
Abstract Based on electrical biochips made in Si-tech-
nology cost effective portable devices have been con-
structed for field applications and point of care diagnosis.
These miniaturized amperometric biosensor devices enable
the evaluation of biomolecular interactions by measuring
the redox recycling of ELISA products, as well as the elec-
trical monitoring of metabolites. The highly sensitive redox
recycling is facilitated by interdigitated ultramicroelec-
trodes of high spatial resolution. The application of these
electrical biochips as DNA microarrays for the molecular
diagnosis of viral infections demonstrates the measurement
procedure. Self-assembling of capture oligonucleotides via
thiol-gold coupling has been used to construct the DNA
interface on-chip. Another application for this electrical de-
tection principle is continuous measuring with bead-based
biosensors. Here, paramagnetic nanoparticles are used as
carriers of the bioanalytical interface in ELISA format. A
Si-micromachined glucose sensor for continuous monitor-
ing in interstitial fluid ex vivo shows the flexibility of the
electrical platform. Here the novel approach is a pore mem-
brane in micrometer-dimensions acting as a diffusion bar-
rier. The electrochemical detection takes place in a cavity
containing glucose oxidase and a Pt-electrode surface. The
common hydrogen peroxide detection, together with Si
technology, enable precise differential measurements using
a second cavity.
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Introduction

The biochip technology in biochemistry and medical di-
agnosis will have to provide accurate, practical, cost-effec-
tive systems and nevertheless portable devices to be used
in field applications and point of care diagnosis. The early
biochips were developed to be used for the measurement
of products of enzyme catalyzed reactions e.g. the meta-
bolic species glucose or lactate [1, 2]. Now the key princi-
ple of biochips is the detection and quantification of affinity
binding of molecular complexes, where the transducers
mainly use the evaluation of colorimetric or fluorescence
signals [3] or electrochemical methods [4, 5, 6, 7, 8, 9].

By building electrical biochips in Si-technology, the
realization of a compact system with high integration lev-
els running at acceptable costs is feasible. The advantage
of fully electrical chips is the intrinsic high spatial resolu-
tion and direct signal coupling of the biosensing element
and the transducer. Many efforts have been made in the
construction of miniaturized biosensing devices enabling
electrical monitoring of metabolites as well as the evalua-
tion of biomolecular interactions.

We present here Si-based electrical biochip arrays us-
ing an amperometric redox-recycling reaction onto inter-
digitated ultramicroelectrodes [10, 11], which have been
arranged in array formats. The effort of a simultaneous
measuring multichannel potentiostat [12] was reduced by
an optimized multiplexing 16-channel potentiostat [13].
The application of those electrical biochips as DNA biochip
arrays for the molecular diagnosis of viral infections
demonstrates the measurement procedure. The common
method of self-assembling capture oligonucleotides via
thiol-gold coupling [14, 15, 16] was used to construct the
array chip DNA interface.

In another application of the electrical biochips, the
continuous glucose monitoring of human body fluid is
shown by using a novel type of Si-micromachined sen-
sor.
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Low-density electrical microarrays

Diagnostic systems equipped with DNA or protein biochips
have become a more and more important method in med-
ical sciences. Today, the main field of applications is fo-
cused on genomic diagnosis [17]. The detection of genetic
predispositions or the evaluation of pharmaceutical targets
are examples [18, 19]. One application in the future of
biochip assays will be the clinical diagnosis of patients for
personalized medical care.

The biochips detect and quantify the interaction of com-
plementary DNA strands to double-stranded hybrids or
protein-protein interactions. The precise detection of opti-
cal signals implies the use of highly sophisticated and there-
fore expensive devices. In contrast, the electrochemical
detection of DNA-hybridization or protein interaction with
an ELISA-like test system is an inexpensive method. Many
different approaches exist for the design of such electrical
genosensors [20]. Some are based on physical properties
of DNA, like conductivity differences due to hybridiza-
tion and base stacking or changes in sterical intercalation
properties [6, 7, 8].

The main principle for building up biological interfaces
onto the electrical transducer is the spontaneous self-orga-
nizing binding of thiol labeled molecules onto gold sur-
faces [14]. These self-assembled monolayers could be
chemically activated to bind DNA [15]. Thiolated DNA
capture probes or protein fragments have been linked di-
rectly onto gold successfully [16, 21]. The electrical array
chip technology adapted this approach.

The construction of an ELISA on chip with electro-
chemical detection enabled direct biosensing in an array
format. The development of such electrical multiposition
chips for biological detection and highly sensitive multi-
potentiostats enable a parallel and simultaneous analysis
of complex mixtures of affinity binding molecules. These
arrays consist of interdigitated gold ultramicroelectrode-
arrays [12] of 0.8 µm width and 0.8 µm gap manufactured
in Si technology (Fig. 1). The detection of each array posi-
tion is based on redox-recycling [11] of products, gener-
ated by enzyme labeling of affinity bound complexes. The
principle of the DNA-ELISA is illustrated in Fig. 2.

As a model application the identifications of Epstein-
Barr virus (EBV), cytomegalovirus (CMV) and herpes sim-
plex virus (HSV) were demonstrated on a low-density chip.
This array with eight individually addressable positions
connected to a multipotentiostat was used for the sequence-
specific electrical detection of virus DNA. The deposition
of thiolated capture DNA onto each gold electrode of the
chip was performed by the use of a nanoliter-dispensing
device. The whole experimental setup consisted of an in-
house-made highly sensitive 16-channel multipotentio-
stat, a flow cell on the chip array and a computer con-
trolled fluidic station. The whole system is short and easy
to handle, which enabled transportation and in field detec-
tion. Data were directly recorded via a laptop computer.

An interrogative sequence from genomic virus DNA
out of a clinical blood sample was amplified and biotiny-

lated by a multiplex PCR [22, 23, 24]. The amplified 
ds-DNA was denatured and applied to the biochip sur-
face, where the single-stranded nucleic acid targets hy-
bridized to corresponding array positions. Thereafter posi-
tions carrying hybridized target-DNA were labeled by an
ExtrAvidin alkaline phosphatase enzyme conjugate. This
enzyme converted its substrate p-aminophenyl phosphate
to the electrochemically-active product 4-hydroxyaniline.
This product was measured at –50 mV and +350 mV against
an external reference electrode. The quantity of bound
molecules was determined by simultaneous measuring the
kinetics of 3-s long periods of local current responses in a
stopped flow procedure (Fig. 3).
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Fig. 1 Details of the electrical array-chip. The chip is equipped
with 28 positions of 200 µm in diameter. Of these, 14 positions
have test structures, and 14 have interdigitated gold ultramicro-
electrode-arrays (IDAs)with 0.8 µm gap and 0.8 µm width. The
positions used for DNA-assay are marked

Fig. 2 Scheme of the DNA-ELISA. Target molecules bound specif-
ically to the thiol-linked capture molecules and were than enzyme-
labeled. The enzyme converted its substrate p-aminophenyl phos-
phate (p-APP) to the electroactive p-aminophenole (p-AP) which
was measured at the electrodes



It could be seen that the patient was CMV infected.
The slope of each chip position is proportional to its target
concentration which allows also the quantification of the
results.

Bead-based and continuous electrochemical biosensors

Electrochemical detection principles can be used in many
other formats than microarrays, and in different miniatur-
ized devices. For several applications, microarrays may
not provide the best detection platform for bioanalytics,
because there might be a need for an additional separation
procedure, a higher sensitivity or a continuous monitoring
of analytes. Many of these alternative formats are devel-
oped to enable integrated lab-on-a-chip devices tailored to
specific applications.

The use of metal nanoparticles in bioanalytical appli-
cations has recently attracted increased attention. Besides
using optical properties of nanoparticles, such as changes
in light scattering due to induced aggregation of particles
by biomolecules’ interactions [25, 26, 27] or quartz-crys-
tal-microbalance measurements [28], electrochemical de-
tection and quantification principles have been successfully
adapted for biochip applications. Signal enhancement strate-
gies such as silver deposition on gold particles can further
increase the sensitivity and facilitate the use of nanoparti-
cles in highly sensitive biomolecule detection [29, 30].
Wang et al. [31] used gold nanoparticles of 10 nm diame-
ter for the direct electrochemical detection of DNA hybrid-
ization.

Magnetic beads consist of a superparamagnetic core
surrounded by a polymeric outer layer suitable for the im-
mobilization of the molecules of choice and application in
electrical biochip technology.

As previously shown, not only DNA has been detected
by magnetic bead-based electrochemical assays. The de-
tection of environmental pollutants provides a wide range

of targets for biosensors. Dequaire et al. [32] showed an
antibody-based electrochemical sensor using a competi-
tive immunoassay for the specific detection of herbicides.
Several groups have used magnetic beads to selectively
capture microorganisms from a matrix before electrochem-
ical detection [33, 34].

The aim of many approaches in electrochemical bioan-
alytics is the continuous monitoring of biomolecules [35].
Here, electrical microchip technology offers the excellent
sensitivity and portability of electrochemical transducers
for building such biosensor systems.

Based on the described technology of Si-based electri-
cal biochips we developed a system for semi-continuous
monitoring of biomolecules in combination with magnetic
beads. One application focuses on the quantification of
RNA derived from microorganisms [36]. DNA capture
probes on magnetic beads are used to facilitate the isola-
tion of RNA from samples of lysed microorganisms. The
capture DNA molecules are immobilized on streptavidin-
coated beads by biotin modification of the probes. The
capture probes and digoxigenin-labeled detection probes
are simultaneously hybridized with the sample. Upon com-
pletion of the hybridization the beads are incubated with
an anti-digoxigenin antibody alkaline phosphatase conju-
gate. Thus, captured RNA molecules on the beads are la-
beled with the enzyme. The beads are incubated with sub-
strate solution containing p-aminophenyl phosphate. The
p-aminophenol released by the enzyme is then detected by
redox-recycling between interdigitated gold microelec-
trodes (Fig. 4). The highly sensitive system was able to de-
tect of 1012–1010 molecules of 16S rRNA within 25 min
and 4 h, respectively. The most notable advantage of the
system is the option of reusing the Si chip-based detec-
tion unit by separation of the biointerface onto renewable
magnetic beads. The system can be further automated to
provide e.g. autonomous monitoring of fermentation pro-
cesses.

Glucose sensor for continuous monitoring 
in interstitial fluid

For many years the connection between a tight control of
blood glucose level and the prevention of severe late com-
plications due to hyperglycaemia as well as unrecognized
incidents of hypoglycaemia in diabetes mellitus has been
known [37, 38]. Of special focus, therefore, is the devel-
opment of a continuous glucose monitoring system which
is able to measure on-line glucose data as a basis for closed
loop insulin application [39]. Several approaches have been
followed up, of which most could not be developed as far
as having a reliable system [38]. One of the main prob-
lems of continuous glucose sensors proved to be the long-
term stability, which was mainly reduced by surface foul-
ing and enzyme insensitivity by blood components and fac-
tors of the immune system [40, 41]. In particular, sensors
which were implanted in the body in blood vessels or sub-
cutaneously showed time-dependent decreasing sensitiv-
ity, resulting in incalculable calibration security [42, 43].
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Fig. 3 Responses of the electrical virus-chip. The currents slopes
were recorded simultaneously for all positions. According to the
columns a cytomegalovirus (CMV) infection was detected. Epstein-
Barr virus (EBV), herpes simplex virus (HSV)



A different approach uses glucose sensors for ex vivo
application. Here, the analyte matrix is interstitial fluid,
which is gained by different methods. Most common are
the microdialysis [44, 45, 46], microperfusion [47, 48],
and iontophoresis [49, 50] methods. The sensor systems
are envisioned to be exchanged at the latest after 3 days to
prevent inflammation processes, so that the demand for
long-term stability is reduced to this period. In addition,
the exclusion of various protein and blood components re-
duces in turn the danger of sensor fouling and enzyme in-
activity. The disadvantage of the dislocation of the sensor
outside the body is a time delay of the measurement val-
ues caused by the fluidic components for interstitial fluid
sampling.

In parallel, non-invasive optical techniques have been
developed, which have, due to the overlap of the glucose
peak by other components, barriers to becoming a success
[51]. The most developed systems, also in terms of market
presence, are the glucose monitors of Minimed, Medtronic,
[51] and the GlucoWatch by Cygnus [52]. Both have ob-
tained premarket approval by the FDA.
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Fig. 4 Schematic depiction of
the electrical detection of RNA
from microorganisms by the
use of magnetic beads for sam-
ple preparation and labeling.
IDA Interdigitated gold ultra-
microelectrode-arrays, p-AP 
p-aminophenole

Fig. 5 Photograph of a Si cavity chip



Based on previous work [53, 54] we developed a glu-
cose sensor for continuous monitoring in interstitial fluid
(Fig. 5). The sensor consists of a micromachined Si chip,
including an etched cavity and a pore membrane. Inside
the cavity a platinum working electrode is situated on the
cavity ground membrane, which is contacted over one edge
to the chip surface. Furthermore, the enzyme glucose oxi-
dase is immobilized inside the cavity. The sensor is inte-
grated in a flow-through packaging embodying a sealed
flow channel, the reference and counter electrodes, as well
as electrical contacts. The measurement principle is the
conventional enzymatic oxidation of glucose followed by
electrochemical (amperometric) detection.

The advantage of this sensor configuration lies on the
one hand in the pore membrane acting as a diffusion barrier,
which permits control of the access of analyte to the cav-
ity and thereby the possibility of adjusting the linear range
of the sensor. On the other hand, the chip cavity functions
as a semi-closed cell which means protection of the sensitive
sensor components such as enzyme and electrode surface.
The chip fabrication is defined by high precision Si technol-
ogy and enables high calibration stability and reproducibil-
ity from chip to chip. Additionally, reference measure-
ments with a parallel cavity layout are thereby enabled.

The Fraunhofer ISIT glucose sensor was tested in vitro
as well as in vivo. In vitro, all important sensor parameters
such as linear range, signal response, long-term stability,

and the ability to compensate signals from interfering sub-
stances have been evaluated. The evaluation and charac-
terization of the sensor was done under in vivo conditions
in numerous clinical studies. Here, it was coupled to the
microperfusion technique [47].

The sensor showed in all respects a very good perfor-
mance. The linear range, which has to be between 0.5 and
at least 10 mM glucose is easily reached (Fig. 6). The signal
response is, at about 30 s at a pump speed of 0.5 µl/min,
rather fast, and the long-term stability exceeds by at least
1 week the demand of 3 days for a replaceable extra-cor-
poral continuous sensor. Problems by signal-interfering
substances could not be assessed in interstitial fluid. If re-
quested, a double cavity sensor can be used in which the
second cavity functions as a reference sensor for effective
compensation of interfering signals.

In clinical studies, the sensor has so far been tested
only up to 24 h. The results of the measured interstitial glu-
cose values correlated very well with blood glucose val-
ues, which were determined regularly as a control (Fig. 7).
Due to the very rapid signal response of the sensors, the
dynamics of the glucose signal and variations in the inter-
stitial fluid recovery were followed instantly.

The cavity principle of the ISIT glucose sensor and the
first performances indicate it to be a good candidate to
fulfil the long-term and calibration stabilities in human
body fluids.
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Fig. 7 Data of the ISIT contin-
uous glucose sensor (grey line)
measured in interstitial fluid
and reference blood glucose
values (dots)

Fig. 6 Signal response at increasing
and decreasing glucose concentrations
(0–1–5–10–5–1–0 mM glucose in
physiological buffer solution) and dia-
gram (upper right corner) of the sen-
sor current



Instrumentation of electrical biochips

All the applications of electrical biochips discussed here
are based on electrochemical amperometric measurements,
where enzyme reactions or affinity binding events cause
current responses at the microelectrode constructions via
production of small redox molecules as described above.
Several types of instruments for the measurement of elec-
trical biochips have been developed. These instruments,
specially dedicated to the ultramicro electrodes, are mi-
croprocessor-controlled multipotentiostats with 2–32 in-
dependent measurement channels and various I/O capabil-
ities. The telephone-sized instrument, as shown in Fig. 8,
allows a direct connection with the sensor chip in the front
of the device.

The most sensitive measuring procedure is the simulta-
neous control and measurement of all electrodes [12]. This
requires individual measurement amplifier circuits for each
single electrode, which have to be controlled by a power-
ful 16-bit microprocessor via an interface between analog

and digital sections. Additionally, the processor controls
the input/output of signals to actuators and to data han-
dling (Fig. 9). Typical actuators are pumps, different kinds
of valves and heating or cooling devices. A PC is connected
by a serial interface (RS232). A special software on the
PC, called MCDDE, allows the entry of all parameters,
the starting of measurements, the collection of measure-
ment data and the transfer of these data to a commercial
data analysis software (Origin). For example, there are de-
vices to measure 16 channels of a DNA chip with currents
in the picoampere range, or other devices for two channels
of glucose sensors, which typically have a two decades
higher current range.

Another special instrumental development was the ser-
ial read out of multiple channels by the construction and
manufacture of a high sophisticated CMOS multiplexer
[13]. This was made in order to reduce the amplifier cir-
cuit boards, and thus also save power and space. The mul-
tiplexer, which was realized as an application specific in-
tegrated circuit, allows the connection of eight electrodes
to one measurement amplifier. The special quality of this
multiplexer is that it allows a constant potential at the
electrodes at every point of the serial measurement cycle,
and that the switching doesn’t influence the precision of
the measurement. The compromise that has to be made in
this version of the potentiostat is that the measurement
rate and measuring time per channel is lowered because of
the serial read out.

The most recent instrumental version was realized to
measure 128 or 1,024 electrodes of so-called fully elec-
tronic active biochips, which have been developed by In-
fineon, Munich, in collaboration with us [55]. Here a new
approach in the electrical biochip technology was made.
In the so-called electronic biochips, the measurement am-
plifiers are integrated together with a multiplexer inside
the Si sensor chip in conventional CMOS-technology. The
electrode configuration and the biointerface are the same
as discussed above.

An advantage of the developed multipotentiostats, which
were designed as a modular system of stacked electronic
boards, is the flexibility that allows a free programming of
all the details of biochemical assays and measurement
procedures.

Conclusions

Electrical biochip technology is a suitable platform for the
detection of affinity binding complexes of all biological
relevant molecules and conjugates e.g. nucleic acids, pro-
teins, and small molecules such as haptens, as well as the
detection of redox active derivatives of carbohydrates as
e.g. glucose or lactate.

The power of the semiconductor technology and its
usefulness to extreme and precise miniaturization of the
transducing elements enable the application of highly sen-
sitive amperometric methods e.g. redox recycling with
very low and competitive detection limits. The technology
avoids any mechanical adjustment, as is necessary for op-
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Fig. 8 Photo of an eight-channel potentiostat with flow cell and
DNA-chip in front

Fig. 9 Scheme of a multipotentiostat with multiplexer



tical sensing elements, and allows the construction of ro-
bust, portable devices. Further, conventional and well-de-
fined biochemical tools such as the ELISA technique may
be adapted to multichannel sensing. The principles and
general construction of the electrical biochip platform of-
fers further integration with CMOS-circuits to fully elec-
tronic biochips and microfluidics, as well as wireless data
transfer to the networks.
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