sensing surfaces. 
Moreover, due to the highly reproducible synthetic 
approach in any quantities (albeit the affin_ity con­
stants are consistently lower than those of antibodies 
and the stability of these compouuds is still question­
able), they may be particularly useful for diagnostic 
applications in complex biological matrices. The ap­
tamer-based schemes are still in theiJ infancy and it 
is expected that modified nuclease-resistant RNA 
(and DNA) aptamers will soon be availab.le for a 
variety of therapeutic and diagnostic formats. The 
potential of aptamers for use in biosensors has been 
outlined by Lee and Walt (4 1], who designed a 
fiber-optic biosensor using an anti-thrombin DNA 
aptamer, inunobilized on the surface of silica micro­
spheres and distributed into microwells on the distal 
tip of the imaging fiber. With this device, the deter­
mination of thrombin at low concentration was pos­
sible. Exciting new possibilities are evolving by the 
introduction of signaling aptamers (with ligand-de­
pendent changes in signaling characteristics) and cat­
alytic active so-called "apta-zymes'' (which would 
allow the direct transduction of molecular recogni­
tion to catalysis), recently reviewed by Hesselbe1ih 
et al. (42]. 

2.3.2. Amica/ins 
Lipocalins constitute a family of proteins for stor­

age or transport of hydrophobic and/or chemically 
sensitive organic compounds. The retinol-binding 
protein is an example in human physiology. Schlehu­
ber et al. (43] demonstrated that the bilin-binding 
protein, a member of the lipocalin family and origi-
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nating from the butterfly Pieris brassicae, can be 
strucnirally reshaped in order to specifically complex 
potential antigens, such as digox.igeniu, which was 
given. as an example. 

These binding proteins share a conserved [3-bar­
rel, which is made of eight antiparallel [3-strands, 
winding around a central core. At the wider end of 
the conical structure, these strands are connected in a 
pairwise manner by four loops that form the ligand­
binding site. The lipocalin scaffold can be employed 
for the constrnction of so-called "anticalins", which 
provide a promising alternative to recombinant anti­
body fragments. This is made by subjecting various 
amino acid residues, distributed across the four loops, 
to targeted random mutagenesis. It remains to be 
shown that this class of proteins is applicable in 
diagnostic assays and in inununosensors. Critical 
points that still need to be defined include the syn­
thesis and stability of the anticalins, the magnitude of 
the affinity constants, and the versatility for being 
crafted against the large variety of ligands. 

2.3.3. Molecular imprinting techniques 
This is a technique that is based on the prepara­

tion of polymeric sorbents witb selectivity predeter­
mined for a particular substance, or group, or stmc­
tmal analogs [44,45]. Functional and cross-linking 
monomers of plastic materials, such as methac1ylics 
and styrenes, are allowed to interact with a templat­
ing ligand to create low-energy interactions. Subse­
quently, polyme1ization is induced. During th.is pro­
cess, the molecule of interest is entrapped within the 
polymer either by a noncovalent, self-assembling 
approach, or by a reversible, covalent approach. 
After stopping the polymerization, the template 
molecule is washed out. The resultant imprint of the 
template is maintained in the rigid polymer and 
possesses a steric (size, shape) and chemical (special 
a1Tangement of complementa1y fi.mctionality) mem-
01y for the template. The molecularly imprinted 
polymer (MIP) can bind the template ( = analyte) 
with a specificity similar to that of tl1e antigen- anti­
body interaction. 

Besides the main applications in solid-phase ex­
traction and clu·omatography, molecularly imprinted 
polymers have already been employed as nonbiologi­
cal ahernatives to antibodies in competitive binding 
assays. A series of applications for analytes, such as 

cyclosporin A, arrazine, cortisol, I 7[3-estradiol, theo­
phylliue, diazepam, morphine, and S-propranolol, 
were recently reviewed by Andersson [46], suggest­
ing that molecular imprinting is a promising tech­
nique for inununoassays and immunosensors. 

3. lmmunoassay and immunosensor technologies 

3.1. Defini!ions 

3.1.1. Jmmunoassays 
lnummoassays use antibodies or antibody-related 

reagents for the determination of sample analytes 
[18]. This analytical tool has experienced an evolu­
tionaiy histo1y since 1959, when Berson and Yalow 
first described the radioinm11.1noassay (RIA) princi­
ple. In the RIA, a fixed and limited amount of 
antibodies is reacted with a fixed and limited amount 
of radiolabeled antigen tracer and a variable concen­
tration of the analyte [47]. The selectivity of the 
ligand-binding of antibodies allows these biomole­
cules to be employed in analytical methods that are 
highly specific even in complex biological matrices, 
such as blood, plasma, or urine. By combining the 
selectivity of antibody-analyte interactions with the 
vast array of antibodies preformed in immunization 
processes of host animals and the availability of 
numerous readily detectable labels (radioisotopes, 
enzymatically or electrochemically induced adsor­
bance or fluorescence or (chemi)-ltmlinescence), im­
munoassays can be designed for a wide variety of 
analytes while with extraordinarily low detection 
limits [19,48,49]. 

3.1.2. Biosensors and immunosensors 
A biosensor is an analytical device that integrates 

a biological element on a solid-state surface, en­
abling a reversible biospecific interaction with the 
analyte, and a signal transducer. The biological ele­
ment is a layer of molecules qualified for biorecogni­
tion, such as enzymes, receptors, peptides, single­
stranded DNA, even living cells are applicable. If 
antibodies or antibody fragments are applied as bio­
logical element the device is called im1mmosensor. 
Compared to conventional analytical instruments, 
biosensors are characterized by an integrated strnc­
ture of these to components. Many devices are con-
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nected with a flow-tluough cell, enabling a flow-i n­
jection analysis (FIA) mode of operation. Biosen ors 
combine high analytical pecificity with the proce -
ing power of modem electronic to achieve highly 
sensitive detection systems. 

There are two different types of biosensors: 
biocatalytic and bioaffmity-based biosensors. The 
biocatalytic biosensor uses mainly enzymes as the 
biological compound, catalyzing a signaling bio­
chemical reaction. The bioaffmity-based biosensor, 
designed to monitor the binding event itself, uses 
pecific binding proteins, lectin , receptors, nucleic 

acids, membranes, whole cells, ant ibodies or anti­
body-related substance for biomolecular recogni­
tion. In the latter two cases, these biosensors are 
called inummo en or . 

Bio ensor are exten ively u ed as diagno tic 
tools, predominately in point-of-care testing. Proba­
bly the mo t uccessful conunercialization of biosen­
or today i the in vitro near patient mea urement of 

capilla1y glucose using various hand-held systems 
with di po able reagent cartridges [50]. 

3.2. lmmunosensor principles 

The general inummosensor design is depicted in 
Fig. I. There are four types of innmmosen or detec­
tion devices: electrochemical (potentiometric amper­
ometric or conductometric/capacitative), optical, 
microgravimetric, and thermometric. The latter de­
tection mode are neglected in this discour e due to a 
lack of considerable application . All type can ei-

Surface-attached antibodies 

0°0 
0 c:::J 

0 ~ 
c:::J 0 

QO 
Oo 
QO 

0 c:::J 
0 

c:::JO 

ther be run as direct (nonlabeled) or as ind irect 
(labeled) innmmo ensors. The direct sensor are able 
to detect the physical changes during the immune 
complex fonnation, wberea the latter en or u e 
signal-generating labels which allow more sensitive 
and versati le detection modes when incorporated into 
the complex. 

There is a great variety of different labels which 
have been applied in indirect immuno ensor . Since 
they are in principle the same labels as used in 
immunoassays, the read r is refe1Ted to relevant 
references, dealing with modern immunoassay tech­
nology and automation [51- 60). Among the most 
valuab le labels are enzymes such as peroxidase (EC 
1.1 l. l. 7), glucose oxidase (EC l. l.3.4), alkaline 
phosphatase (aP), catalase (EC 1.11. 1.6) or luciferase 
(EC 1.13.12.7), elech·oaciive compounds uch as 
ferrocene or In2 + salts, and a series of fluorescent 
labels (rhodamine, fluore cein, Cy5, n1thenium di­
im.ine complexes, pho phore cent porphyrin dye , 
etc.). In particular, laser-induced fluorometric re­
sonance energy transfer between two fluorophore 
offers methodologica l advantages [61) and can be 
extended to fiberoptic sensing (see Section 3.2.2) 
devices [62). 

Although indirect imnrnnosensors are highly sen-
itive due to the analytical characteri tics of the label 

applied, the concept of a direct sensor device is still 
fa cinating and repre ent a true alternative develop­
ment to immunoas ay systems. It potential implic­
ity holds multiple advantages, making inununosen-
or progre ive and future directed. 

Transducer 

Eleclrochemk:al active 
substance Electrode 

Heat ➔ Thermistor 

Light Photon count 

Mass change➔ Piezo­
electric device 

Electrical 
signal 

Fig. I. Scheme of the genera l immunosensor design depicting the intimate integration of immunological recognition at the solid-state surface 
and the signal transduction. 



[007] GATOR – EXHIBIT 1042

P.B. Luppa e1 al.j Clinica Chimica Ac,a 3 /4 (2001) 1-26 

3.2.1. Elec!rochemical sensors 

3.2. 1.1. Potentiometric im11111nosensors. The Nernst 
equation (63) provides the fundamental principle of 
all potentiometric transducers. According to this 
equation, potential changes are logarithmically pro­
portional to the specific ion activity. Potentiometric 
transducer electrodes, capable of measuring surface 
potential alterations at near-zero current flow, are 
being constrncted by applying the following method­
ologies: 

Transmembra11e porential. This transducer princi­
ple is based on the accumulation of a potential across 
a sensing membrane. Ion-selective electrodes (!SE) 
use ion-selective membranes which generate a charge 
separation between the sample and the sensor sm­
face. Analogously, antigen or antibody inunobilized 
on the membrane binds the corresponding compound 
from 1he solution at the solid-state surface and change 
the transmembrane potential. 

Electrode potential. This transducer is similar to 
the transmembrane potential sensor. An electrode by 
itself, however, is the surface for the immunocom­
plex building, changing the electrode potential in 
relation to the concentration of the aualyte. 

Field-effect transistor (FETJ. The FET is a semi­
conductor device used for monitoring of charges at 
the surface of au electrode, which have been built up 
on its metal gate between the so-called source and 
drain electrodes. The surface potential varies with 
the analyte concentration. The integration of an ISE 
with FET is realized in the ion-selective field-effect 
transistor (ISFET). This technique can also be ap­
plied to immunosensors. 

An advantage of potentiometric sensors is the 
simplicity of operation, which can be used for au­
tomation, and the small size of the solid-state FET 
sensors. All potentiometric methods, however, are 
still suffering from major problems of sensitivity 
(being inferior to amperometric transducers) and 
nonspecific effects of binding or signaling (in­
fluences from other ions present in the sample). 
Especially, the signal-to-noise ratio causes analytical 
problems, which are difficult to circumvent (10,13]. 
Thus, a trend away from these techniques has been 
observed in the last few years. Only the ISFET may 
be seen as a candidate for ultrasensitive clinical 
inununosensor applications, in particular, when the 

novel concept of differential ISFET-based measure­
ment of the zeta poteniial is used. The streaming 
potential is a potential difference in flow direction, 
caused by the flow of excess ions resulting from a 
local distortion of the charge balance. The zeta po­
tential, directly conelated to the streaming potential, 
ret1ects the potential changes in the diffuse outer 
layer at the solid-liquid interface. It efficiently re­
acts to protein accumulations onto sensor surfaces 
and, thus, is suitable for deiecting immunocomplex 
reactions [ 64]. 

3.2. 1. 2. Amperomerric im1111111osensors. Amperomet­
ric immunosensors are designed to measure a current 
flow generated by an electrochemical reaction at 
constant voltage. There are only few applications 
available for direct sensing, since most (protein) 
analytes are not intrinsically able to act as redox 
partners in an electrochemical reaction. Therefore, 
electrochemically active labels (directly or as prod­
ucts of an enzymic reaction) are needed for the 
electrochemical reaction of the analyte at the sensing 
electrode. Oxygen and H20 2 electrodes are the most 
popular. First described by Clark (65] in 1956, an 
oxygen electrode consists of an electrolyte-bearing 
chamber with a sensing Pt cathode, polaJized at 
- 0. 7 V, and an Ag/ AgCI reference electrode. The 
chamber is gas-permeable, covered by an 0 2-pervi­
ous membrane. The probable cathodic reactions are 
as follows: 

0 2 + 2H 2 0 + 2e--+ H 2 0 2 + 20H-, 

H 20 2 + 2e- ..... 20H- . 

The a nodal reaction: 4Ag + 4Cl - -+ 4AgCI + 4e -
completes the electrical circuit. There is a series of 
enzymes with high catalylic reaction rates (> 103 

s- 1) in use for substrate transformation in ampero­
metric systems, as reviewed by Ghindilis et al. [6]. In 
general, oxidizing rather than reducing potentials are 
applied. 

Besides oxygen, generated by catalase from H 2 0 2 , 

there are other amperometrically detectable com­
pounds, such as ferrocene derivatives or In 2+ salts 
[I ll A novel approach is the use of the redox 
polymer [PVP-Os(bipyridyl), CI], which is coimmo­
bilized with specific antibodies [66]. Additionally, 
there are examples for enzymes with electrochemi­
cally active products. aP, for example, catalyzes the 
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hydrolysis of phenyl phosphate or p -aminophenyl 
phosphate (4-APP) compounds, which result in elec­
trochemically active phenol or p-aminophenol [I I]. 
Furthe1more, enzymes, such as horseradish peroxi­
dase (HRP), glucose oxidase, glucose-6-phosphate 
dehyclrogenase (EC 1.1.1.49; with subsequent am­
perometrical oxidation of NADH) and others, have 
also been successfully applied as labels [ 12]. 

The main disadvantage for amperometric im­
munosensors of having an indirect sensing system, 
however, is compensated for by an excellent sensitiv­
ity. This is due to a linear analyte concentration 
range compared to a logarithmic relationsliip in 
potentiometric systems. Special attention must be 
directed to the system-inherent transport rate limita­
tions for redox partners on the electrode surface. 

3.2.1.3. Conductometric and capaci1ive immunosen­
sors. These immunosensor transducers measure the 
alteration of the electrical conductivity in a solution 
at constant voltage, caused by biochemical (en­
zymatic) reactions which specifically generate or 
consume ions. The capacitance changes are mea­
sured using an electrochemical system, in which the 
bioactive element is immobilized onto a pair of 
noble metal (mostly, Au or Pt) electrodes. There are 
only few clinical applications available, as the high 
ionic strength of biological matrices makes it diffi­
cult to record the relatively small net conductivity 
changes caused by the signaling reaction (see, e.g., 
Ref. [67]). To circumvent this problem, recently, an 
ion-channel conductance inummosensor, mimicking 
biological sens01y functions, was described [68]. The 
basis of this technique is the fact that the conduc­
tance of a population of molecular ion channels, built 
of ted1ered gramicidin A and aligned across a lipid 
bilayer membrane, is changed by the antibody-anti­
gen binding event. Different applications using vari­
ous antibodies, linked to tl1e ion-channel complex, 
are given. 

Another approach is the measurement of changes 
oftbe smface conductivity. Yagiuda et al. [69] devel­
oped a conductometric immunosensor for the deter­
nlination of methamphetamine (MA) in urine. Anti­
MA antibodies were i.J1U11obilized onto the surface of 
a pair of platinum electrodes. The inU11t111ocomplex 
formation caused a decrease in the conductivity be­
tween the electrodes. 

The measurement of the reciprocal capacitance, 
performed at alternating voltage, is advantageous 
compared to conductometric devices, and sei:ves two 
purposes. The first to test the insulating monolayer 
on the sensor noble metal surface. Self-assembling 
monolayers, as described in Section 2.1 , have in­
sulating properties. Besides this, they prevent the 
inununosensor from being affected by nonspecific 
binding phenomena. Even nlinor desorption of the 
monolayer results in an essential increase in capaci­
tance. Thus, the actual quality of the device can be 
checked. The second application is the measurement 
of changes in the effective dielectric thickness of the 
i.J1sulati.J1g layer during antigen bi.J1ding, when anti­
bodies are linked to the alkyltbiol layer. Of course, 
this is on condition that the w-Sl1bstitution of the 
alkylthiol monolayer does not compromise the insu­
lation. Hence, a marked decrease of the electrical 
capacitance is obse1ved and is used to quantitate the 
analyte. Mirsky et al. [70] demonstrated that the 
determination of albumin in the range of 1-20 
µg/ml is made possible by such an immunosensor 
device. The destrnctive influence of lateral diffusion 
on nanostructured monolayers is prevented by use of 
the spreader-bar teclmique [71]. 

3. 2.2. Optical sensors 
Optical immunosensors are most popular for bio­

analysis and are today' s largest group of transducers. 
This is due to the advantages of applyi.J1g visible 
radiation compared to other transducer techniques. 
Additional benefits are the nondestructive operation 
mode and the rapid signal generation and reading. In 
particular, the introduction of fiber bundle optics 
("optodes" ) as optical waveguides and sophisticated 
optoelectronics offers increased versatility of these 
analytical devices for clinical applications [4,10,11 , 
13]. 

Changes in adsorption, fluorescence, lumines­
cence, scatter or refractive index (Rl) occur when 
light is reflected at sensing stu-faces. These in.forma­
tions are the physical basis for optical sensor tech­
niques. Usually, applied detectors are photodiodes or 
photomultipliers. 

There are numerous applications of either direct 
label-free optical detection of the inununological re­
action, of labeled i.Jrununospecies, or of the product(s) 
of enzymatic reactions. Most labels are fluorescent, 
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but bio- and chemiluminescence species are also 
possible. It is worth mentioning that the label-free 
evanescence wave-related sensors explicitly repre­
sent an elegant methodology, which is a valuable 
alternative to sophisticated immunoassays. Neverthe­
less, label-free systems are prone to unsolved prob­
lems, such as nonspecific binding effects and poor 
analytical sensitivity to analytes with low molecular 
weight. Kubitschko et al. (72] noted out that despite 
the efforts, all immunosensors are still one magni­
tude less sensitive than commercial i.mmunoassays 
for determining analytes in human serum, particu­
larly those with low molecular weight. They claim 
the use of mass labels, such as latex particles, in 
order to enhance the signal. The authors demon­
strated the optimization of a nanoparticle enhanced 
bidiffractive grating coupler immunosensor for the 
detection of thyroid-stimulating honnone (TSH, MW 
28,000 Da). The excellent performance character­
istics of this sensor clearly showed how future de­
vices should work. The problem of unspecific bind­
ing, however, can also be controlled by applying a 
reference sensing region on the chip, as described by 
Schneider et al. (73] for a Hartman interferometer 
device. The described sensor was highly sensitive 
even in human senun matrix. The BIAcore ™ system 
also offers the possibility to use a flow cell as 
reference cell. 

Ruores cence 
detector 

Incident exciting 
laser beam 

t 

3.2.2. 1. Tora! internal reflection spectroscopy (TJRS) . 
The common principle of the following analytical 
devices is that in an optical sensor witl1 two materi­
als with different refractive indices (RI), total inter­
nal reflection occurs at a certain angle of the light 
beam being directed t.luough the layer with the higher 
RI towards the sensing interface. By this, au evanes­
cence wave is generated in the material with the 
lower RI. This wave, being an electrical vector of the 
wavelength of the incident light beam, penetrates 
forther into the medium with exponentially attenu­
ated amplin.1de. Biomolecules attached in that portion 
of the medium will interact inevitably with the 
evanescent wave and, therefore, lead to a distinctive 
diminution of the reflected light. The resolution is 
directly proportional to the length of interaction. 
Infrared spectroscopes, measuring attenuated total 
reflectance, are commonly built in the Kretschmann 
configuration: an optically absorbing film at the sen­
sor' s surface enables the measurement of the attenu­
ated light intensity as a fonction of the wavelength of 
the incident beam. For total internal reflection fluo­
rescence (TIRF), analytics benefit from the fact that 
incident light excites molecules with fluorescence 
characteristics near the sensor smface creating a 
fluorescent evanescent wave. The emerging fluores­
cence is finally detected. There are planar or fiber­
optic TIRF systems: in Fig. 2 a fiber-optic device is 

t 

Cladding 

Aber o ptic core 

Sensing layer 
(ovanucent region) 

Fig. 2. Basic scheme of a fiber-optic TJRF immunosensor. 
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shown (scheme modified according to Ref. [5]). The 
technique has been developed mainly for an optical 
detection of fluorescence-labeled antibodies or anti­
gens [74]. In the lat1er case, the fluorescence capil­
la1y fill device (FCFD) technique is worth mention­
ing. The FCFD is designed by using a planar optical 
waveguide and a glass plate separated from each 
other by a capillaiy gap. Fluorophore-labeled antigen 
is attached on the surface of the glass plate, whereas 
antibodies are immobilized on the surface of the 
optical waveguide. 

Another phenomenon, the optical diffraction, is 
used by the optical biosensor assay (OBA'") system 
[75]: biomolecules are attached to the srn-face of a 
silanized wafer. The protein-coated surface is illumi­
nated through a photo mask to create distinct peri­
odic areas of active and inactive protein. Upon illu­
mination with laser light, the diffraction grating 
caused by the ligand-binding process diffracts the 
incident light. An analyte-free (negative) sample does 
not result in diffraction because no antigen- antibody 
binding occurred creating the diffraction grating. The 
presence or absence of a diffraction signal differenti­
ates between positive and negative samples. The 
intensity of the signal provides a quantitative mea­
sme of the analyte concentration. 

3.2. 2. 2. Ellipsome/JJI. If linearly polarized light of 
known orientation is reflected at oblique incidence 
from a surface, the reflected light is elliptically 
polarized. The shape and orientation of the ellipse 
depend on the angle of incidence, the direction of 
the polarization of the incident light, and the reflec­
tion properties of the surface. On adsorption of 
biomolecules onto a planar solid surface, phase and 
amplitude of the reflected light are altered and can 
be recorded by ellipsometric teclmiques. These 
changes in the polarization of the light are due to the 
alterations of the RI and the coating thickness. There 
are only few applications, such as the study of a 
cholera toxin-ganglioside GM I receptor- ligand reac­
tion, which were carried out using an ellipsometer 
[76]. 

3.2.2.3. Optical dielectric waveguides. Optical wave­
guides are glass, qua1tz or polymer films or fibers 
made of high RI material embedded bet\veen or in 
lower index dielectric materials. If a linearly polar-

ized helium-neon laser light wave, introduced into 
the high index film or fiber, arrives at the boundary 
at an angle which is greater than the critical angle of 
total reflection, it is confined inside the waveguide. 
Similar to surface plasrnon resonance, au evanescent 
field develops al the sensor' s surface. In this case, 
however, the evanescent field is generatecl by the 
excitation of the light itself in the dielectric layer. 
Most of the laser light is transmitted into the device 
and multiple reflections occur as it travels tlu·ough 
the medium if a bioactive substance is placed over 
the surface. Some of the light, however, penetrates 
the biolayer. This light is reflected back into the 
waveguide with a shift in phase interfering with the 
transmitted light. Tims, changes in properties of the 
biolayer can be followed by detecting the changes in 
interference. 

Waveguides are often made in the form of fibers. 
These fiber-optic waveguide systems offer advan­
tages for sensors when being used for hazardous 
analysis. Planar waveguide systems are also applica­
ble for interferometers. They use laser light directed 
towards the surface of the waveguide with the at­
tached biomolecules, which is subsequently split into 
t\vo partial electrical (TE) and magnetic (TM) field 
waves, perpendicular to each other. The interaction 
with the sample surface changes the relative phase 
bet\veen TE and TM by the different RI and surface 
thickness values. Various configurations, such as the 
Fab1y-Perot monomode channel interferometer, the 
Mach-Zehnder interferometer or the related two­
mode thin-film waveguide difference interferometer, 
have been successfully established. 

Another technique uses thin corrugations etched 
into the surface of a waveguide. This grating coupler 
device allows the measurement of the coupling angle 
of either the input or output laser beam. Both beams 
are correlated to the RI within the evanescent field at 
the sensor' s surface. Recently, a long-period grating 
fiber inummosensor [77] has proven to be sensitive 
(enabling analyses down to the nanomola1· rai1ge) 
and reproducible. Grating couplers are also ·used for 
optical waveguide lightmode spectroscopy (OWLS) 
[78,79]. The basic principle of the OWLS method is 
that linearly polarized light is coupled by a diffrac­
tion grating into the waveguide layer. The incoupling 
is a resonance phenomenon that occurs at a defined 
angle of incidence that depends on the RI of the 
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medium covering the surface of the waveguide. In 
the waveguide layer, Light is guided by total internal 
reflection to the edges where it is detected by photo­
diodes. By vaiying the angle of incidence of the 
light, the mode spectrum is obtained from which the 
effective Ris are calculated for both TE and TM. 

3.2.2.4. Swface plasmon resonance (SPRJ . Among 
the different detection systems, SPR is the most 
popular one. There are two leading systems on the 
market: the BlAcore TM systems from Biacore (Up­
psala, Sweden) and the IAsys TM from Fisons Applied 
Sensor Teclmology (Cambridge, UK). Other systems 
(with small market positions) are the BIOS-I from 
A..t1ificial Sensing Instruments (Switzerland), the 
SPR-20 from Denki Kagaku Keiki (Japan), the 
SPEETA from Texas Instruments (USA), the IBIS 
from Windsor Scientific (UK) and the DPX from 
Quantech (USA). The first two commercial evanes­
cence-wave devices are widespread in research labo­
ratories due to the sophisticated apparan1s and user­
friendly control software. The BIAcore,.,., however, 
has the biggest market position. 

The general principle of SPR measurement [80] is 
depicted in Fig. 3. Polarized light is directed from a 
layer of high RI towards a layer with low RI to result 
in total internal reflection. The sample is attached to 
the layer of low RI. At the interface between the two 
different media, a thin (approximately 50 um) gold 
fi lm is interposed. Although light does not propagate 
into the low RI medium, the interfacial intensity is 

Metal film 
(surlace _ 
plu mon 
electrons) 

RI 
n1 » n2 

81 <82 

not equal to zero. The physical requirement of conti­
nuity across the interface is the reason for exciting 
the surface electrons ("plasmons" ) in the metal film 
by the light energy. As a result, the electrons sta11 
oscillating. This produces au exponentially decaying 
evanescent wave penetrating a defined distance into 
the low RJ medinm, which is accountable for a 
characteristic decrease in the intensity of the re­
flected light. Hence, a direct insight in changes of 
the RI at the surface i11terface is made possible by 
monitoring the intensity and the resonance angle of 
the reflected light, caused by the biospecific interac­
tions which took place there. 

Whereas in the BIAcore TM system, the light af­
fects the sensing layer only once, there are several 
propagation contacts in the lAsys T~ due to the de­
vice's resonant mirror configuration. The BIAcore T~ 

SPR apparall1s is characterized by a sensitive mea­
surement of changes of the RI when polarized laser 
light is reflected at the carboxy-methylated ,dextran­
activated device interface. The lAsys ™ SPR device 
also uses a carboxy-methylated dextran-activated 
surface. Its dextran layer, however, is not attached to 
a gold surface, but to titanium. which fonns a high 
refractive dielectric resonant layer. The glass prism 
is not attached tightly on the opposite side of the 
titanium layer, making space for an interposed silica 
layer of low RJ. By this layer, the laser light beam 
couples into the resonant layer via the evanescent 
field. Therefore, the lAsys ™ is seen as a combina­
tion of SPR resonant mirror with waveguide teclmol-

82 = 90° evanescent 

81 = resonant angle 

Fig. 3. Principle of SPR lechnology. Light is directed from a prism with a RI towards a layer with low RI, resulting in total inlernal 
reflection. Although light does not propagate into the medium. the interfacial intensity is not equal to zero. Physical requirements of 
continuity across the interface are the cause of excitalion of surface plasmons in the metal film by the light energy. causing them to oscillate. 
This produces an exponential (evanescent) decaying, which penetrates a defined distance into the low-index medium and results in a 
characteristic decrease in reflected light intensity. 
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ogy. As a result, no decrease in the reflected light 
intensity at resonance is observed in this system. The 
specific signal is the change in the phase of the 
reflected polarized light. 

A novel modification of a SPR immunosensor 
was given by Berger and Greve [8 I] in order to 
improve further the sensitivity of the sensor, the 
differential SPR, by applying a modulation of the 
angle of light incidence. The reflectance curve is 
measured with a lock-in amplifier and recorded in 
the first and second derivative. 

3.2. 3. Microgravimetric sensors 
A direct measurement of mass changes induced 

by the forming of antigen/antibody complexes is 
also enabled by acoustic sensors. The principle of 
operation is based on the propagation of acoustic 
shear waves in the substrate of the sensor. Phase and 
velocity of the acoustic wave are influenced by the 
specific adsorption of antibody molecules onto the 
antigen-coated sensor surface. Piezoelectric materi­
als, such as quaiiz (SiO2), zinc oxide (ZnO) or 
others resonate mechanically at a specific ultrasonic 
frequency (in the order of tens of megahertz) when 
excited in an oscillating electrical field. The resonant 
frequency is dete1mined by the distance between the 
electrodes on both sides of the quartz plate, which is 
equal to tl1e thickness of the plate and the velocity of 
the acoustic wave with.in the quartz material [82]. In 
other words, electromagnetic energy is converted 
into acoustic energy, whereby piezoelectricity is as­
sociated with the electrical polarization of materials 
with anisotropic c1ystal structure. The most applied 
teclmique for monitoring the acoustic wave operation 
is the oscillation method. This means a configuration 
in which the device constitutes the frequency-con­
trolling element of a circuit. The oscillation method 
measures the series resonant frequency of U1e res­
onating sensor. 

The microgravimetric sensor devices are divided 
into quartz c1ystal microbalance (QCM) devices ap­
plying a thickness-shear mode (TSM), and devices 
applying a surface acoustic wave (SAW) detection 
principle. These sensors have reached considerable 
technical sophistication. A profound review on the 
teclmolog)_'. of acoustic wave sensors was recently 
given by Cavic et al. [7]. These authors additionally 
describe the bioanalytical application of devices, such 

as the flexural plate wave (FPW), tl1e shear hori­
zontal acoustic plate (SH-APM), the surface trans­
verse wave (STW) and U1e thin-rod acoustic wave 
(IRA W), which will not be depicted in this review. 
Janshoff et al. [83] moreover point out that for 
various bioanalytic applications piezoinmrnnosensors 
may be valuable alternatives to optical sensors. 

In a ftu1damental work, Sauerbrey [84] showed for 
the gaseous phase tliat a weight change of the quartz 
surface is precisely determined by a shift in the 
resonating frequency. For a ISM device, he devel­
oped the following equation: 

where F0 is the resonant frequency, A Uie area of 
coating, p the density and µ, the shear modulus of 
the quaiiz. 

The equation can be interpreted iliat sm·face-ad­
ded layers will extend the wavelength of the acoustic 
wave wiU1in the quaiiz device, i.e., the attenuation of 
the acoustic energy, visible as negative frequency 
shift, is directly related to the mass increase of the 
quartz surface. 

Although theoretically unproven and contradicted 
by several authors, the Sauerbrey equation was also 
explains the utility of TSM sensor devices in liquid 
media. By exposing only one side of the c1ystal to 
the liquid surface, it was able to generate frequency 
responses to mass changes in liquid media compara­
ble in sensitivity to gas phase depositions of u ltra-thin 
films. The different theoretical models, describing 
microgravimetric measurements, however, have to 
be adapted to several wave damping factors, such as 
energy dissipation by viscous action of the medium, 
by energy storage, or by elastic deformation in the 
sensing film [7]. 

There are considerable similarities between ilie 
physical principles of QCM and SPR sensors, even 
when there are ftmdamenta l differences [85]. Both 
QCM and SPR are wave-propagation phenomena 
and show resonance stn1cture. The elastic QCM 
wave and the surface plasmon wave are nonradiative, 
i.e., an evanescent wave exists. Changes of physical 
prope11ies within the evanescent field lead to a shift 
of resonance. Thus, a Ii.near approximation of the 
physical relationship is allowed for inununological 
application in immunosensors. 
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3.2.3.1. The TSM sensor. The TS I sensor consists 
of an AT-cut piezoelectric c1ystal disc most com­
monly of quai1z becau e of it chemical stability in 
biological fluid and re i tance to extreme tempera­
tures. The disc is attached to tw·o meta l electrodes on 
opposite sides for the application of the oscillating 
electric field. The TSM is run in a range of 5- 20 
MHz. The schematic design of a typical TSM de­
vice, used by Kaiser et al. (34], is shown in Fig. 4. 
Advantages are, besides the chemical inertness, the 
low cost of the devices and the reliable quality of the 
ma -produced quru1z disc . ajor drawbacks of the 
system are the insensitivity for analytes with a 
molecular weight < 1000 Da, and, a een in all 
label-free immunosensor systems, nonspecific bind­
ing interference . on pecific binding effect are 
bard to distingui h from authentic binding events due 
to the fact that no reference line can be placed in the 
en or device. For a SH-APM device, however, 

Dahint et al. (86] bowed that by appropriately e­
lecting the device frequency, these spurious re­
pon es can be suppre ed. Thi ensor i applicable 

for measurements in human serum matrix. 
One of the first applications of TSM technology 

wa an immunosensor for human immunodeficiency 
virus (HIV) serology [87). This sensor was realized 

lmmunosensor cell, 
seen from the side 

Entire QCM 
lmmunosensor­

apparatus 

Sample/buffer pump with pulM 
damper and lnlectJon valve 

by immobilizing recombinant viral peptides on the 
surface of the transducer and by detecting anti-HIV 
antibodies directly in human sera. 

3.2.3.2. The SAW sensor. SAW sensors use thick 
ST-cut quartz discs and interdigitated metal electrode 
array that generate acoustic Rayleigh wave in both 
directions from the interdigital electrodes, their trans­
mission being attenuated by surface-attached 
biomolecules. The oscillation frequency of a AW 
sensor ranges from 30 to 500 MHz. The operation of 

AW immunosensor with biological sample 1 

compromised by the fact that the surface wave is 
considerably attenuated in the liquid phase. Thus, the 
domain of this technique is most likely restricted to 
gas phase operations. 

4. Survey of new clinica l, environmental and re­
earch application of immuuosen or ystems 

4.1. Clinical applicarions 

Applications, dealing with "real' clinical sam­
ples, are till rare. Most of the papers describing the 
use of immunosensors in this field only have exem-

It~ 
Go&d-coated aurface 
of tho p lezoeleclrlc 

quartz Mnaor 

sell-assembling mono­
l1y1r wllh lmmoblllzed 

antibodies 

Fig. 4. QCM immunosensor device. used by Kai ser et al. (34). 
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plary character. Detailed data and evaluation proto­
cols on performance characteristics, as well as com­
parisons with established methods for particular 
parameters, are missing, in most cases. The analyti­
cal potential of this novel technique, however, is 
evident. It is wo1thwhile mentioning that the applica­
tions, in particular, of optical i.nununosensor sys­
tems, which are recorded for the bioaffinity interac­
tion analysis (described in Section 4.3), will most 
likely be of clinical interest in the next few years. 

4.1.1. Applicaiions using label-free defection 
The fonnation of specific antigen-antibody com­

plexes leads to changes in electrochemical, optical or 
other physical prope11ies at the surface of the im­
munosensor flow-through cell. The detection of these 
changes is the basis of label-free inununosensors. 
Albeit it has to be emphasized that for all devices 
with label-free detection, mode nonspecific binding 
phenomena are a crncial point. It is impossible to 
distinguish the signal of an immunoreaction of a 
target molecule from that of a nonspecific adsorption 
of other sample components to the transducer if no 
target-specific label is used. Thus, all nonspecific 
effects have to be minimized prior to a meaningful 
clinical application. 

4.1.1.1. Electrochemical systems. An interesting ap­
plication is the determination of human chorionic 
gonadotrophin (hCG) by an amperometric im­
munosensor, described by Chetcuti et al. [88]. The 
authors used Nafion, a polyanionic perfluorosul­
fonated ionomer to immobilize anti-hCG monoclonal 
antibodies onto a glassy carbon electrode. Santan­
dreu et al. [89) analyzed 13-hCG using an ampero­
metric sensor device based on a conducting immuno­
composite (described in Section 2.2). Kelly et al. 
[90) described an immunosensor for lactate dehydro­
genase (LDH, EC I. I. 1.27) isoenzyme I iu serum. 
The LDH activity was measured amperometrically 
by the oxidation of NADH at the electrode surface. 
Reproducibility, as well as selectivity of the sensor, 
however, were insufficient for clinical use. More­
over, Liu et al. [91) used a similar approach with 
Nation and a protein A coupled polyaniline on an 
amperometric sensor surface. A prototype ampero­
metric immunosensor for rapid detection of plasma 
heart-type fatty acid-binding protein (H-F ABP) as 

early marker for myocardial damage, tested under 
routine conditions, was presented by Key et al. 
[92,93). The authors used a monoclonal anti-FABP 
antibody, linked to aP, the enzyme catalyzing the 
hydrolysis of 4-APP to the electrochemically active 
phenol derivative. Meusel et al. [94) applied a het­
erogeneous amperometric immunosensor for the de­
termination of apolipoprotein E in serum. The au­
thors used a site-directed attachment of monoclonal 
anti-apo E antibodies to a disposable hydrazide-func­
tionalized membrane surface. Bound analyte was 
then detected by use of a polyclonal antibody, 
labeled with aP, in conjunction with 4-APP as 
substrate for the carbon working electrode. The relia­
bility of the disposable low-cost sensor chip recom­
mends this technology for medical use. Feasibility 
studies are under way [94). 

4.1.1.2. Op1ical sysrems. Kroger et al. [95) demon­
strated a sensitive detennination of the H-FABP by 
use of a direct optical immunosensor. As described 
in Section 3.2.2, Kubitschko et al. [72) applied a 
nanopa1iicle enhanced bidiffractive grating coupler 
inununosensor [96) for the detection ofTSH in serum. 
The high sensitivity of this sensor is highly competi­
tive to conventional immunoassay systems. Another 
clinical application field was entered by Nicholson et 
al. [97). By use of a resonant minor SPR sense, the 
antibody responses to cancer vaccination in patient 
sera was monitored. The atfmity man1ration of auti­
idiotype n1mor antibodies after vaccination of pa­
tients with advanced ovarian cancer could be fol­
lowed by detennining the kinetics of the antibody 
response, thus enabling an objective comparison of 
different immunization schedules. The detection of 
human 13, -microglobulin (in buffer solutions, not 
serum) by use of a grating coupler sensor was de­
scribed by B1y11da et al. [98). The authors applied a 
tlu·ee-dimensional antibody network on the surface 
of the Ta2O5 grating coupler. A drug-monitoring 
application using the BIAcore '" system was pre­
sented by Keating et al. [99). To monitor the antico­
agulatory coumarin derivative 7-hydroxycoumarin 
(7-OHC), a 7-OHC-conjugate with bovine sernm 
albumin (BSA) was immobilized onto a carboxy­
methylated dextran sensor chip. Serum samples con­
taining the analyte were premixed witl1 a polyclonal 
anti-7-OHC antibody and injected over the surface. 
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Excess antibody, bound to the immobilized conju­
gate, then generates a binding response, inversely 
prop011ional to the 7-OHC concentration. 

4.1.1.3. Piezoelectric systems. Lu et al. (100] de­
scribed a protein A-coated piezoelectric biosensor 
for the direct determination of human IgG. The 
special feature of this device is the favorable 
reusability of the smface, due to an indirect immobi­
lization of protein A onto a poly-L-lysine-modified 
electrode smface by using a hydrophilic matrix of 
oxidized dextran as linker. A.notl1er analyte for a 
piezoelectric sensor analysis was IgE, as described 
by Su et al. [IOI ]. The sensor surface was coated 
with an anti-IgE layer cross-linked via thioctic acid 
to fonn a highly ordered SAM. The device was able 
to detect IgE in the range of 5-300 IU /ml with 
good precision and may be regenerated five times 
without appreciable loss of activity. It also showed 
an excellent correlation to the CAP total IgE 
inummoassay from Phannacia. Chu et al. [ I 02] 
analyzed IgM in serum by use of a QCM with 
surface-attached goat anti-IgM antibodies. The in1-
mobilization was accomplished by a CNBr-activated 
copolymer coating procedure. IgM could be detected 
in the range of 5-93 µ,g/ml; the measurements were 
in satisfactory agreement with an established immun­
odiffusion procedure. Finally, a QCM system was 
also applied for the determinations of insulin (103] 
and cortisol (104] in buffer solutions and of IgA in 
saliva I I 05]. 

4.1.2. Applications using signal-generating labels 

4.1.2.1. Electrochemical sysrems. Cook (106] used an 
amperometric immunosensor coupled to microdialy­
sis, euabling an in vivo measurement of -y-amino-4-
butyric acid (GABA) in sheep somat.osensoric cor­
tex. The respective specific antibody is fixed to the 
platinum working electrode, the signal being gener­
ated in a competitive way by a HRP-labeled GABA 
tracer. The same author [ 107] presented also the 
real-time measurement of co11isol and corticosterone 
in animals using a similar antibody-based sensor. A 
flow displacement colunm-immunosensor for serum 
cortisol using HRP-labeled cortisol was established 
by Kaptein et al. [1 08]. A pH-FET imumnosensor for 
the measurement of a 2-interferon in cultivated brotl1 

was described by Sergeyeva et al. [109]. o: 2-lnter­
feron was illlll1obilized at the gate of a pH-FET and 
brought into reaction with an anti-a: , -interferon anti­
body linked to (3-lactamase (EC 3.5.2..6). After addi­
tion of a specific enzyme substraie, a local change in 
pH at the surface of the transducer produced an 
electrochemical signal proportional to the conjugate 
concentration. The potentiometric sensor had a dy­
namic measuring range from 10 to 100 µg/ml. An 
interesting amperometric sensor for hCG in whole 
blood was demonstrated by Duan and Meyerhoff 
[1 10]. They employed gold-coated microporous elec­
trodes and surface-bound capture antibodies binding 
hCG in a sandwich complex together with aP-labeled 
anti-hCG antibodies. The immunosensor performed 
separation-free in the biological matrix due to the 
fact that the surface-bound aP-activity is resolved 
from excess aP-labeled antibodies in the solution by 
introducing the 4-APP enzyme substrate from the 
reverse side of the membrane electrode. The enzymic 
reaction and the following oxidation of the formed 
p -aminophenol are in immediate proximity to the 
electrode surface. 

4.1.2.2. Optical systems. Astles and Miller [111] 
used a fiber-optic immunosensor for analysing free 
phenytoin in plasma. The analytical signal depended 
on the degree of energy transfer from B-phyco­
e1ythri11-labeled phenytoin to Texas Red-labeled 
anti-pbenytoin antibodies. The immunoreaction, 
therefore, was signaled by fluorescence quenching. 
This attempt allowed continuous measurements with­
out a separation step. PSA in whole blood was 
analyzed with good perfonnance characteristics by 
Daniels et al. [112], applying allophycocyanin as 
fluorophore in an FCFD system. A fiber-optic TIRF 
system was used by Mahoney et al. [5] for the 
measurement of hCG in serum. The authors applied 
a secondaiy anti-hCG antibody, linked to alLophyco­
cyanin. Schult et al. [ 113] also detected hCG in 
sernm by use of a disposable evanescent field fluo­
rescence excitation chip with a remarkable analytical 
sensitivity. The label in the sandwich assay was a 
Cy5-labeled second anti-hCG antibody. This tech­
nique brings the imnmnosensor near to the goal of a 
routine medical diagnostic application. A competi­
tive SPR-based immunosensor for morphine, using a 
morphine-BSA conjugate as n·acer, immobilized at 
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the chip surface, is described by akai et al. [1 14]. 
Whether the system is able to measure the drug in 
ernm and urine, wa not te ted. 0-dimer measure­

ment wa performed by Rowe et al. [ 1 I 5] a part of 
the simultaneous detection of clinical samples using 
a fluorescence-based optical immunosensor (see also 
Tables I and 2). A patterned array of captme anti­
bodies was coated on a planar waveguide. Bound 
analytes were ub equently quantified by fluore -
cently labeled detection antibodies, the specific pat­
tern being recognized by a C D camera. Papkovsky 
et al. [ 116] showed an optical immunosen or setup 
which used glucose oxidase as antibody-linked label 
in conjunct ion with a lumine cence lifetime-ha ed 
0 2-sensitive membrane; the device enabled the de­
tection of the LOH i oenzyme I. A elf-contained 
fiber-optic device for measuring myoglobin wa de­
veloped by Hanbury et al. [11 7]. ascade Blue­
labeled antibodies, entrapped with polyac,ylamide 
gel at the distal face of the fiber, reacted with the 
protein analyte. The heme group of myoglobin then 
quenched the dye fluorescence, the signal deriving 
from this energy transfer. 

Table I 
Applications of imm11nosensor techniques for microbiologica l analyses 

Reference 

(151 ] 
(152] 
[!53] 
(1 54] 
(155] 
(156] 
(157] 
(158] 
(1 59] 
(160] 
(1 61 ] 
(162] 
(163] 
(164] 
(165] 
(166] 
(167] 
(115] 
(168] 
(169] 
(170] 
(171 ] 
[ I 19] 

Application 

Escherichia coli O 15 7: H7 
Chlanndia 1rac/10111mis in mine 
E. coli 
Sal111011el/a in foods 
Protein A from Sraphylococcus a11re11s 
Legio11ella p11e11111ophila serogroup l 
Staphylococcal enterotoxin B (SEB) 
SEB 
SEB. bacteriophage Ml3. E.coli 
Herpes vin1ses 
Bonilinum toxin 
Bacil/11s a111hracis 
S. a11re11s in food 
Rubella serology 
E111erobac1eria 
S. typhimurium 

E. coli 
Yersi11ia peslis FI antigen. SEB 
NiIrobacIer 
Trepo11e111a pnllid11111 serology 
SEB 
African swine fever vin1s 
Y. peslis and EB serology 

Abbreviation: IS. immunosensor. 

4.1.2.3. Piezoelectric systems. Wang et al. [1 18] 
coupled a FPW gravimetric imnnmosen or with a 
novel mass-amplifying label. By this, the sensor 
became very en itive fo r the detection of nonpene­
trating glycoprotein antigen (NPGP), a breast cancer 
tumor marker. The competit ive configuration of the 
ensor wa as fo llow : a NPGP fusion protein anti­

gen was coated to the Si0 2 stuface, then the first 
antibody, linked to colloidal gold, was incubated, its 
binding ra tio depending on the presence of fPGP as 
analyte. In a second step, tl1e device surface was 
exposed to a silver developer solution, in which the 
gold co lloids served as silver deposition nucleation 
sites. Unfortunately, the ana lyt ical characteristics of 
the FPW sensor were not evaluated using real serum 
samples. 

4.2. Microbiological and enuironmenlaf applicarions 

Be ide clinical diagno tic application , the evalu­
ation of potential appl ication areas in bacteriology or 
virology is a fast-growing area in the im1mmosen 01 

field. This includes serology, monitoring of food 

Method 

Flow-througb immuoofiltration sensor 
Piezoelectric IS 
FIA IS 
Amperometric I 
Fiber-oplic-based bioseosor 
Near-IR spectral fiber-optic IS 
Piezoelectric crystal IS 
Automated fiber optic biosensor 
Optical multichannel IS 
Reusa ble piezoelectric I 
Evanescent wave IS 
Immunochroma1ographic JS 
Amperometric I 
Optical I 
Piezoelectric IS 
Piezoelectric IS 
FPWI 
Fluorescence-based optical IS 
Amperometric enzyme-linked JS 
PRIS 

Portable fiber-optic IS 
Piezoelectric IS 
Planar array IS 
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Table 2 
Applications of immunosensor techniques for environmental analyses 

Author Application 

(172] Atrnzine and terbutylazine 
[I 3] Pesticides 
(1 74] Atrnzine 
(175] Polychlorinated biphenyls 
(176] Hexahydro-1 .3.5-trinitro- l .3.5-triazine 
(177] Atrazine 
(178] 2.4 -dichlorophe11oxyacetic acid 
(179] 2,4-dichlorophenoxyacetic acid 
(180] Progesterone in milk 
(66] Atrazine 
(181 ] 2,4-dichlorophenoxyacetic acid 
(182] Organophosphate nerve agents 
(183] Organophosphate nerve agents 
(184] Fumonisins 
(185] Biological threat agents 
(186] Toxic substances 
(187] Progesterone in cows· milk 
(188] Organophosphate pesticides 
(189] Pesticide residues 
(190] Xenoestrogens 

(191 ] Atrazine 
(192] Sulfamethazine residues in milk 
(193] EB in cream 
(170] SEB in diverse media 
(194] Cocaine in coca leaf extracts 
(195] Atrazine 

(196] Environmental contaminants in water 
(197] Herbicides 
(198] Beuzoylecgonine in urine 

A.bbreuiariou: IS. immunosensor. 

(fermentation) and hygiene proce ses, and detection 
of biological warfare products. There are al o repo11s 
of environmental analyse of pesticide , herbicides, 
and hormonal active compounds (e.g., xenoestro­
gen ) in food products, drinking water or soil. For­
ward looking are airny systems (see also Section 5 .1 
for microarray techniques) for a imultaneous analy-
i of multiple ana lyte , a hown by Wadkin et al. 

[119]. 
Although this fie ld is closely related to the clini­

cal sciences, in this review only a selection of recent 
publications are given in tabulated fo1m in Tables l 
and 2. This selection make no differentiation be­
tween applications using label-free detection or sig­
nal-generating labels. Recent articles, presenting an 
overview of these applications, are given by Hock 
[15, 120], Karube et al. [121], Killard et al. [122], 

Method 

Amperometric immunomigration sensor 

Grating coupler IS 
Direct optical IS 
Continuous flow I 
Micro I 
Electrochemical IS 
Disposable amperometric IS 
Amperomelric I 
Immunochromatographic IS 
Electrochemical JS 
One-way fluorescence I chip 
Fiber-optic microbial bioseusor 
Potentiometric enzyme ele trode sensor 
SPR biosensor 
Bidiffractive grating biose11sor 
Electrochemical enzyme IS 

creen-printed amperometric I 
Screen-printed amperometric biosensor 
Conductive polymer-based IS 
Enzyme-linked receptor assay 
Piezoelectric J 
SPR biosensor 
Rapid automated IS 
Ponable fiber-optic biosensor 
Fiber-optic JS 
Continuous flow I 
Highly parallel affmity sensor 
Quartz crystal IS 
Flow [ 

Lynch [1 23], Scheper and Lanm1ers [1 24], and Tran­
Minh [125]. 

4.3. Research applications 

4.3.l. Kinetic studies of biospecific interactions 
Inmrnnosensor techniques allow the performance 

of y tematic kinetic tudie of the biospecific inter­
action between ligands and antibodies in real time. In 
particular, the commercially available SPR systems 
IA sys™ and BIAcore T• are marketing highly auto­
mated laboratory affinity-binding devices, both in 
terms of detect ion mode and data processing. Al­
though there are series of limitations for the deri­
vation of affinity constants from the quantitative 
kinetic data in the ensorgrams [1 26], both SPR 
systems have proven to be extremely usefol and, 
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thus, attractive for research involving affinity-bind­
ing processes. In particular, affinity data for antibod­
ies, which are to be applied to immunoassays, are 
increasingly derived from SPR analyses [34,127,128]. 
There is already a surge of other applications of 
these affinity ligand-based systems for the investiga­
tion of ligand-binding events, not restricted to anti­
bodies (129]. Without doubt, immunosensors are 
already established in the bioresearch laboratories. 
Updated lists of journal articles on evanescent wave 
biosensor technology and applications are available 
on the websites of http:/ /v.,vw.affinity-sensors.com 
and http:/ /www.biacore.com. In this context, three 
examples should be given: it was possible for Cheskis 
et al. [130] to monitor the modulation of the estrogen 
receptor-a interaction with DNA by different 
steroidal ligands using the BlAcore TM device. This 
device was also successfully applied by De Crescenzo 
et al. [ 131] for real-time kinetic studies on the inter­
action of transforming growth factor-ex with the epi­
de1111al growth factor receptor extracellular domain. 
Morgan et al. [ 132] characte1ized the kinetics of 
assembly and dissociation of the human leucocyte 
antigen (HLA) class I heterotrimeric complex. They 
developed a model for investigating the binding of 
class I HLA complexes on whole cells to human 
132-m:icroglobulin, immobilized on an lAsysT" SLU-­

face. Instructive sensorgrams are given in each of 
these three papers. However, also integrated optical 
grating couplers are applicable for the dete1111ination 
of kinetic rate constants of ligand-binding events, as 
shown recently by Polzius et al. (133]. 

4.3.2. Genomics and pro1eomics 
Great expectations are generally placed on biosen­

sors as analytical systems for DNA research for 
rapid detection of mutations or polymorphisms, for 
discovery of genes, and for expression monitoring. 
There is a tremendously growing number of publica­
tions in this field (see, for instance, Refs. (134, 135]). 
An elegant approach for a rapid visual detection of 
nucleic-acid targets was recently described by Os­
troff et al. [136]: after capnire of complementa1y 
target sequences to surface-coated oligonucleotide 
probes, a biotinylated detector nucleic acid was 
added. By adding an anti-biotin antibody, linked to 
peroxidase, and substrate, the deposition of an insol­
uble product onto the silicon sensor surface gener-

ated a uniform thin organic film. The film changed 
the interference panern of reflected light from the 
surface, being the specific signal suitable for quan­
tification. 

Moreover, the rapidly growing field of proteomics 
is benefiting from the abilities of bio- and imrnu­
uoseusors for investigating the functionality of pep­
tides prior of being analyzed by matrix-assisted laser 
desorption/ionization time-of-flight mass spectrome­
tiy (MALDI-TOF). Nelson et al. (137- 139] reported 
on successful combinations of MALDI-TOF with 
SPR to analyze sequential biomolecular recognition 
events. 

5. Discussion and conclusions 

5.1. Ne:w technologies 

5./.l. Microarrays 
Today, there is great interest in multiplexed, 

high-tlu·oughput assays, not only for clinical applica­
tions, but also, e.g., for drng discove1y. The microar­
ray teclmique has first been described by Ekins 
[1 ,55,140] for an antibody microspot array. This type 
of microarray has to be distinguished from the DNA 
chip teclmology, which is based on nucleic-acid 
recognition on a surface-immobilized template. DNA 
biosensor arrays are of considerable recent interest 
due to their promise for obtainiug sequence-specific 
info1mations (for a recent review, see Ref. [141D. 
They are being rapidly developed commercially to­
wards the goal of quick, simple and precise testing 
for susceptibility to genetic diseases. The integrity of 
fonctionally important biochemical pathways in tu­
mors, for instance, will probably be evaluated by 
gene transcriptional profili11g. ·whereas for DNA 
chips the sensitivity is not a critical issue, the anti­
body microanay, capable for ultrasensitive multi­
analyte determinations, needs novel analytical ap­
proaches. Even though the commercialization of the 
Microspot® array (Boehringer Mannheim) suffers 
from considerable delays, this elegant concept, called 
the "ambient analyte assay", is still advanced and 
will hopefully soon be available. Since multiple anti­
gens can only be tested on a microfabricated anti­
body a1ny format, the determination of the fractional 
binding site occupancy (FO) of each individual anti-
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body spot allows the simultaneous quantification of a 
mixture of various analytes in one sample [!]. The 
FO varies with the antibody amount, present in the 
assay, but becomes independent from it when the 
antibody quantities are near to zero, now reflecting 
only the ambient analyte concenu·ation. Hence, a 
small amount of antibody, closely packed as a mono­
layer on the array' s surface (104- 105 molecules/ 
µm2

) , is able to sense the analyte concentration, 
independent of the sample volume. Subsequently, the 
detection of the FO of the sensing antibody is man­
aged in a competitive or noncompetitive way by 
using fluorescence labeled second antibodies against 
the unoccupied binding sites or against a second 
epitope on the analyte molecule. By use of a differ­
ent fluorescence label of the sensing antibody, the 
ratio of the two reporter signals (0t and f3) allows the 
direct determination of the FO. In practice, the mi­
crospots of areas of I 00- 1000 µm2 are interrogated 
by a confocal laser microscope as a sensitive method 
of determining the Ot- and [3-fluorescence, emitted 
from each individual spot (see Fig. 5). A fmther 
multitesting approach was al.ready mentioned in Sec­
tion 4.1.2: Rowe et al. [115] simultaneously mea­
sured D-dimer together with staphylococcal entero­
toxin B (SEB) and the Fl antigen from Yersinia 
pesIis with a fluorescence array immunosensor. 

Multianalyte applications may be clinically useful 
in the fields of cytokine testi11g, detection of aller­
gen-specific IgE molecules, drug-monitoring (analy­
sis of a drng parent compound together with its 

pinholes- mmm=>ki!-"';!..._ Detector 

ll photons 

Detector 
Ct photons 

fig. 5. Microspot multianalyte antibody array. Reproduced wi1h 
permission from Ref. [I]. 

major metabolites), drugs of abuse testing, detenni­
nation of vitamii1s, rare blood group typing, etc. 

5.1.2. Alomic force microscopy 
The new techniques of atomic force microscopy 

(AFM) and optical u·apping (optical tweezers) allow 
the location of individual atoms or molecules on 
solid-state surfaces. They are exceptional tools for 
the characterization of the atomic binding forces of 
ligand- receptor interactions [142]. In the AFM, a 
solid-state surface of interest is moved past a ex­
tremely small tip, attached to a flexible cantilever. 
When the tip is coated with specific molecules, the 
deflection of the cantilever caused by the rises and 
falls of the tip in response to the topology and 
specific interaction of the surface is registered and 
provides the direct molecular recognition of the bind­
ing pa1tner on the solid-state surface. Schwesinger et 
al. [143] were able to detect the unbinding forces of 
single antigen-antibody complexes and to correlate 
them with their respective the1mal dissociation con­
stants. They used various antitluoresceu1 scFv frag­
ments, inunobilized on a gold surface, together with 
fluorescein as antigen on a Si 3N4 tip of the AFM 
microscope. Baselt et al. [144] presented the concept 
of a novel Bead Amy Counter (BARC) for measur­
ing the forces that bind antibody-aniigen, but also 
DNA- DNA or ligand- receptor pairs together. The 
system will use these interaction forces to hold mag­
netic microbeads to a solid substrate. First analytical 
results are still pendu1g. Also, the optical tweezers­
based immunosensor is able to measure the force 
required to separate antigen from the complex with 
the respective antibody. Its principle is the use of the 
radiation pressure when laser light (with power as 
great as 150 mW) is focused on a dielectric object. 
This pressure arises from the u·ansfer of photon 
momentum when light is reflected or scattered by the 
object and can be used for trapping and (re)moving 
the object. Hel.rnerson et al. [145] detected extremely 
small quantities of BSA as soluble antigen under 
competitive binding conditions, when trapping and 
pullu1g away a BSA-coated microsphere from anti­
BSA antibodies attached to a solid-state surface. The 
minimum amount of force, applied by the tweezers 
to break the antigen- antibody complex, was mea­
sured. BSA as free analyte in the solution was 
detected by the reduction of this force when displac-
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ing the BSA microspheres in binding to the smface­
coupled antibodies. 

5.1.3. Nanorechnology 
Advancement ill nanotechnology will help for a 

fm-ther development of il1Ummosensors [ 146], pa1tic­
ularly ill proteomics and cellom.ics. Optical fiber­
based nanosensors depend on the constmction of 
nanometer-sized optical fibers. There are two differ­
ent teclmiques already available to produce fibers' 
tips approxi..tnately 50 11111 ill diameter: a CO2 laser­
based micropipet-puller or the chemical-etching 
technique with hydrofluoric acid [ 146]. 

Miniaturization will allow the integration of all 
steps of the analytical process illlO single-sensor 
devices ("lab-on-a-chip"), which will be partly dis­
posable. Ju pmticular, the fluidics parts of the sensor 
will benefit from this new technology and allow a 
reduction of sample volume< l µ, l [147]. However, 
pumps, valves, and electronic control circuitiy are 
also probable building parts of a miniaturized and 
integrated sensor [57]. Thus, cheap and even illl­
plantable i..tnmunosensors [ I 07, 148) will be available 
and possible clinical applications will be expanded 
considerably. 

5.2. F11111re perspeclives for clinical applica,ions 

There is a great opporttuuty for introducing iln­
munosensor devices, since clinical diagnostics re­
present a huge, well-established m1d importm1t ana­
lytical field. Hence, sophisticated inununosensor 
systems may be successful ill the cli..tucal laborato1y. 
Worthwhile future goals for inununosensors are, in 
our opillion, microdialysis-based contilluous analyses 
in the fields of blood coagulation, therapeutic drug 
monitoring (including area-under-ctuve measure­
ments), cytokine and cardiac markers ill intensive­
care tmits, as well as point-of-care systems for fertil­
ity and other endocrillological monitorillg, type I 
allergy and other immunological analyses for pa­
tients in ambulatory settings. It should be remem­
bered for futt1re developments, however, that the 
diagnostic mm·ket is highly competitive and domi­
nated by powerful biotech companies. Moreover, this 
field is dictated by clearly defined medical labora­
to1y standards and guidelines; comprehensive and 
tight regulations are set by govenunental institutions 

worldwide. Additionally, further improvements of 
laborato1y se1vices and cost-effectiveness are seen 
mainly in the implementation of a modular-designed 
laborato1y automation [ 149]. Until today, these cir­
cumstances have impeded significant implementation 
of inununosensor devices ill cli..tucal settings on a 
successful commercial basis. It is a must for eve1y 
biosensor designer to look at the special demands of 
clinical chemistry prior to maki..t1g new develop­
ments. As already stated by Connolly [I 50], several 
critical issues, such as cost per test, regulato1y re­
quirements, q11ality control, instrumentation sen1p and 
test parameter panel, Deed to be taken ilJto considera­
tion when evaluating inununosensor projects. Also, a 
short ove1view of the economic impacts and diagnos­
tic teclmologies, which are cmTently used in central­
ized clinical laboratories, is given by the author [ 150] 
and strongly reconunended for non-illsiders. 

1n conclusion, the techiucal developments of both 
im1mu10assays and immunosensors are ongoing ef­
forts. In particular, optical, electrochemical, and mi­
crogravilnetric i1rnmmosensors have proven to be 
potent and future directed analytical tools. Their 
sensitivities are comparable to inummoassay meth­
ods. This can be concluded from selected applica­
tions, cited as references ill this review. Advantages, 
such as cheap mass production of disposable clups, 
the possibility for real-time measurements even ill 
vivo (due to miniaturization) and the option for 
multianalyte analysis, will probably bring this tech-
1uque into the realm of practicability for diagnostics. 
However, the way to that goal is still uncertain. 
Meanwhile, sophisticated i..tnmunoassays are still in­
dispensable for the clinical chemist. It is conceivable 
that in clillical diagnostics, ilnmunsensors will be 
able to occupy only an analytical niche for onlille­
monitoring purposes in the near futtu·e. Th.is is in 
contrast to the sittiation ill environmental analysis, 
bioprocess control and research applications concern­
il1g biomolecular illteraction analysis, where tl1e novel 
technique will surely play a major role. To suppo1t 
this development, more attention should be focused 
on improvillg the specific and regenerable bioaffinity 
interface: this includes, among other issues, specific 
binding protein engineering, molecular imprinting, 
and optilnized solid-state surface chemistry. On the 
other side, laborato1y medicine is called upon to 
defu1e more stringently the clinical chemist1y stan-
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dards of evaluation of new methods and the possible 
application fields, such as point-of-care testing, where 
this potent novel teclmique may be meaningfully 
applied. This will help to focus on areas where the 
commercialization will probably be successful. 
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