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Abstract:

A microsensor chip fabricated in silicon technology was developed at the Heinz Nixdorf-Lehrstuhl fur
Medizinische Elekronik at Technische Universitdt Miinchen. This BioChip contains microsensors for
measurement of pH, dissolved oxygen, bioimpedance and temperature. Furthermore it was possible
to realize a new sensor for dissolved redox active substances. Using a noble metal electrode (NME)
surrounding an ISFET (ion sensitive field effect transistor) pH-sensor it was possible to measure
dissolved oxygen concentration indirectly via the resulting change in the pH value when applying
-700mV at the NME. The concept of this O,-FET was extended successfully also for measuring other
dissolved redox-active substances, using a cyclovoltammetric (CV) scanning mode. With this
approach of a so called CV-FET sensor, dissolved substances can be detected according to their

specific CV patterns.
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Introduction

Electrochemical microsensors are key com-
ponents for various applications in the field of
biology, medicine, pharmacology and environ-
mental analysis. Various detection methods
such as amperometry, potentiometry or impedi-
metry are commonly used. The combination of
several electrochemical detection methods
enables the detection of new substances as
well as the determination of the concentration
of known substances more precisely [1]. Those
techniques require the development of smart
sensors with low cost, low power consumption
and ease of use.

In  biomedical research, for example, the
reaction of cell cultures to drugs or toxic
substances can be observed by bioelectronic
sensor chips [2]. The biochemical activities of
these living cells alter their microenvironment.
By measuring changes in pH value and oxygen
content in close vicinity of the cells, the
influence of chemical agents on the cell vitality
can be determined.

Semiconductor microsensors have the can be
manufactured in small dimensions and — at
large scale production — with low costs. This
allows to integrate different sensor types in
close proximity and therefore the combination
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of different sensor principles. Another advan-
tage is that miniaturized electronic circuits and
structures (e.g. memories or amplifiers) could
be fabricated along with the sensor on the
same wafer [3].

Materials and Methods

The CV-FET sensor chip, manufactured on a
silicon substrate [4] is fixed on a PLCC68-
compatible printed wire board (24 mm x 24 mm)
and encapsulated to create a culture vessel
with a diameter of 6 mm (see Fig. 1). Beside six
ISFET microsensors (including two CV-FETS),
an electrode structure for amperometric oxygen
measurement, a temperature sensor and an
interdigitated electrode structure are included
on the chip.
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Fig. 1. The sensor chip. Left: Chip in package.
Middle: Detail showing the position of six ISFETs.
Right: Detail showing an ISFET with NME (CV-FET).

Based on previous developments [5], the CV-
FET microsensor was developed by combining
a voltammetric electrode with an ISFET [6].
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On an ISFET, the metallic gate contact is
replaced by an ion sensitive insulating layer
with a surface potential depending on the ion
(H") concentration. An increasing positive gate
potential due to increasing pH opens the
conducting current though the transistor. So,
higher pH values will cause higher gate
potentials and corresponding higher currents
will flow from source to drain in the transistor.

A single sensor structure combining both the
measurement of pH value and that of dissolved
redox couples is realized by an additional ring
shaped platinum NME (noble metal electrode)
surrounding the ISFETSs ion-sensitive gate area.

Importantly, the redox reaction must involve the
release or consumption of H* ions. The general
chemical redox equation can be written as eq.

(1):

XH +H" +e < XH, (1)

An example is the oxygen reduction reaction
(eq. 2):

O,+2H,0+2e” — 40H" (2)

With the resulting CV-FET microsensor (see
Fig. 2) the measurement of dissolved oxygen in
cell culture media is feasible by applying a fixed
cathodic potential at the NME (vs. a Ag/AgCI
reference electrode in 3 M potassium chloride
solution).
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Fig. 2. Dissolved substances can be detected
using the CV-FET. Here, oxygen dissolved in
phosphate buffered saline (PBS) is reduced to OH"
ions by applying a fixed cathodic Unme voltage. The
local increase of pH is detected by the ISFET.

When the cathodic NME potential is switched
off, the native pH value of the bulk fluidic media
is measured [7].

By applying different NME potentials or
potential ramps (cyclovoltammetry) instead of

IMCS 2012 — The 14th International Meeting on Chemical Sensors

DOI 10.5162/IMCS2012/3.5.4

fixed potentials, this concept was extended to
detect not only oxygen but also other dissolved
substances.

When the cyclovoltammetric potential ramp
reaches the oxygen reduction voltage of
=700 mV, dissolved oxygen — similar to the
fixed potential method — is reduced and this
locally shifts the measured pH value.

In a second experiment the redox couple
hydroquinone / quinone (CgHgO./CsH,O,) is
added to PBS in equal ratio at different
concentrations. The redox reaction catalyzed
on the NME is (eq. 3):

C,H,0, +2e +2H" ->CH,0, (3)

Results

Measurement of PBS solutions with different pH
values showed that - by the CV-FET
microsensor — the pH value can be detected
independent from the dissolved oxygen
concentration. In the graph in Fig. 3, the
detected signals for pH 5 and pH 7 are almost
parallel. This is also the case if dissolved
oxygen is detected at an Uyye of approximately
—700mV. In general, a higher pH value causes
a higher Ipg current.
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Fig. 3. Graph of measuring different pH valued
PBS with same dissolved oxygen concentration by
using CV-FET measurement method

The pH value shifts at negative Uywe voltages
are caused by the reduction of dissolved
oxygen as mentioned before according to eq.
(2). Since both solutions have the same
dissolved oxygen concentration, their shifts in
pH value are also in the same range.

The solution with the hydroquinone / quinone
(CeHgO,/CH4O,) redox couple shows a similar
behavior. At an applied cathodic Uyye voltage
(according to eq. (4)) quinone is reduced to
hydroquinone. The produced H" ions are the
cause of a local increase of the pH value at the
microsensor.

C,H,0, >C,H,0, +2e +2H" (@)
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Similarly but as an anodic reaction,
hydroquinone is oxidized to quinine. Here, a
local drop of the pH value occurs (see Fig. 4).
The shifts in the pH value are proportional to
the dissolved concentration of the redox couple.
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Fig. 4. Graph of measuring different concentrations
of hydroquinone / quinone using CV-FET
measurement method

In Fig. 5 the plots of the ISFET current vs. the
anodic NME voltage are normalized to the plot
obtained in a hydroquinone / quinone free
solution. It is shown that the microsensor can
detect different concentrations of the
hydroquinone / quinine couple at an Uywe >
400mV.
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Fig. 5. Graph of normalized ISFET currents.
Different concentrations of hydroquinone / quinone in
PBS are detected using a CV-FET microsensor.

Conclusion and Outlook

With the so called CV-FET a simultaneous
measurement of pH and dissolved oxygen is
possible with the same sensor structure [8].
Beyond this, other redox couples with an
involvement of H® (or OH) ions such as
hydroquinone / quinone can be detected by
scanning the NME potential.

Further research is needed to identify more
significant CV patterns of other redox-active
substances, which will allow linking these
characteristic patterns to their corresponding
dissolved substances.
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