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Summary

Immunoanalysis is based on the recognition of analytes by antibodies with the determination being done
either through suitable labelled compounds or directly using affinity sensor systems. Different analytes can only
be distinguished by different antibodies requiring the development of multi-channel assays or sensors, which
allow monitoring of the interactions of each single antibody. An obvious approach was the incubation of the
sample with a mixture of all relevant antibodies together with the corresponding tracers. For each analyte another
label had to be used to allow the independent analysis of the different affinity reactions. This approach was,
however, limited by the number of tracers which could be distinguished within one assay under identical condi-
tions. Alternatively, the different affinity reactions were spatially separated during the analytical procedure, which
led to the applicability of only one label for all analytes. The determination of the different analytes was achieved
by a corresponding spatially resolved signal transduction. As a consequence, the number of analytes, which could
be determined simultaneously, was limited by the degree of spatial resolution which could be achieved by the
coupling procedure, the tolerable complexity of the resulting system and the degree of spatial resolution achievable
by the signal transduction device.
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Introduction

Immunoanalytical techniques are usually applied to
the specific determination of single analytes in even
complex matrices, such as serum, urine or food. The
specificity of these techniques originates from the speci-
ficity of the antigen-antibody-binding which is a non-
covalent binding. Van der Waals forces, electrostatic and
steric features lead to the ideal fit between the cpitope
on the antigen and the antigen-binding-site of the anti-
body (1-3). In most of the routine well-established im-
munoassays one of the reaction partners, either the an-
tigen or the antibody, is bound to a solid phase, for
example the wells of a microtiter plate, the sample is added
together with a labelled compound and incubated, un-
bound compounds are removed by washing and the sig-
nal is recorded either directly (radioactive or fluorescent
labels) or after addition of suitable enzyme substrates
{enzyme label). This basic concept led to various assay
formats, depending on the analyte (e.g. whether it is the
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antigen or the antibody and whether only one or more
epitopes are available), how separation of bound and
unbound compounds is achieved (homogenous vs. het-
erogeneous assays) and whether a labelled antigen (com-
petitive assay) or a labelled secondary antibody (sand-
wich assay) is used. To describe all these basic concepts
in detail is beyond the scope of this article and the
reader is referred to corresponding books and review ar-
ticles (1-5). Common to all these assays is the use of a
single antibody and a single tracer, as one analyte is to
be determined.
However, in some applications samples have to be
investigated with respect to more than one analyte:
~ In medical diagnosis of certain diseases or for
screening purposes several analytes have to be de-
termined in a single sample. For example, the levels
of different hormones related to the human repro-
ductive systems have to be determined to allow the
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diagnosis of pathological abnormalities (6,7), water
samples arc analysed with respect to several pollut-
ants (8,9), and urine or serum samples are screened
for several drugs of abuse (10). For cach of these
analytes another antibody is to be used, thus several
immunoassays have to be performed on a single
sample.

— Antibodies usually recognize only part of the ana-
lyte molecule, the so-called epitope. This epitope
may be present on different compounds leading to
cross-reactions of the antibody (3,9,11). In the immu-
noassay all cross-reacting compounds present in the
sample will bind to the antibody (Fig. 1, (12)), and
consequently the quantification of a single com-
pound is not possible anymore. The number of com-
pounds and the corresponding degree of antibody-
binding is described by the cross-reactivity pattern
of the antibody. If it is possible to obtain several an-
tibodies differing in cross-reactivities to a given class
of analytes, their combination may allow a distinc-
tion, at least a classification, of analytes. However,
data analysis has to be performed using statistical
models (9) or mathematical models of pattern recog-
nition, like principle component analysis (PCA) (13),
neural network analysis (14), maximum likehood es-
timation (MLE) (15) or cluster analysis (15).

These practical requirements led already almost 20
years ago to the development of immunoassay formats
in which several affinity reactions were performed si-
multancously on a single sample. In this paper an over-
view will be given of the basic principles of these multi-
analyte-immunoanalytical formats together with short
discussion of the respective perspectives and limitations.
The different approaches will be illustrated by repre-
sentative examples, but not all experimental details will

be mentioned so as not to extend this contribution too
much. For more details the reader is referred to the lit-
erature.

Classical immunoanalytical techniques rely on the
use of labelled compounds. Well-established markers are
radioisotopes, fluorophores and enzymes (2). If several
immunological reactions have to occur within one sam-
ple, they must finally be distinguished from each other
in order to lead to the desired results. This distinction
can be achieved by two basically different concepts,
which are illustrated in the following chapters:

The classical approach for multi-analyte immunoas-
says is the use of a specific label for each analyte fol-
lowed by its specific determination. All antibodies and
tracers are incubated simultaneously in the sample and
the different antibody-tracer-complexes are distinguished
by characteristic features of the respective labels. This
was shown to be applicable to the simultancous deter-
mination of up to three analytes with enzymes, radioiso-
topes, fluorophores or metal ions as labels. The exten-
sion of this approach is limited by the number of labels
which can be distinguished in a common solution.

As an alternative, common labels are used for all
analytes. As a prerequisite spatial separation of the im-
munoreactions is required together with an appropriate
spatial resolution of the detector. Corresponding assays
were performed as enzyme-linked immunoassays in mi-
crotiter plates or in automated or manual immunosensor
systems. Improvement of technical possibilities leads to
investigations with respect to the applicability of immu-
nosensor systems, in which either fluorescent markers in
combination with optical fibres or no markers are used.
The latter systems are based on direct monitoring of the
antigen-antibody-binding by suitable physical, mainly
optical, transducers. This approach of spatial separation
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Fig. 1: B/B, data obtained with a microtiter plate ELISA based on the monoclonal antibody K4E7 for mixtures of the
s-triazines, atrazine and terbuthylazine (TBA), which both bind to the antibody.
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of the immunoreactions is not limited to any type of
marker or assay format but by the complexity of the re-
sulting systems and the achievable degree of resolution
of the coupling procedure and the detector.

In this paper some of the above mentioned concepts
are described in more detail, starting with the classical
approach of analyte-specific-labels, focussing however
on systems based on spatially separated reaction zones,
as this approach is of major importance for the develop-
ment of immunosensor-arrays.

Simultaneous immunoassays using
analyte-specific labels

Several analytes can simultaneously be determined
in a single sample by the addition of all immunoreagents
to the sample using a specific label for each analyte, fol-
lowed by the separation of bound and unbound tracers
and finally the determination of cach bound tracer.
These combined assays are only possible, if the antibod-
ies used in the different assays are not influenced by the
presence of the others. Morcover, suitable labels and de-
rived tracers have to be chosen, which means that the
determination of cach label must be possible in the pres-
ence of the others and without their interference, and
cach tracer should bind only to the corresponding anti-
body. Mainly the requirement, that different labels have
to be determined specifically under almost identical con-
ditions, limits the extension of this approach.

An assay for the simultaneous determination of lu-
tropin and follitropin was described using the radioiso-
topes YCo and ' as labels, which have different scin-
tillation energies and can be discriminated by gamma-
-counters (7). Each of the hormones was labelled with
another of these two isotopes, thus competing with the
hormones present in the sample for the binding sites of
the added antibodies. Free ligand was separated from
the bound by use of a goat anti-rabbit antiserum and a
precipitation accelerator. As the detector could distin-
guish between the two isotopes, each of the analytes
could be determined.

Comparable principles were used, when proteins
were labelled with metal ions through the use of bifunc-
tional chelating agents. The proteins could be either the
antigens (16,17) or the antibodies (18), i.e. the assays
were performed as competitive and non-competitive as-
says, respectively. Those assays were mainly developed
for medical applications and used for serum analysis.
They were based on general common principles and
thus, the following descriptions should be taken as rep-
resentative examples:

Myoglobin (Mb) and carbonic anhydrase I11 (CA 111)
were simultaneously determined in serum using fluores-
cent chelates of europium (Eu™) and samarium (Sm*)
as analyte-specific markers (16). Mb was labelled with
Sm™, CA 1II with Eu*" and both tracers were incubated
together with Mb- and CA llI-specific polyclonal rabbit
antibodies with the serum sample or protein standard.
Bound and non- bound ligands werc easily separated by
washing, as the immunoreactions took place in mi-
crofiter plates coated with anti-rabbit antibodies leading
to a binding of the analyte-specific antibodies. An en-

hancement solution containing 2-naphthoyl-trifluoroace-
tone dissociated the lanthanides from the proteins into
the solution where they formed highly fluorescent
chelates with emission peaks at 613 nm for Eu’" and at
643 nm for Sm™. Using a time-resolved fluorometer both
compounds could casily be distinguished.

The same detection principle was described by
Hemmild et al. (18) for the simultaneous non-radioactive
determination of lutropin and follitropin. However, they
labelled the specific anti-B-chain antibodics with Th™
and Eu®', respectively, and used microtiterplates coated
with anti-B-chain antibodies as common capture anti-
body. Thus, the assay was performed as non-competitive
assay. The enhancer to be used for this combination was
a B-diketone (pivaloyl trifluoroacetone) and the chelates
could be distinguished through their emission peaks at
614 nm for Eu’* and at 544 nm for Tb™.

Differences in the electrochemical properties of met-
al ions were utilized by Hayes ef al. (17), who developed
a simultaneous immunoassay for human serum albumin
(HSA) and immunoglobulin G (IgG) using In* and Bi"'
as nonisotopic metal ion labels. The assay was per-
formed as competitive assay with a mixture of both ana-
lyte-specific antibodies coated on the surfaces of polysty-
rene tubes. After the immunoreaction the metal ions
were released from the proteins by 1.0 M hydrochloric
acid, and this acidic solution was transferred to an elec-
trochemical cell, where the ions were detected by differ-
ential pulse anodic stripping voltammetry at a hanging
mercury drop electrode.

In all cases, simultaneous determinations of the met-
al ions were only possible because conditions could be
found, which allowed the simultaneous efficient release
and complexation of both ions, combined with differ-
ences in the fluorescence spectra or the electrochemical
behaviour, respectively.

The situation is even more complex, if enzyme im-
munoassays for several analytes are to be combined. The
selection of the enzymes involved in a common assay is
an important step, as they have to fulfil certain criteria
(19):

— they should be readily available and have high

turnover numbers;

- they must be stable under simultaneous assay
conditions and not susceptible to interference
from another enzyme reaction;

— they must have a similar optimum pH;

— the products of the enzyme reactions are to be
distinguished clearly, e.g. by not-overlapping ab-
sorption spectra.

The enzyme pairs -D-galactosidase / alkaline phos-
phatase (19) and glucose-6-phosphate dehydrogenase /
B-galactosidase (20) fulfil most of these criteria and cor-
responding simultaneous enzyme immunoassays werce
described. For simultaneous triiodothyronine- and thy-
roxin-determination (19) and biotin- and vitamin Bj-de-
termination (20), respectively, compelitive assays were
developed which were performed either with a homoge-
neous immunoreaction and precipitation of the immuno-
complexes by second antibodies (19) or with a heteroge-
neous immunoreaction with the specific binding proteins
immobilized to Sepharose 4B (20). The enzyme conju-
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gates were added together with the sample to the anti-
bodies and after removal of unbound tracers the sub-
strates of both enzymes werc added. The enzyme reac-
tions of alkaline phosphatase and B-D-galactosidase were
distinguished with phenolphthalein monophosphate
(540 nm} and o-nitrophenyl-f-galactoside (420 nm) as en-
zyme substrates (19). The distinction of B-galactosidasc
and glucose-6-phosphate dehydrogenase was possible
with e-nitrophenyl galactopyranoside (415 nm) and glu-
cose-6-phosphate / fi-nicotinamide adenine dinucleotide
(347 nm), respectively, as enzyme substrates (20). In both
examples there was no interference of one enzyme reac-
tion by the presence of the substrates of the other. Thus
the simultancous assays could be performed with simi-
lar accuracy and sensitivity as the single assays.

Though all these principles can be widely varied
with respect to assay format and detection principle and
though the performance does not require additional
steps compared with the single-analyte assay besides
mixing of reagents, the further improvement of this ap-
proach is stagnant at present, as it is limited in the num-
ber of analytes / antibodies used within one assay. The
number of labels which can be determined reliably
within a common solution is limited, independent on the
type of label, as in any case compromises between dif-
ferent optimum conditions have to be found.

That is why at present more effort is put on immu-
noassay-arrays based on spatially separated immunore-
actions, even if first reports on this approach originate
already in the carly 1980s (e.g. 21).

Systems based on spatially separated
immunoreactions

As mentioned above, the number of labels which
can be used simultaneously has been limited up till now
to two or three. Moreover, change of a label together
with a possibly required change of assay conditions may
lead to a deterioration of the assay performance. There-
fore, possibilities to use common labels for several ana-
lytes were evaluated. This, however, requires the spatial
separation of the immunoreactions together with a sepa-
rated analysis of the reaction zones. In an early report
(21) on a multi-analyte assay system two different anti-
bodies were immobilized on different halves of a reac-
tion tube, the sample was added together with the two
analyte-specific tracers labelled with the same radioiso-
tope L. The two halves were separated again and
counted separately (21).

As RIAs are avoided nowadays as much as possible,
alternatives are under development with this early basic
concept being modified and adapted to technical possi-
bilities and requirements.

Microtiter plate enzyme immunoassays

A routine format of immunoassays, mainly in cen-
tralized analytical laboratories, is the heterogeneous en-
zyme immunoassay performed in 96-well microtiter
plates. Each well is scparated from the other, which al-
lows the simultaneous investigation of a number of sam-
ples even in duplicate or triplicate together with corre-
sponding standards. Data for each well are obtained at

the end of the assay using multi-channel photometers or,
nowadays, also fluorimeters. Utilising this built-in sepa-
ration of the different wells leads to multi-analyte assays
by coating different wells in a microtiter plate with dif-
ferent antibodies, reducing, of course, the number of
samples which can be investigated on one plate. If large
numbers of samples are to be analysed, separate assays
for each analyte are, hence, preferred, and only some de-
scriptions of combinations of assays performed in mi-
crotiter plates are found in literature. They are mainly
those where same conditions for the different immunore-
actions were more important than a high sample
throughput. The application of different immunoreac-
tions to one sample in one assay results in a pattern in-
dicative for a characteristic of this sample. For example,
the ELISA-diagnosis of Lyme disease is based on the de-
tection of antibodies which are formed after an infection
by Borrelia burgdorferi (Bb) against Bb antigens (22). To
avoid the use of whole proteins which may result in
false positive signals due to cross-reactivities of antibod-
ies, chemically synthesized peptides were used repre-
senting the epitopes on the proteins recognized by the
antibodies. These peptide-epitopes were found from
screening with ELISA-formats peptide libraries repre-
senting the amino acid sequences of four different pro-
teins, which were found through Western blotting of
Lyme discase sera. Typical patterns were obtained show-
ing the epitops of each protein. Eight epitope peptides
were chosen for further use. In the normal ELISA format
the antigen is adsorbed to the plate, which is not possi-
ble with small peptides. Therefore, the epitope peptides
were prolonged with additional residues of p-alanine
and cysteine as spacer and to allow coupling to bovine
serum albumine (BSA). The BSA-conjugates of cach pep-
tide were applied to separate wells of the ELISA plate.
Unknown serum samples were investigated with respect
to the presence of antibodies to cach of these peptide
epitopes. It was found that nonc of the peptides alone
allowed diagnosis of the disease with 100% correlation
to the clinical signs. Using, however, positive indication
by at least two peptides improved the reliability, but
could not exclude false positive diagnosis completely
(22).

Another example of pattern analysis is the applica-
tion of ELISAs to pesticide determination. Antibodies
used for the determination of pesticides in environmen-
tal smaples usually show cross-reactivities to other com-
pounds of a similar chemical structure, because pestici-
des cannot induce an immune response by themselves,
but only when they are coupled to carrier proteins
(23-25). A wide range of antibodies is formed in respon-
se to immunization with the immunogen and only a few
recognize the part of the immunogen representing the
analyte. All compounds sharing the structural elements
which are accessible for the antibodies will cross-react.
Thus, the structure of the immunogen strongly influen-
ces the specificity of the resulting antibodies (23,26). This
is of practical importance, for example, for the determi-
nation of s-triazine herbicides (15,24,25,27), where a
number of chemically related compounds are in practical
use as herbicides, and also the metabolites still possess
some of the major residues on the triazine ring. In these
situations the application of a single antibody only al-
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lows quantification in terms of equivalents of the main
analyte of the antibody, but does not allow quantifica-
tion of a completely unknown compound or even of a
mixture of compounds. Additional information can be
obtained by assaying a sample with a number of anti-
bodies against the chemical class of compounds, e.g. the
s-triazines, but of different cross-reactivities. Interpreta-
tion of the results was done using response paths for
two antibodies (9) (sec description below, Fig. 2) or, if
more antibodies are used, by an extended four-parame-
ter logistic model (9,27) or mathematical methods of pat-
tern recognition, such as principle component analysis
(PCA) (13), maximum likelihood estimation (MLE) (15),
cluster analysis (15) or neural networks (14). This allo-
wed within a limited concentration range at least classi-
fication of the compound present in an unknown single
analyte solution and also analysis of binary mixtures of
analytes. The basic idea is illustrated in Fig. 2, where si-
gnals obtained from competitive ELISAs based on only
two different monoclonal antibodies for solutions of dif-
ferent concentrations of different triazines were combi-
ned (see also (9)). Due to the assay format (competitive
ELISA) low analyte concentrations lead to high signals,
and high affinity antibodies are characterized by low
analyte concentrations leading to a decrease of the si-
gnal. For each triazine a typical curve (response path (9))
was obtained influenced by the ratio of the affinities of
these two antibodies for the given compound. The affi-
nities of the antibody K4E7 (obtained from Prof. B.
Hock, Dr. T. Giersch, TU Munich, Germany, (24)) for the
s-triazines, atrazine and propazine, were higher than of
the antibody K1F4 (28). Therefore the corresponding ty-
pical curves were placed in the upper part of the dia-

gram. Both antibodies showed comparable affinities for
terbuthylazine, as a consequence the resulting curve di-
vided the diagram approximately in halves. As K1F4
had a higher affinity for terbutryne than K4E7, the typi-
cal curve for this compound was placed in the lower
part of the diagram (Fig. 2). Fach unknown solution
could be analysed again with these two antibodies gi-
ving a point in this diagram. The compound present in
the sample could be identified through the curve on
which it was placed. Thus, using only two antibodies al-
lowed a classification of compounds at least in three
groups according to the three different possible ratios of
affinities (group I: high affinity to antibody 1 and low
affinity to antibody 2, e.g. atrazine and propazine in Fig.
2; group II: low affinity to antibody 1 and high affinity
to antibody 2, e.g. terbutryne in Fig. 2; group III: similar
affinities to both antibodies, e.g. terbuthylazine in Fig. 2).
It is obvious that this model can only work within the
linear ranges of the assays, because at very low and at
high saturating concentrations all compounds give the
same results with all antibodies. The more distinct the
typical curves for the different compounds are, the casier
is the identification of the compounds. However, the
more compounds have to be considered, the more diffi-
cult the distinction is. For example, in the above mentio-
ned system propazine and atrazine could not be distin-
guished, because both compounds differ only in one
residue of the triazine ring, which was removed for the
preparation of the immunogen (24,28) and thus both an-
tibodies showed similar affinities to both compounds.
Moreover, due to the combination of data of inde-
pendent assays the experimental errors multiply, leading
to a reduced accuracy and the need for more standards
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to be run on the same microtiter plate. This reduces
again the number of samples which can be analysed.
Therefore, efforts are required to improve the reliability
of microtiter plate assays to allow at least the application
of single standard curves to several microtiter plates (29).

Automated immunoassay formats

Immunoassays performed in microtiter plates are
designed for the analysis of large numbers of samples
using enzyme tracers. High sample throughput is
achieved as 96-well plates are used and pipetting and
incubation of solutions can be highly automated.

Some of these properties were used also in the Abott
Prism described in 1991 by O. S. Khalil for donor screen-
ing in blood banks, allowing simultaneous determina-
tion of 6 analytes (30). The sample was split between re-
action trays in a group of linear tracks. Timing belts
moved the trays along the tracks to 9 different opera-
tional positions, which could be used for the perform-
ance of assay steps. The system was designed for het-
erogencous chemiluminescence immunoassays in which
the analyte was captured by appropriate coating on mi-
croparticles. Hence, not-bound tracer and excess fluid
could casily be removed by washing steps and absorbent
pads in the trays. Assay protocols for different analytes
were designed by choosing assay modules for a suitable
assay format (c.g. competitive or sandwich immunoas-
say) and moving assay modules between the operational
positions. As an automated pipettor was integrated in
the system all assays were completely automated though
a sufficient flexibility was maintained to allow adaption
to alternative analytes. A maximum sample throughput
of 150/h delivering 900 data/h was achieved.

Substrates

Automation is not only required for analysis of large
numbers of samples, but also for continuous monitoring
of analyte concentrations. Whereas in central laborato-
ries automated analysers comprise robots and pipettors
controlled by suitable software, on-line monitoring of com-
pounds is achieved by automated flow-through systems
based, for example, on the principles of flow injection
analyis (FIA). Integration of reaction chambers, mixing
devices, various types of valves and pumps delivering
constant flows of reagents allow the design of systems
in which ELISA-protocols are automatically performed
(31). The immunoreaction usually takes place in affinity
columns through which samples, tracer and enzyme
substrates are pumped. These systems can be extended
to multi-analyte systems either by the choice of universal
affinity reactions, such as the biotin-avidin-reaction (32)
or the protein A (or protein G)-IgG-reaction, and sub-
sequent application of different antibodies, which leads
to a multiplication of the total analytical procedure, or
by parallel arrangement of several affinity columns (33).
A possible set-up is shown schematically in Fig. 3. The
parallel arrangement of the affinity columns allowed dif-
ferent immunoassays to be performed partly in parallel,
whereas the detection occurred serially as only one de-
tector was used. Nevertheless, total assay time was re-
duced significantly compared with a totally serial per-
formance of several assays. However, increasing the
number of analytes increases the complexity of the sy-
stem as not only an increasing number of reactors has
to be integrated in the system, but also the number of
tracers increases even if a common label is used, as the
part of the tracer which is bound by the antibody is an-
tibody-specific.
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Fig. 3. Schematic diagram of a 2-channel flow injection immunoanalysis system
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Manual immunoassay formats

Rapid and simple immunoassays are required for
on-site determination of compounds, where neither ex-
act pipetting nor long incubation times of components
are possible, and the analysis of single samples has to
be performed in contrast to a high sample throughput
or quasi-continuous monitoring of compounds. In corre-
sponding assays enzyme tracers usually are replaced for
example by coloured or fluorescent tracers, which re-
duces the number of required reagents and incubation
steps, as no enzyme substrates are necessary.

An assay which is comparable to conventional sand-
wich microtiter plate assays with the detection being
based on a fluorescent europium chelate as label was de-
scribed by Kakabakos ef. al. (34). They used monoclonal
antibodies to the intact lutropin, the B-subunit of fol-
litropin, the B-subunit of choriogonadotropin and to pro-
lactin, coated microtiter strips separately with these an-
tibodies, isolated the wells and used one of each type in
combination on a plastic stick. The stick was incubated
in a mixture of the sample with four different biotiny-
lated detection antibodies. After aspiration of this solu-
tion a streptavidin-europium-chelate-tracer was added
and the fluorescence of each well was quantified on the
dry solid phase with laser-excited time-resolved fluoro-
metric measurements.

This assay format does not require special equip-
ment besides the fluorescent detector. However, as the
advantage of microtiter plate assays to run a standard
curve together with the unknown sample cannot be util-
ised anymore, R. P. Ekins suggested another format with
an in-built standardization (35,36). Immunoassays essen-
tially rely on the measurement of the antibody occu-
pancy by the analyte, which is reflected by the interpre-
tation of data in terms of normalized data, e.g. B/B, (1).
This is achieved cither by tracers binding to another
binding site of the analyte than the primary antibody
(sandwich-format) or by tracers binding to the non-oc-
cupied binding sites of the antibodies (competitive as-
says). Usually the total amount of binding sites is corre-
lated with the signal obtained with a saturating
concentration of analyte (sandwich-format) or without
analyte (competitive format), respectively. In microspot
multi-analyte ratiometric immunoassays the use of two
fluorescent labels is suggested (35,36). The first label is
bound to the specific antibody coated in microspots on
a plastic support, thus indicating the total amount of
capture antibody. The second label is conjugated to an-
other antibody (sandwich-format) or to an analyte-ana-
logue (competitive-format). Thus, the ratio of both sig-
nals is representative of the occupancy of binding sites
by the analyte and allows the determination of the ana-
lyte concentration. As only minimum amounts of anti-
bodies are required multi-analyte set-ups are possible.
However, the detector suggested was a confocal fluores-
cence microscope.

A screening system considering also the require-
ments of a simple and cheap detection was introduced
as the Advisor™ drug screening system (10), in which
conjugates of drugs of abuse were located in different
channels on a disposable element defining the specificity
of cach channel. The system was designed for the simul-

taneous screening for five different classes of drugs of
abuse (amphetamines, cannabinoids, cocaine metabo-
lites, opiates, phencyclidine). Antibodies and coloured
antibody-coated microparticles were added to the sam-
ple, and this mixture was placed on the test card. In the
absence of drugs the antibodies, conjugates and coloured
particles formed agglutinates which could easily be de-
tected due to the colour of the microparticles. Typical
pattern of coloured bands indicated the kind of drug
found in the sample.

Immunosensor systems

Immunosensor systems are distinguished in indirect
and direct sensor systems according to their principle of
detection. The so-called indirect scnsor systems are
based on similar principles as conventional immunoas-
says, ie. the detection itself is based on the determina-
tion of labelled compounds, namely of enzyme tracers
or fluorescent tracers. The difference to immunoassays is
the immobilization procedure, as in immunosensor Sys-
tems compounds are usually attached covalently to solid
supports, the choice of suitable immobilization matrices
and usually the regeneration of the binding sites. Immo-
bilization is done on polymeric or glass beads, which are
integrated via affinity columns in automated flow-through
sensor systems (sce Fig. 3), or on the transducer surface,
e.g. electrodes (37,38) or optical fibres (39,40). In this re-
spect the flow injection analysis systems, which were al-
ready described above (Fig. 3), are also to be considered
as sensor systems. With the affinity reactants being im-
mobilized directly on the transducer surface the reaction
chamber and detector are integrated leading to more
compact systems with the potential to further miniaturi-
zation. However, reagents, such as tracers and enzyme
substrates, are often applied manually. Electrochemical
detectors are used in combination with enzyme tracers,
with horseradish peroxidase and alkaline phosphatase
being suitable enzymes as the amount of enzyme can be
determined via enzyme substrates leading to clectro-
chemically active reaction products. Multi-channel sys-
tems were based, for example, on systems comparable
to microtiter plates, with the electrode being part of the
reaction well and the antibodies or analyte being immo-
bilized on the electrode surface (37). Immobilization was
done using adsorption on nitrocellulose membranes or
covalent binding with cross-linking reagents after silani-
zation of the electrode with aminopropyl triethoxysilane
(APTS). The assay principle was a competitive enzyme
immunoassay with the antibody or the analyte (37) be-
ing coupled to the enzyme. Up to now those systems
have been used comparable to conventional ELISAs, ie.
for the determination of a single analyte (2,4-dichlo-
rophenoxyacetic acid). However, they can be extended,
again as conventional microtiter plate ELISAs, to multi-
analyte determination. A step further with respect to
miniaturized systems was described by Pritchard ef al.
(38), who used gold working clectrodes fabricated by
standard photolithographic procedures on silicon wafers
as transducers and immobilized antibodies through site-
directed activation of photo-biotin via illumination of sc-
lected areas through corresponding masks. The immu-
noassay was performed as a standard sandwich-type
ELISA for the simultaneous determination of the two
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hormones, follicle stimulating hormone (FSH) and lute-
inising hormone (LH), using horseradish peroxidase as
enzyme label and hydrogen peroxide together with fer-
rocene monocarboxylic acid as enzyme substrates. The
enzyme activity was determined chronoamperometri-
cally with two potentiostats at +150 mv for 20 s.

In the case of fluorescent tracers, affinity reactants
were immobilized on optical fibres and binding of the
fluorescent compound was monitored. Combination of
several single fibres to a fibre bundle allowed multi-ana-
lyte determination (39).

The interactions of antigens and antibodies can be
monitored directly, on-line and in real-time without the
need for tracers by suitable physical transducers, such as
piezoelectric crystals monitoring the increase of mass
during the formation of the affinity complex (41), elec-
trodes whose capacitance changes due to protein bind-
ing (42) and optical waveguides allowing observation of
protein binding through changes of the refractive index
at the surface of the waveguide (43). At present, the op-
tical techniques are the best established and a variety of
instruments are commercially available. They are based
on different physical effects which are all related to the
effective refractive index of the layer surrounding the
waveguide through the evanescent wave of a laser beam
which is totally reflected at the phase boundary of the
optical transducer. Examples are the surface plasmon
resonance (SPR), which occurs in thin gold layers on top
of a waveguide at a well-defined reflection angle (44),
and the incoupling efficiency in planar waveguides at
different incoupling angles using grating coupler sys-
tems (43). In SPR-systems polarised light is focussed on
the phase boundary between the glass substrate and the
gold layer and the reflected light is detected with a di-
ode-array allowing resolution of reflection angles down
to 0.1°. A four-channel system was introduced by a cor-
respondingly structured flow system allowing the per-
formance of four independent measuring cycles (45). The
grating coupler system operating in the reflection mode
(46) was extended to a multi-channel system by integra-
tion of a vertical positioner with stepmotor (47). This al-
lowed the grating coupler to be moved relative to the
laser beam. The laser was focussed on a specific part on
the grating region of the waveguide and the reflected
light bundle was detected by a CCD-camera, delivering
a minimum signal at a defined angle. Vertical movement
of the waveguide in the flow cell allowed scanning of
the waveguide surface and hence analysis of discrete ar-
eas on the waveguide surface. The system was designed
for the analysis of a single sample with respect to several
affinity reactions with the number of channels being lim-
ited on the one hand by the optical resolution of the la-
ser beam and the reflected light, and on the other hand
by the resolution achieved by the immobilization condi-
tions.

Conclusions

Immunoanalytical techniques find increasing accep-
tance in various fields of application, as they allow the
specific determination of analytes in even complex sam-
ples, such as serum, blood, food, at low concentrations.

Moreover, the performance can be simplified so that the
assays can be performed on site without the need for
expensive instrumentation and sample pretreatment.
However, usually more than one analyte has to be de-
termined, multiplying the number of assays to be per-
formed, whereas instrumental chemical analytical meth-
ods, such as HPLC or GC, in general are suitable for the
analysis of mixture of compounds. Therefore, different
approaches to combine several immunoassays into a
common assay were investigated and some even re-
sulted in commercially available products. The upper
limit of analytes, which can be determined simultane-
ously, at present is in the order of 5 to 6, which is re-
stricted on the one hand by the needs of the application,
and on the other hand by technical limitations. An in-
creasing number of possible analytes usually increases
the complexity of the resulting system, including not
only hardware but also data acquisition and interpreta-
tion and methods such as neural network analysis may
become necessary. Moreover, immunoassays are charac-
terized not only by their lower limit of detection but also
by their upper limit of detection. The useful analytical
range is often in the range of two orders of magnitude.
A combination of assays is only reasonable, if all assays
can be performed with the same degree of dilution of
the sample, ie. the analytical ranges of the assays and
the concentrations of the corresponding analytes in the
samples must fit.

In spite of these practical limitations, increasing re-
search efforts are put into the development of affinity
sensor arrays. Driving forces for these efforts are not the
conventional immunoanalytical applications but new
fields of applications of affinity reactions. Due to the
progress made in combinatorial chemistry, libraries of
compounds are available, which are used for screening
purposes with respect to binding to the target molecules
of interest. The applications range from epitope mapping
of antibodies, identification of binding regions on pro-
teins, to interactions between proteins and DNA and hy-
bridisation of single-stranded DNA. Through structured
immobilization of a complete library on a sensor surface,
all binding events can be monitored simultaneously, thus
reducing the required experimental effort significantly.
However, suitable immobilization strategies together
with adapted detection systems are still under develop-
ment and only some examples of high-density arrays to-
gether with a fluorescent detection are known, mainly
developed for medical diagnosis based on genetic disor-
ders (48,49). Spatially resolved immaobilization is usually
achieved by the use of photoaffinity labels and photoli-
thography.

High-density arrays of oligonucleotides are obtained
by light-directed synthesis of the probes directly on the
sensor surface leading to the so-called DNA-chips. This
approach is not suitable for the immobilization of whole
proteins, such as antibodies or F,- fragments. For these
applications immobilization procdures based on pho-
toactive crosslinking reagents were developed, one ex-
ample being the already above mentioned use of photo-
biotin (38). Other compounds which can be activated by
irradiation, such as benzophenone (50) or tri-
fluoromethyl-aryldiazirines (51), were also used for cou-
pling of proteins to solid supports. Spatially resolved de-
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tection of the affinity reactions is often achieved with
confocal fluorescence microscopes requiring the use of
fluorescent tracers. At present, the achievable degree of
spatial resolution and lower detection limit of direct
sensing systems have not been evaluated yet.
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Simultano odredivanje nekoliko spojeva
imunokemijskim postupcima

SaZetak

Imunoanaliza se zasniva na raspoznavanju antigena s pomocu protutijela, a odredivanje se provodi odgova-
rajucéim obiljeZenim spojevima ili izravno koristeci sustav afinitetnih senzora. Razliciti antigeni mogu se razluciti
samo s razlicitim protutijelima, $to zahtijeva razvitak postupaka ili odgovarajucih senzora koji omogucavaju in-
terakciju svakog pojedinog antigena s odgovarajuéim protutijelom. Najuobicajeniji je pristup inkubacija uzorka
sa smjesom odgovarajucih protutijela zajedno s obiljeZenim antigenom. Za svaki ispitani antigen treba koristiti
drukeiji biljeg kako bi se provela specificna reakcija obiljezenoga antigena s odgovarajucim protutijelom. Ovaj je
pristup, medutim, ogranicen brojem biljega koji bi se mogli razlikovati unutar jednog odredivanja sto se provodi
pod identicnim uvjetima. Alternativno, razlicite antigen-protutijelo reakcije mogu se prostorno odijeliti tijekom
analitickog postupka, $to omogucéava primjenu samo jedne vrste biljega za sve ispitivane antigene. Odredivanje
razlicitih antigena postignuto je odgovarajuéim prostornim odvajanjem transdukcije signala. Stoga je broj an-
tigena, koji se mogu simultano odrediti, ogranicen stupnjem prostorne rezolucije sto se postize povezivanjent s
odredenim enzimskim sustavom, dopustenom kompleksnosti dobivenog sustava i stupnjem prostorne odvojenosti
uredaja za transdukciju signala.





