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Instrumental analytical chemistry and chemical sensors, especially biosensors have made remarkable progress in
the last decade. With respect to the analytical chemical performance characteristics the sensitivities could be
increased drastically. However, the very important comparability of trace and ultra-trace analytical data
produced in diﬀerent laboratories has not been improved to the same degree. The analytical chemical
performance characteristics of chemical and biochemical sensors must be judged with those facts in mind when
they are validated using such traditional instrumental reference methods. Biosensors based on immune-chemical
principles are more versatile in allowing nearly every analyte to be determined and are therefore chosen for
this progress report. A recently developed calibration free optical single-use ‘‘ immuno-chip ’’ is described. This
low-cost chip is based on an evanescence ﬁeld ﬂuorescence detection. The same technique and can also be used
for a real-time recording of DNA hybridisation and dissociation events. Multi-analyte devices and DNA-arrays
based on this technological platform were developed using a fast kinetic evaluation method. This oﬀers certain
advantages to methods detecting only the endpoint of a molecular association reaction especially concerning the
detection of mismatches (SNP detection). Finally, a novel and relatively simple micro-electrochemical method
based on a microelectrode array in combination with receptor-functionalized magnetic latex beads and an
indicating redox system is described which bears in it an alternative to atomic force microscope binding forces
measurements. Depending of the numer of individually addressable microelectrodes this method allows the
simultaneous study of several hundred to thousands of molecule–molecule interactions within seconds. In
addition, a single molecule detection and nearly unlimited multi-analyte, ultra-trace immuno-chemical sensing
capabilities seem possible.

Introduction
Analytical chemistry deals with chemical information hidden
in any matter. It answers the frequently needed questions
about: What is it? How much of what ( ¼ analyte) is present?
How is the analyte distributed on a macro- or micro-scale?
In which chemical form is an element present (oxidation state
or binding partner(s) ¼ speciation analysis)? Instrumental
analytical chemistry has made constant progress since its
deployment in every day analysis with the invention of the ﬁrst
commercial pH meter by A. O. Beckman and the ﬁrst commercially available spectrophotometers in the forties. The 50 year
anniversary of the well known Pittcon conference and exhibition showing the newest analytical tools and instruments with
typically more than 30 000 analytical chemists present mirrors
the great success of instrumental analysis as well as the annual
turnover with sometimes two-digit growth rates for certain
instrumental technologies, like, e.g., MALDI-TOF or PCRbased automated instruments.
In instrumental analysis the driving forces were mainly:
more sensitive, automated, and faster, and thus, more eﬃcient.
In the ﬁeld of biosensors stability, selectivity, and calibration
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issues were and still are in the focus of interest. With respect
to this progress, it is often forgotten that the analytical process
devised to produce the analytical data wanted includes not
only the pure measurement step but also a ﬁt to the purpose
sampling strategy. Sample preparation and eventually separation steps without changing the original composition of the
sample have to be included in any so-called ‘‘ total uncertainty
budget ’’! This is especially crucial in speciation analysis and
trace analysis where a large excess of matrix compounds
and/or a relatively large container surface compared to the
analyte concentration are present and can interact with the
analyte. Chemical reactions between the analyte and certain
matrix constituents may alter the original analyte concentration (e.g., complexation reactions like the eﬀect of humic acids
on heavy metals in natural water samples). Glass and also
quartz vessels show pH-dependent ion-exchange properties in
the sub-micromolar range, thus adsorbing traces of the analyte
ions irreversibly. Therefore, metal ion standard solutions in
those low concentration ranges must be prepared as freshly
as possible. Since the number of possible combinations of n
compounds can be as high as n!, neglecting concentration
issues, real samples with an unknown number of diﬀerent
compounds are unpredictable with respect to the possible
interfering eﬀects. Generalizations are hardly possible.
Sensors can sense dynamic concentration changes sometimes over many orders of magnitude and in both directions
(especially following decreasing concentrations) and can be
used for many feedback control applications. In addition, an
Phys. Chem. Chem. Phys., 2003, 5, 5159–5168
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ideal chemical sensor for the determination of a certain analyte
should not need any chemicals, therefore it has the advantage
of not producing chemical waste. This is an important demand
if millions of analyses have to be performed, leading to tons of
sometimes hazardous chemical waste. This also shows the need
for a strong miniaturization as indicated by the numerous
‘‘ lab-on-chip ’’ developments.
Until 1977 those devices—mainly based on an electrochemical sensor used as an analytical signal transducer and combined with a biochemical recognition element to create the
needed selectivity—were named enzyme electrodes. The analyte is the substrate of the enzyme and a concentration change
of one reaction partner or one product of an extremely selective bio-catalyzed chemical reaction can be followed by an
appropriate chemical sensor (transducer). Stoichiometric relationships allow a conclusion about the actual analyte concentration if certain promises are given. Later further biological
systems were combined with a variety of other physical-chemical transducers and, in order to cover also non-metabolic biological systems like immune-chemical recognition systems and
DNA hybridisation events, the general term ‘‘ biosensor ’’ was
introduced by the author, however, without any rigid deﬁnition.1 Recently IUPAC took over the responsibility for an
oﬃcial classiﬁcation scheme.2
Immuno-probes, which are not sensors for continuous
measurements by this strict deﬁnition, are not based on a biocatalyst (enzyme) produced by nature during the long
evolutionary process. Immune-chemical biosensors allow the
determination of nearly every analyte of interest and are therefore the focus of this progress report. The principle of antigen
(analyte)–antibody binding is mainly exploited in the enzyme
linked immuno-sorbent assay (ELISA), mostly used in clinical
analysis for many years. For the priority radio-immune-assay
(RIA) method developed by Rosalyn Yalow she was awarded
the Nobel Prize in 1977. Since ELISA-based analyses are performed worldwide as often as several million times per day,
immune-chemical sensors bear a great economic potential if
they can compete with the analytical performance and with
the costs for an ELISA and/or the traditional instrumental
analysis methods. In order to specify the analytical chemical
demands on chemical and biochemical sensors, it is pertinent
to review the situation in the traditional ﬁeld of instrumental
analysis, especially in the important area of trace analysis.
Is instrumental trace analysis an art?
Despite the enormous progress in the ﬁeld of instrumental analysis, even allowing single molecule detection by several diﬀerent methods one should not forget that most of those modern
methods are not primary (formerly named ‘‘ absolute ’’) measuring analytical methods needing no calibration and directly
linked to the international SI system. Mostly, modern instrumental methods are so-called relative methods needing a calibration with a traceability through an unbroken chain to an
accepted internal standard (e.g. 12C). This is where many
systematic errors—not at all mirrored in the individual
instrument’s reproducibility performance (expressed in the
standard deviation)—are likely to arise.
Instrument builders often convince their customers with
pure reproducibility aspects, neglecting potential sources for
systematic errors. However, systematic errors appear regularly
with more or less surprise in nearly all inter-laboratory comparison studies. A reliable analytical method must always deliver the same result for an identical sample irrespective of the
time, the laboratory environment or the analyst involved. Different analytical methods for the same analyte must deliver
one and the same result within the allowed statistical error
(uncertainty) limits. All other opinions are not based on an
exact scientiﬁc approach that explores nature with intersubjectively provable statements. The presence or absence of
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a certain number of atoms or molecules in a speciﬁed sample
volume cannot depend on the chosen analytical method, nor
on the analyst or the laboratory. This is in contrast to cases
where an analyte concentration is to be measured rather than
a feature of a certain sample (like ﬂammability, chemical oxygen demand, toxicity, etc.). Those determinations depend very
strongly of the exact following of a certain Standard Operation
Procedure (SOP).
Inter-laboratory comparison studies are often performed
also to obtain a certiﬁcation to be accepted as a high quality
laboratory by state agencies. They demonstrate the quality of
modern instrumental analysis in a most practical approach.
The collective experience of hundreds of thousands of those
comparison studies performed worldwide can be expressed as
the well-known analytical error ‘‘ trumpet curve ’’: The smaller
the concentration of the analyte, the larger is the spread of the
results. This known fact arises even if the analytical method to
be used is exactly speciﬁed and no further and larger sample
preparation steps are demanded. In the case that the participating laboratories are free to choose the analytical method
they are most familiar with and in the case of real samples
where complex preparation and/or separation work is
involved, the coeﬃcients of variation resulting from such
comparison studies are even much greater. Horwitz3a,3b has
evaluated more than 80 000 of those comparison trials over
the last decades and found at concentrations above 120 ppb
the following empirical relationship between the estimates
of the standard deviation of the reproducibility s and the
concentration of the analyte c (both in mass fractions):
s  0:02 c0:85
which describes mathematically the ‘‘ trumpet curve ’’. In a
recently published IUPAC document3c it is recommended that
this so-called Horwitz equation can even be used to estimate
the uncertainty of an analytical chemical result in the corresponding concentration range in the case of single-laboratory
validation studies! Uncertainty estimations based on this
empirical equation are normally within a factor of only two
to the real one obtained by a cumbersome inter-laboratory
comparison study!
The formulation of this empirical analytical ‘‘ uncertainty
equation ’’ would not have been possible if the quality of trace
analytical work (expressed as the most important inter-laboratory coeﬃcient of variation) would have increased in parallel
to the large progress in sensitivity. Surprisingly, with the exception of the method of isotope dilution analysis, which in
general resulted in the lowest systematic errors, no method
dependency could be observed in all those comparison studies!
This lack of a certain comparability of trace analytical data
means that great care must be applied in the use of such data
for important decisions if a single laboratory produces them.
Many inter-laboratory comparison studies of relative simple
analytical determinations of, e.g., a total element concentration (in the ppm range) in drinking water (nearly no interfering
matrix at all present), showed that a substantial part of all
participating laboratories (often > 10%) produces outliers, that
is, deliver totally wrong data as exempliﬁed in Fig. 1.4 The
slope (laboratory results vs. assigned values) is a measure for
the correctness of the calibration. The correlation coeﬃcient
shows how precise the laboratory processed the samples. It is
a good measure for the ‘‘ inter-sample ’’ precision. A ‘‘ good ’’
laboratory will have a slope and a correlation coeﬃcient near
one. This ﬁgure from a recent study shows how many laboratories are far away from being ‘‘ good ’’ laboratories and 17
laboratories even fall outside the scale used in Fig. 1!
Even worse is the situation in organic trace analysis of complex sample matrices (landﬁll water analysis, whole blood, etc.)
that need a more elaborate sample preparation to reduce the
chance of possible interferences. All too often stable and

Fig. 1 ‘‘ Quality Data ’’ of 197 laboratories from a proﬁciency test
for arsenic in water with 17 laboratories outside the scale, taken
from ref. 4.

reliable calibration standards may be lacking. Here is not the
place to repeat the vast experience in this ﬁeld pointing in
the same direction. Unfortunately not all inter-laboratory studies are published. But everyone participating in those comparison studies receives all the evaluation data and knows
the situation very well.
From this vast experience one could come to the conclusion
that at least in the area of trace and ultra-trace analysis, analytical chemistry is more an art and very much dependent on
the experience of the corresponding analyst! This is generally
not reﬂected in our education eﬀorts where chemical method
uncertainties through systematic errors and data quality issues
are less treated. All statistical methods normally taught assume
bias-free independent measurements and cannot identify a
systematic error. If a similar quality of trace analytical data
can be assumed to be found, among others, also in clinical
chemistry (a comparison study of diﬀerent self-testing devices
by the German ‘‘ Test ’’ Foundation supported this), forensic,
or doping control events in sports, one should be very careful
not to rely on a single laboratory result. Only under the strict
consideration of the ‘‘ total uncertainty budget ’’ as demanded
by all regulations and international quality standards,5 should
the result of any measurement be used for further decisions.
The sample separation into an A and B part to be analyzed
under identical circumstances does not exclude systematic
errors. The renowned British Laboratory of the Government
Chemists (corresponding to branches of the German ‘‘ Bundesanstalt für Materialpruefung ’’, BAM Berlin and the ‘‘ Physikalisch-Technische Bundesanstalt ’’, PTB, Braunschweig) also
noticed this crucial quality aspect of trace analytical work
and estimated the damage by poor analytical quality data
worldwide to exceed the one billion dollar level. Consequently,
it was granted a special program ‘‘ valid analytical measurements—VAM ’’ by the British Government a few years ago.
Last year the German Chemical Society published a memorandum concerning the decreasing education and training in
this important ﬁeld of analytical chemistry especially for
international trading.
Scientists not experienced in the ﬁeld of trace analysis may
ask how systematic errors arise despite having carefully followed a described and accepted analytical method (standard
operation procedure—SOP). Characteristic of a systematic
error is the constant bias against the true analyte concentration
despite an acceptable reproducibility. The origin of this error
must reﬂect this high reproducibility. Sources of variable systematic errors like analyte inputs or losses during the sample
preparation are obviously not involved. It is most likely that
those constant errors arise during the calibration and measurement steps with the corresponding instrument. Any wrong calibration based on false analyte standard concentration would

produce reproducible but wrong results. However besides this
trivial case there are many other error sources present in the
underlying measurement principle. A few examples or questions may illustrate this:
How is the user of a certain mass spectrometer sure that the
ionization eﬃciency in the ion-source is exactly the same for
the calibration standard and the analyte in the sample? How
is the user of a UV absorption method in LC separation sure
that the molecular absorption coeﬃcient is not inﬂuenced by
an interfering compound (known as matrix eﬀect, with the
result of changing the slope of a photometric calibration curve)
which has not being properly separated by the chromatographic column? How is the user sure that in optical emission
spectroscopy the ﬂame or plasma condition (temperature-,
electron density-distribution, etc.) is exactly the same between
the introduction of a calibration standard and the sample?
How is the user of atomic absorption with any kind of
background correction technique conﬁdent that a molecular
band spectrum is not present in the optical pathway at high
instrumental sensitivity (this is not properly corrected by most
background correction methods)? How is the user of electroanalytical methods sure that no surface-active compound or
deposition blocks the active electrode surface area diﬀerently
in the standards and samples? Is the demand for a 100.00 percent current eﬃciency at the working electrode in coulometry
indeed fulﬁlled and how accurate are the methods to prove
this? What happens really in ion chromatography when a
redox couple is being totally separated with a corresponding
change in the local redox potential in the separation column
according to the Nernst equation and does it aﬀect other ions
present it that region?
The most likely explanation concerning the source of such
systematic errors seems to be a lack of fundamental understanding of the physical chemistry of the measuring process.
The black-box situation of many analyst just using a certain
instrument without deeper understanding of its limitations
and all underlying assumptions probably leads to this wrong
and dangerous belief in the quality of the produced analytical
data. This situation in the ﬁeld of classical instrumental analysis should be known in order to judge chemical or biochemical
sensors appropriately or in cases where those methods are
used as reference methods in sensor validation studies.
Super-fast separation methods as a competition with chemical
sensors?
Recent developments in the ﬁeld of very fast separation methods, with total analysis times in the order of a few minutes,
may compete with chemical sensors or biosensors in the future.
In comparison with classical chemical sensors those methods
are superior as far as the selectivity is considered. In comparison with biosensors those methods show multi-analyte capabilities within the time frame of many single-analyte
biosensors. Enzymatic biosensors mostly work under diﬀusion
control of the analyte in order to prevent changes resulting
from a slowly deactivated enzyme. This leads to response times
in the minute range. With immuno-probes it is the so-called
pre-incubation time, which limits its speed. This time is needed
to reach equilibrium between the immune partners prior to
the further analytical steps.
In the ﬁeld of gas chromatography it was the development of
‘‘ ﬂash-GC ’’ which led to this increase in speed. Fig. 2 shows
an example of the speed and separation power of this method.
The increased speeds mainly are the combined result of an
enormous increase in the temperature-programming rate,
shorter and sometimes parallel columns, and faster detectors.
It looks like the response time of the detectors at their most
sensitive settings are now the limiting factor.
Of similar speed is the technique of capillary electrophoresis
(CE). Traditional chromatographic separation times of perhaps
Phys. Chem. Chem. Phys., 2003, 5, 5159–5168
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Fig. 2 Fast GC analysis of Aroclor 1254 (taken from a brochure of
the Restek corporation).

one hour could be shortened to a few minutes. In the ﬁeld
of CE and also in the area of lab-on-chip devices, which
use the same electrochemical ‘‘ transport vehicle ’’, physical
chemistry tells us the details about the origin of the endoosmotic ﬂow, which is based on the Goy–Chapman theory.
Variations of the ionic strength and/or in the amount of
strongly adsorbed particles or surface-active compounds will
lead to diﬀerent endo-osmotic ﬂow rates. The latter prevents
highly reproducible retention times in CE and highly accurate
sampling aliquots in lab-on-chip constructions likewise. This
is known but not always clearly mentioned in those ﬁelds.
These technological developments have to be considered
when the general analytical demands on chemical and biochemical sensors are formulated. In order to be useful as an
analytical chemical information source chemical sensors must
exhibit certain features of which the most important are listed
here:
(i) Selectivity: also at large excesses of interfering compounds, up to 104-fold no interference should occur
(ii) Dynamic measuring range: 2–4 concentration decades
(iii) Detection limit: in the ppt to ppm range
(iv) Limit of quantiﬁcation: in the ppb to ppm range
(v) Reproducibility: standard deviation between 5–10%
(vi) Trueness: (independence from the sample matrix and
concentration dependent) between 10% and 20%
(vii) Response time: between seconds and 1–2 minutes
(viii) Zero-point-stability: between calibration and sample
measurement drift lower than 5% per hour
(ix) Calibration-curve-stability: between calibration and
sample measurement drift lower than 5% per hour)
(x) Storage capability at room temperature: hours to days
(xi) Working life-time: in unknown matrices: hours to days
Lacking several of those demands render chemical sensors
more or less into semi-quantitative screening devices. Nevertheless, there may be a large market if they can be used directly
on the test site. The two last demands are diﬃcult to satisfy by
biosensors. In order to avoid the need for refrigeration, from
their ﬁrst assembling to their ﬁnal use, the fragile biocomponents are often applied in a freeze-dried state. This
needs a short time to be fully functional after some water
or buﬀer has been added.
Pre-calibrated immune-chemical and DNA hybridisation probes
The term ‘‘ probe ’’ is used here in the sense of an IUPAC suggestion2 to use the name ‘‘ sensor ’’ only for devices, which can
continuously measure and follow also concentration decreases
of the analyte. Immune-chemistry based methods are more
versatile than enzymatic methods since antibodies can be
obtained against nearly every molecule of a certain minimum
size in contrast to the limited number of enzymatic catalyzed
reactions given by evolution. All immune-chemical probes
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are more or less based on the corresponding classical ELISA
method. In fact, before such receptor-based biosensors are
constructed, the antibodies are most often characterized by
an ELISA method. Thus, those biosensors cannot demonstrate
a better selectivity than that of the classical ELISA methods
(e.g., cross reactivity). However, they can be more rapid and
more sensitive and in principle also show a better reproducibility than their microtiter-plate based counterpart method. In
developing novel ‘‘ immuno-probes ’’ some marketing aspects
arise very early. In the ﬁeld of environmental analysis the
ﬁrst so-called ‘‘ immuno-kits ’’ are already on the market and
accepted by several environmental agencies. Those kits are
simple to use, not expensive, and sometimes use simple testtubes pre-incubated with the corresponding antibodies. The
analytical result can be read on a simple transportable photometer. However, a matrix-adopted analytical standard has to
be run at the same time. Any yet to be developed immunoprobe has to compete with those low-cost kits. This prohibits
the use of more expensive physical transducers for the transformation of the biochemical signal into an electrical one.
At the Institute for Chemical and Biochemical Sensor
Research (ICB Muenster e.V.) at the University of Muenster
(now ICB GmbH, Muenster), a complete platform technology
for receptor-based devices has been developed during recent
years, which is the base for this progress report. Platform technology means that one and the same technology can be used in
diﬀerent application areas. This increases the production numbers and decreases the individual production costs. Key arguments against the already available low-cost immune-chemical
test-kits for ﬁeld-use and the slow laboratory-based ELISA
procedure were the need for always running an analyte standard in parallel to correct for variable numbers of immobilized
immune-chemical partners (either the antibody or the antigen
might be ﬁxed to a surface). In the ELISA case this variability
is introduced by slight diﬀerences in the pre-analytical adsorption procedures or variations in the antibody titer of the corresponding antibody solution. This titer can be determined only
by less accurate methods. In the case of pre-immobilized antibodies the variation of the antibody concentration on the surface might additionally arise through slow degradation of the
fragile bio-molecular recognition shape due to longer storage
times under unfavourable conditions. Sometimes the analyte
standard is maintained within the immuno test probe (e.g. as
a second channel as in case of the so-called ‘‘ capillary ﬁll
devices ’’ using a ﬂuorescence label detection instead of an
additional enzymatic reaction as in ELISA). To use the right
stable standard is sometimes a problem when labile analytes
(e.g., metabolites) are to be determined. Also here, the matrix
of the standard should be similar to the corresponding sample
matrix, a fact that is sometimes neglected.
The search at the ICB was therefore directed towards a
method in which surface-density variations of the accessible
immune-chemical molecular structure show no eﬀect on the
analytical signal. It can be shown theoretically that this
demand can be met if the relative signal changes controlled
by the kinetics of the analyte determining immune-chemical
reaction are measured. Even if only 10% of the antibodies
immobilized on a transducer surface are still ‘‘ alive ’’, if their
total concentration is in excess of the concentration of the corresponding analyte (antigen) the accumulated number of binding events (sensed by any means) per unit time ( ¼ relative
signal change) arising when the sample is passed over the surface will still be proportional to the analyte concentration.
However, in immune chemistry the limitations from the mostly
diﬀusion controlled reaction rates must be avoided. The analyte in the sample solution generally ‘‘ approaches ’’ the binding
sites of the antibodies immobilized on a transducer surface or
vice versa—when an antibody concentration is to be determined—through their immobilised antigens by a rather slow
diﬀusion process.

A physical chemical view of the so-called stagnant Nernst
diﬀusion layer thickness d as shown schematically in Fig. 3
reveals that the latter can be reduced and the diﬀusion process
signiﬁcantly be accelerated by increasing the relative ﬂow velocity parallel to the surface and to oﬀer a much smaller sample
ﬂuid compartment, thereby reducing the distances between the
binding partners. All this can simultaneously be achieved by
creating a very ﬂat channel in the micrometer range on top
of an appropriate transducer surface with one binding partner
immobilized. At accelerated ﬂow rates of the sample ﬂuid
through this channel the diﬀerent association kinetics of
diﬀerent antigen–antibody systems become measurable.
Concerning the detection of the above mentioned binding
events between the analyte molecule and the corresponding
antibody by an appropriate transducer the technique chosen
was NIR-ﬂuorescence detection combined with an evanescence
ﬁeld excitation. The former guarantees superb sensitivity and
storage stability (compared to enzymatic labelling) and the
latter that only bound labelled molecules are detected. Nonspeciﬁcally adsorbed ones cannot approach the surface close
enough to be optically excited by the evanescent electromagnetic ﬁeld extending only about ca. 200 nm into the measuring
channel due to special blocking layers. This avoids elaborate
washing steps and is illustrated in Fig. 4 in the case of DNA
hybridisation detection.
All those theoretical considerations for a pre-calibrated optical immuno-probe are manifested in a very simple single-use
chip-version made from extruded PMMA at costs of a few
cents as shown in Fig. 5. The base plate is the light conductor
and is covered with the corresponding immuno-partner (antibody or antigen) using a standardised batch-wise production
process. Total reﬂection of the 635 nm laser light creates the
evanescent ﬁeld at its surface. The sample-measuring channel
is formed by a properly cut-out double adhesive strip with a
thickness of about 50 mm and a cover plate with a sample inlet
and outlet.
For the ﬂuorescence label the often used dye Cy5 was chosen
due to its favourable NIR excitation wavelength, allowing a
low-cost diode laser at 635 nm as light source to be used and
because the labelling is easily performed by commercially
available chemical kits. The instrumental set-up is straightforward and shown in Fig. 6. It is important that the ﬂow rate of
the sample through the channel is kept very constant. This is
achieved by using a piston controlled sample ﬂow starting after
the ‘‘ immuno-chip ’’ is placed in the measuring instrument or
by applying a slight vacuum at the outlet.
Typically, with 100 mL sample volume, the ﬂow rate lies in
the range of a few mL s1. If the analyte is present a steadily
increasing ﬂuorescence signal is produced for about 100 seconds as shown in Fig. 7. This is suﬃcient to allow a mathematical signal averaging. In addition, such short measurement

Fig. 3 Schematic presentation of the mass transport in the ﬂow channel of the ‘‘ immuno-chip ’’; the stagnant Nernst layer is decreased by
an appropriate micro ﬂuidic to see the binding kinetics; evanescence
ﬁeld excitation of bound labelled antibodies (in this sandwich assay
example): see Fig. 4.

Fig. 4 Evanescence ﬁeld detection of the hybridisation event by
labelled target DNA segments.

times reduce the negative eﬀect of photo bleaching. Around
the sample inlet hole a well is being formed in which all the
necessary chemicals (further antibodies, buﬀers, etc.) are
placed in a freeze-dried form. Important is the convenient possibility to add further sample treatment steps between this inlet
well and the ﬁnal measuring ﬂow channel. Even a separation of
red blood cells from the plasma can be performed on the
immuno-chip by a combination of ﬁltration and paper chromatography through a second ‘‘ stapled ’’ ﬂow channel also
built-up by a cut-out adhesive strip as spacer between the ﬁrst
cover plate and an outer one above the measuring channel.
This improves the versatility of this optical ‘‘ immuno-chip ’’
very much since it allows point of care (POC) measurements
without using a centrifuge in the lab for the serum production.
A thorough theoretical treatment shows that the rate of the
increasing ﬂuorescence signal (slope) is proportional to an
apparatus constant R (a/o, the measuring channel surface
area and the sample ﬂow rate), the association constant kass
for the corresponding immune-chemical reaction and the
concentration of the analyte c:
slope / R; kass ; c
Thus, immune-chemical reactions with a rather high aﬃnity
constant show a higher sensitivity (slope of calibration curve)
than the ones with a lower aﬃnity constant. The apparatus
constant R can be used to increase the sensitivity of immunechemical reactions with lower association constants or analytes
in lower concentration ranges by increasing the width of
the measuring channel. Such a sensitivity adjustment is very
valuable in multi-analyte determinations covering simultaneously totally diﬀerent analyte concentrations. By this, up to
8–10 analytes can be determined with the typical analytical
performance characteristics shown below by preparing locally
separated ‘‘ capture ’’ areas on the base plate. A mechanical
shutter selects the channels for the diﬀerent analytes which
are sequentially measured for a few seconds with the one
photomultiplier. In a more generic set-up ‘‘ capturingantibodies ’’, which are generally directed against foreign
antibodies (e.g. rabbit antibodies to bind mouse antibodies)

Fig. 5 ‘‘ Immuno-chip ’’ assembly with only three parts.
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Fig. 6 Instrumental set-up with a low cost diode laser.

are immobilised in the measuring channel. This allows ELISA
methods not based on a sandwich principle to be adapted for
this chip. Here, the special Cy5-labelled analyte selective antibodies are deposited together with all other reagents in the
inlet well. Adding around 100 mL sample a short incubation
time (around 20 s) is needed to reach the equilibrium between
the analyte molecules in the sample and their labelled antibodies. The sample ﬂuid is then passed through a sample preparation channel consisting of a membrane ﬁlter with
immobilized analyte molecules. By this the excess of the ﬂuorescent analyte selective antibodies are captured here. The equally
labelled analyte–antibody complex passes this membrane and
is ﬁnally captured by the anti-antibody receptors on the
surface of the measuring channel. This leads to an increasing
ﬂuorescence signal with a slope strictly proportional to the
analyte concentration. In principle, all known ELISA methods
can be ‘‘transferred’’ into this simple optical single-use
‘‘immuno-chip’’ design. It is superior to ELISA methods or
immune-chemical ﬁeld test-kits with respect to sensitivity, precision, speed, and freedom from calibrating standards. The
batch-wise production of the capturing measuring channels is
accompanied by a calibration through the chip producer
saving all needed data in an electronically readable format on
top of the immuno-chip.
Fig. 8 shows a typical calibration graph in log–log form for
the pregnancy hormone hCG obtained with diﬀerent single use
‘‘ hCG-chips ’’ from the same production lot. The high precision is documented by the error bars (triplicate measurements).
Note also the large dynamic measuring range of 3 orders of
magnitude.
For environmental analysis it was shown per example that
the herbicide 2,4-dichlorophenoxibenzene could be determined
with a such an ‘‘ immuno-chip ’’ down to the threshold limit of

Fig. 7 Kinetic evaluation principle—the slope of the increasing
ﬂuorescence signal DV/Dt is the ‘‘ analytical signal ’’, example here:
hCG in the ppb range.
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Fig. 8 Calibration curve for the pregnancy hormone hCG and error
bars obtained by triplicate measurements of diﬀerent ‘‘ immuno-chips ’’
from the same production lot.

0.1 ppb (0.1 mg L1) with only a 200 mL sample. This corresponds to less than 200 pg of this low molecular mass analyte
in total. The general analytical performance characteristics of
the novel multi-analyte ‘‘ immuno-chip ’’ depend naturally on
the quality of the monoclonal antibodies. Typical values are:
(i) detection limit: 0.1 ppb
(ii) limit of quantiﬁcation: 1 ppb
(iii) dynamic range: 1000
(iv) selectivity: comparable to ELISA
(v) reproducibility: standard deviation <8%
(vi) sample volume: 100–200 mL
(vii) measuring and evaluation time: <2 min.
Quantitative real-time DNA hybridisation array
DNA arrays have become very popular in recent years. Most
optical DNA arrays are based on some kind of endpoint detection depending on how many hybridisation events have taken
place after a certain incubation time. Thereby, the complementary sequences (targets) which are looked-for are brought into
contact with an array of properly chosen probes immobilized
on a glass surface by diﬀerent means.
Eventually DNA segments present in the sample hybridise
with their complementary counterparts (probes on the surface). The detection of the formed double stranded helix (dsDNA) is then detected by diﬀerent means. Either the sample
DNAs are optically marked (Cy5 is also here a favoured marker) or the ds-DNA is sensed by intercalation of certain dyes
or by ds-DNA antibodies, etc. The identiﬁcation relies on an
exact mapping of the chip surface with respect to the location
of the applied probes. The nucleic acid sequence of any probe
in a certain position in an array of sometimes > 50 000 spots
cm2 is known. If a hybridisation event can be detected at this
spot location (mostly optically after some development time)
the corresponding complementary DNA sequence was present
in the sample. Normally, the procedure takes several hours and
the optical DNA array chip or its CCD camera picture can be
saved as a document.
The diﬀerent array chips on the market diﬀer mainly in the
way in which the probes are brought to the chip’s surface. As
in the case with the diﬀerent ELISA techniques, standardized
readers and special software are used to evaluate those
DNA-array chips with respect to the intensity of the optical
label. Those high-density chips are mainly used for research
and their high price hinders wider applications like in the ﬁeld
of everyday medical diagnostics. The evaluation is complicated
by the fact that some mismatches of longer segments and/or
by additional stabilization through additional hydrogen bonds
are not easily detected.
For diagnostic applications the emerging discipline of bioinformatics has found out that only a few DNA segments or

diﬀerently expressed proteins (so-called super-markers) can be
used to reliably identify a certain sickness (e.g. tumors in certain body parts) at a very early stage. Thus, corresponding
low-density arrays may have a large application area.
Fig. 9 shows schematically how the hybridisation of a Cy5
labelled complementary DNA leads to ﬂuorescent signals in
the narrow evanescent ﬁeld region near the surface leaving
all other non-hybridized ﬂuorescent ss-DNA of the sample
undetected. This time, however, the individual probe spots
must be imaged in real time by a proper optical system and
a CCD camera as shown in Fig. 10.
Also the micro ﬂuidics of the PMMA chip had to be changed to allow a ﬂow rate in the mL s1 range with a parallel
streaming front in a much broader channel which can contain
up to 400 diﬀerent probe spots on the base plate; hence the
curved shape of the ﬂow-channel. The main construction of
the DNA-array chip is shown in Fig. 11 and is similar to the
immuno-chip: mass produced transparent PMMA or more
often glass base plates glued together with the double adhesive
ﬂow-channel forming spacer (50 mm) which keeps the production costs extremely low. Instead of the biotin–neutravidin
coupling (Fig. 9) used for ﬁrst experiments the immobilization
protocol for micro spot probes followed the method suggested
by Meier and Hoheisel:6
(i) silanization with 3-[2-(2-aminoethylamino)-ethyl] propyltrimethoxysilane
(ii) activation with phenyl-diisothiocyanate (PDITC)
(iii) addition of 50 -aminomodiﬁed oligonucleotides
(iv) deactivation of the surface with 6-aminohexanoic acid
(v) blocking with Rotiblock
In Fig. 12 the concentration dependence of the real-time
hybridisation event is shown employing an experimental 5  5
probe spot array on a 2  2 cm glass slide as base light conductor. The probe array, which consisted of 5 diﬀerent 20 bp
long oligonucleotides, was produced by using a nano-litre
dispenser. The targets were the corresponding complementary
20 bp long molecules. As in the ‘‘ immuno-chip ’’ case the
slopes of the increasing ﬂuorescence signals due to the hybridisation processes are proportional to the corresponding DNA
concentration in the sample; the sensitivity and dynamic
sranges are similar.
In order to simplify the use of such a real-time DNA hybridisation array system, special software for alignment of the
probe spot-array with the CCD camera pixels and graphical
representation of the diﬀerent analytical signals was also developed. Fig. 13 shows an example of an experimental 5  5 probe
array with its graphical presentation in colour coding. By

Fig. 9 Schematic picture of the real time detection of the hybridisation event using the ‘‘ immuno-chip ’’ technology with its kinetic
evaluation method together with an example of a generic immobilization method.

Fig. 10 Instrumental set-up for imaging the DNA array.

clicking on any probe spot on the computer screen the kinetics
of the corresponding hybridisation process is presented. Since
the DNA array chip can be thermostatted, melting point determinations or more stringent conditions for the identiﬁcation
single mismatch situations when larger oligonucleotides
interact can be applied.
The low cost DNA array chip developed shows further
advantages besides a fast real time monitoring of simultaneous
hybridisation events: By applying an appropriate dissociation
buﬀer the dissociation of the ds-DNA can also be monitored
in real-time. One typical example of a mismatch that is diﬃcult
to detect with the standard techniques is the known extra stabilization of G–T associations by additional H-bonds. Fig. 14
shows an 18 mer probe oﬀered their complementary segments
within an 38 mer with 0 and 1 mismatch positions. Any endpoint or equilibrium and even the association kinetics evaluation method would hardly detect this mismatch condition! In
this cases a special dissociation buﬀer, which increased the
stringency was added to the sample well and directed though
the measuring channel. Only then, a single mismatch becomes
visible (within a time frame of a few minutes). Furthermore,
after such a dissociation the array can be re-used with a general
loss of sensitivity of about 1% per such a rejuvenation step.
With chip costs of only a few Euros and the possibility of multiple use it should be competitive on the large DNA market
(SNP analysis).

A novel micro-electrochemical method for ultra trace
immune-chemical assays or binding force measurements
A new development at ICB Muenster deals with a novel
immune-chemical transduction principle.9 It is based on a relatively simple electrochemical transducer in the form of an
array of microelectrodes with diameters suﬃciently small and
distances suﬃciently separated from each other to guarantee
spherical diﬀusion of the corresponding oxidized or reduced
indicator-molecules in an appropriate base electrolyte (buﬀer).

Fig. 11 Optical real-time DNA array assembled with 5 parts and
optimised micro ﬂuidic to yield a parallel sample streaming front
over the probe spots (note the curved channel shape demanded by
the micro ﬂuidics).
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Fig. 12 Calibration plots with error bars for 5 diﬀerent oligonucleotides in the femtomol range obtained with the DNA array chip of
Fig. 11; taken from ref. 7.

Under such conditions stirring a sample solution, vibrations or
other mechanical disturbances do not aﬀect the ﬂowing steady
state redox-current of a reversible indicator redox system in
the mM range added to the samples. At such concentrations
and with microelectrodes in the form of an array of 100 individually addressable platinum electrodes with a diameter of
3.0 mm as used here, the turn-over is negligible so that no current decrease can be sensed even at longer times. In the following experiments a 5 mM hexacyanoferrate(II) solution (1 M in
KCl) was used and a potential of +600 mV (vs. sat. Ag/AgCl)
was applied. The resulting oxidation current can be used as a
simple and inexpensive transducing principle: any surface
blockade of the spherical diﬀusion pathway by a selective binding of specially surface-modiﬁed magnetic latex beads leads to
a corresponding decrease in this current. Fig. 15 shows schematically the working principle of this transduction method.
In a ﬁrst experiment magnetic unfunctionalized latex beads
with a diameter of 2.5 mm were added to the above mentioned
ground electrolyte solution. When they reached the microelectrode surfaces through sedimentation they obviously block the
diﬀusion pathway in a reversible manner as Fig. 16 demonstrates. This eﬀect is also measurable with a single microelectrode, however with slightly increased noise (nA range). If
the magnetic beads are removed from the electrode surfaces
by a magnet the original steady state current can be established
in both cases. If the magnetic beads are however chemically
bound to the microelectrode surfaces the magnetic force to lift
them oﬀ must be considerable higher.

Fig. 13 Example of the software, which delivers a real-time graphical
image of the concentrations of diﬀerent target molecules bound at
diﬀerent locations of the experimental 5  5 spots DNA array; clicking
on the position of any visualised hybridisation event opens the
corresponding window showing the real time association kinetics.

5166

Phys. Chem. Chem. Phys., 2003, 5, 5159–5168

Fig. 14 Diﬀerentiation between zero mismatch (0 mm, upper curve)
and one mismatch (1 mm, lower curve) by dissociation and increase
of stringency in real time on the DNA array chip; taken from ref. 8,
(i) 18 mer probes (0 mm and 1 mm) immobilised on sensor surface; disadvantage: GT-mismatch is tolerated in association due to additional
hydrogen bonds, (ii) association: 38 mer Cy5-target in hybridisation
buﬀer (contains 40% formamide), 1 mL s1, (iii) dissociation: pure
hybridisation buﬀer (with 60% formamide), 1 mL s1.

In a further experiment increasing amounts of those magnetic beads were added with the help of a micro pipette and
the resulting current decrease recorded (Fig. 17.) As expected,
sub-monolayers of those particles can easily be detected
demonstrating the superb sensitivity of this novel transducing
principle. In this experiment fractions of a monolayer of magnetic beads calculated by their projected area coverage in relation to the total surface of the micro array (including the
insulation area) were added to the ground electrolyte with the
indicator redox system up to an amount corresponding to 6
monolayers. After one monolayer no signiﬁcant further current
decrease is observed indicating the possibility for single molecule detection when individually addressable microelectrodes
are used.
Compared with a pure statistical distribution of the magnetic beads between the microelectrode surfaces and the surrounding insulator surface, the beads preferred the electrode
surfaces due to electrostatic attractions. It also shows that
higher concentrations than the one needed for a monolayer
coverage cannot be sensed.
In order to demonstrate the applicability of this novel transduction principle also for immune-chemical sandwich assays

Fig. 15 Schematic visualisation of the micro electrochemical measuring principle in the case of an immune chemical sandwich assay; here it
is assumed that two antibody molecules immobilized on the surface
of the magnetic bead each form a bond with the already bound analyte (A) molecules on the surface of the microelectrode. For further
information see ref. 10.

Fig. 16 Reversibility of the surface blocking of microelectrodes by
adding magnetic beads to the ground electrolyte with the indicating
redox system (see text); the magnetic beads (diameter 2.8 mm) were
added as suspension into this electrolyte, they covered the surfaces
of the microelectrodes by sedimentation and were ﬁnally pulled away
by a magnet. A shows the current decrease for an array of 100 microelectrodes electrically switched together. B and C show the current
decrease on single microelectrodes; taken from ref. 10.

with one antibody bound to the electrode surface and the second analyte-recognizing antibody bound on the surface of the
magnetic beads the model system neutravidin–biotin was used.
If the immune-chemical sandwich complex with a magnetic
bead is formed on the surface of a microelectrode a slowly
increased magnetic ﬁeld can diﬀerentiate between only
adsorbed complexes and those with an analyte-selective
immune-chemical binding by the magnetic force needed to pull
the magnetic-bead-immune-complex away from that surface
and restore the original current. Such a diﬀerentiation is badly
needed in all transducer principles needing no labelling since
this determines the actual detection limit—not the calculated
theoretical one! No ‘‘ so-called ’’ direct transducer in this ﬁeld
can be more sensitive than the reproducibility of the non-speciﬁc binding eﬀects, which vary with the adsorbing properties
of the interfering sample constituents.
If the magnetic ﬁeld is calibrated, this simple set-up allows
the determination of molecular binding forces. The advantages
of this micro-electrochemical method compared to the one
used with the atomic force microscope lies in the fact that

Fig. 17 Sensitivity of the micro electrochemical transducer principle
demonstrated with an array of 100 microelectrodes switched together,
taken from ref. 10.

while AFM needs many repetitive experiments to yield acceptable statistics and a more accurate mean the micro-electrochemical method obtains the spread of values simultaneously.
Fig. 18 shows a measurement of the binding forces of the
often-used model system: neutravidin–biotin. The microelectrodes were coated by neutravidin and the magnetic beads
were functionalized with biotin. The three graphs show the frequency of a current change if a bond was broken as ordinate
versus the magnetic force applied to split the bond in a scale
not yet calibrated in absolute force (SI) units. The ﬁrst graph
(A) shows the situation in which neither the magnetic latex
beads nor the microelectrodes were functionalized with a binding partner. The weakly adsorbed particles were removed from
the surfaces of, in this case, 16 microelectrode surfaces with a
very small magnetic ﬁeld with one particle being slightly more
strongly adsorbed. The middle graph (B) shows neutravidincovered microelectrodes and a situation where biotinylated
magnetic beads were added. However, adding biotin to the
ground electrolyte with the indicator redox system before the
beads were added blocked the binding between the beads
and the microelectrode surface. As expected, no real binding
can take place (with the exception of one case among 28 cases
of only loosely adsorbed magnetic beads). However, when the
biotinylated magnetic beads can react with the non-blocked
neutravidin surfaces a spectrum of molecular binding forces
can be obtained. A similar spread of the binding forces of this
model system obtained by numerous repetitive AFM measurements was also described in the literature.11 This also revealed
that those immune-chemical partner molecules form multiple
bonds as indicated schematically in Fig. 15.

Outlook and conclusions
For the micro-electrochemical approach it can be expected
that a further alignment and optimization of the shapes of
the magnetic beads and the capturing microelectrode surfaces
(e.g. recessed microelectrodes) and a nano-scale miniaturization of both will increase the signal-to-noise ratio. If a single
electrical coil below the insulator surface surrounds each array
microelectrode only a few mA are suﬃcient to produce the
needed magnetic ﬁeld strength.

Fig. 18 Binding force measurements with the model system neutravidin–biotin and an individually addressable microelectrode array.
(A) Neither the magnetic beads nor the microelectrodes were functionalized with receptors. (B) The microelectrodes with immobilised neutravidin were blocked by adding biotin into the base electrolyte before
the biotin-functionalized beads were added. (C) The binding between
the biotin-functionalized magnetic beads and the neutravidin-functionalized microelectrode surfaces via the neutravidin–biotin binding
has occurred and a slowly increasing magnetic ﬁeld pulls oﬀ the
magnetic beads according to their diﬀerent binding force (personal
communication by A. Gorschlueter, L. H. Mak and N. Dankbar).
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Provided that the optical immuno- and DNA-chip can be
standardized, automated, and delivered with a reliable expert
system, such a visionary system could be installed in any
doctor’s oﬃce to allow very early detection of a deteriorating
health status. Likewise, single point mismatches or single
nucleotide polymorphism (SNP) or the detection of genetically
modiﬁed food or the determination of a meat species does not
demand a costly high-density DNA array. The techniques
described here allow ‘‘ on-the-spot ’’ analyses or point of care
applications.
Although this progress report is limited due to space limitations to examples of the own groups at the ICB and the chair
of analytical chemistry at the University of Muenster, it nonetheless demonstrates the large achievement in selectivity and
sensitivity obtained in chemical sensing with immuno-probes
and low density DNA arrays in recent years. Chemical and
biochemical sensors are increasingly being applied also for
trace analytical work. In a critical comparison with the traditional and much more sophisticated instrumental analysis it
should be borne in mind that the latter also have problems
with systematic errors and should not be used as appropriate
reference methods for the validation of sensors unless the
instrumental method has been thoroughly validated itself.
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