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Nanostructured sensors for
molecular recognition

By W. GOPEL

Institute of Physical and Theoretical Chemistry and Center for Interface Analysis
and Sensors, Auf der Morgenstelle 8, D-72076 Tibingen, Germany

A survey is given on typical ‘top-down’ and ‘bottom-up’ approaches to design nano-
structured sensors which monitor different physical and chemical quantities. Partic-
ular emphasis is put on new materials and transducers for molecular recognition by
chemical sensors. These convert chemical information into electronic signals by mak-
ing use of suitable ‘key-lock’ structures. This requires the control of surface structures
of chemically sensitive materials down to the molecular scale under thermodynam-
ically or kinetically controlled conditions. This in turn requires the molecular un-
derstanding of sensor mechanisms which is deduced from comparative microscopic,
spectroscopic and sensor test studies on ‘prototype materials’. Selected case studies
illustrate the common mechanisms of molecular recognition with electron conductors,
ion conductors, mixed conductors, molecular cages, polymers and selected biomolec-
ular function units.

1. Introduction

New structures obtained by microstructurization (‘top-down’ approaches) and chem-
ical synthesis (‘bottom-up’ approaches) will, in principle, lead to a new generation
of physical and chemical sensors, provided that the stabilities of interfacial struc-
tures, sensitivities and selectivities of output signals can be controlled sufficiently
(see schematic figure 1). The atomistic understanding of these phenomena is es-
sential in the research and development (R+D) of these sensors (Gopel et al. 1991,
1992; Gopel & Ziegler 1992). This includes, in particular, the interaction mecha-
nisms between the different particles, waves or fields with the different molecular,
supramolecular or biological units. The same understanding is required to apply the
different scanning tunnelling microscopy (STM) and related sxm techniques for inves-
tigating and controlling the sensor structures, or to reach the ultimate limits in the
fabrication of reliable sensors for measuring physical or chemical parameters.

In the following, only chemical sensors are considered. These make use of specific
‘key-lock’ interactions which convert chemical information to electronic information.
Three different tasks are usually fulfilled by such chemical sensors, i.e. the quanti-
tative and selective determination of individual particles (such as molecules or ions
in gases or liquids), the determination of gross parameters (such as toxicity) or the
quantitative characterization of odours (such as smells monitored qualitatively by the
human nose). These requirements can only be achieved with sensor systems which,
in the most general case, contain ten components for analysing gases or liquids with
their chemical composition given by concentrations ¢; of different components 4 (see
schematic figure 2).
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Figure 1. Schematic presentation of a (bio-)molecular sensor device. The coupling is illustrated
between microelectronic structures (‘top-down’ approach: left) and chemically synthesized or
biological structures (‘bottom-up’ approach: right). The latter may be modified in different
environments, as indicated in the upper-right part of the figure. Corresponding response signals
are either collected externally (by monitoring emitted particles, waves, etc., lower-right side)
or internally via signal transduction across the interfaces through the transducer device (for
instance, by monitoring changes in the direct (DC) or alternating (AC) current, lower-left side)
(Gopel et al. 1991, 1992; Gopel & Ziegler 1992).

\\\

Like in a chain, the component with the weakest performance determines the
overall performance of the sensor system. For most systems the weakest component
is the sensor element (5). Current sensor research therefore concentrates on three
approaches to reduce this bottleneck by:

(i) empirical optimization of sensor materials and of transducers in systematic
tests under realistic measuring conditions;

(ii) systematic studies of elementary steps of chemical sensing under thermody-
namically or kinetically controlled conditions by means of microscopies and spectro-
scopies; and

(iii) theoretical calculations of elementary steps of selective ‘key-lock’ interactions.

Commonly used transducers monitor chemical compositions by monitoring the
phenomenological properties listed in table 1. Current microsystem technologies
lead to new miniaturized transducers, such as interdigital structures (for complex
impedance measurements), thermopiles (for temperature measurements), piezoelec-
tric oscillators based upon bulk, surface or plate waves (for mass measurements),
integrated optics components (for optical measurements), multielectrode arrays (for
electrochemical measurements including recent developments for electrical connec-
tions to nerve systems), or arrays of sensor elements with integrated transducers as
well as data processing (for integrated ‘electronic noses’) (Gopel 1995a, b).

The trends towards improved performance and lower size and price per sensor
element require the systematic optimization of interface properties by means of the
common tools of microscopy and spectroscopy listed in table 1. This requires, in
particular, completely reversible bonding of the detectable particle to the sensor-
active coating and completely irreversible chemical bonding of this sensor-active
coating to the transducer.

This will be illustrated now for typical sensor materials which show characteristic

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 2. Different components of complete sensor systems (‘electronic noses’) are shown
schematically with their different operation modes to determine signals in complex mixtures
of molecules, odours, etc. (characterized by concentrations ¢; in the gas or liquid). In simple
systems, some components may be omitted (e.g. numbers 3, 4 or 9). Usually these components
contain ‘man-made’ materials; however, all of these components may, in principle, be replaced
in the future by ‘natural’ biomolecular components. In the far future, this may even concern the
feature extraction and pattern recognition steps with neural networks. The step-by-step replace-
ment of different ‘man-made’ components in this system by ‘natural’ biomolecular components
will also make it possible to develop technologies, instruments and theories for designing and
understanding also future biomolecular devices which will aim not only at electronic monitoring
of molecules and odours but also at general information processing (Gopel et al. 1991, 1992;
Gopel & Ziegler 1992; Gopel 1995a, b; Weimar et al. 1991).

‘key-lock’ interactions to detect and identify particles. Particular emphasis will be
put on the discussion of ultimate limits in the miniaturization of sensor elements as
a prerequisite to developing nanosensors operating at the physical limits of minia-
turization.

2. Selected case studies

(a) Electron conductors: SnO,

Electron conductors are commonly used as chemical sensors to monitor oxidizing
and reducing gases such as O,, Hy, CO, NO, or hydrocarbons. The operating tem-
perature determines the predominant interaction step: with increasing temperature,
physisorption, chemisorption, surface defect reactions, catalytic reactions and bulk
reactions can be utilized for chemical sensing, provided that the interaction step
leads to a change in the DC resistivity or, more generally, in the AC impedance (see
schematic figure 3).

Particularly suitable for miniaturizing electron conducting devices is their oper-
ation in the chemisorption sensor mode. Depending on the position of the highest
occupied (HOMO) or lowest unoccupied molecular orbital (LuMo) of the chemisorp-

Phil. Trans. R. Soc. Lond. A (1995)
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Table 1. Survey of typical tools of surface and interface analysis

(These tools are commonly used in basic science studies of semiconductor and optoelectronic
devices and are now also applied in studies of chemical sensors and biomolecular devices (Gopel
& Ziegler 1992). Measurements of sensor signals, i.e. of their phenomenological properties are
optimized in practical chemical sensors by a careful choice of the transducer and its chemically
sensitive coating. The phenomenological properties measured independently include: Am, mea-
surements of mass differences; (), measurements of reaction heats; o, measurements of voltage-,
temperature- and frequency-dependent conductivities, complex impedances and photoconduc-
tivities; @, measurements of work functions; C, measurements of capacitancies; AF, I(v), mea-
surements of electrochemical potential differences and currents as a function of frequency v;
e(v), optical absorption and reflection.)

geometric arrangement of atoms i
elemental compositition |
electronic structure
dynamic structure
coverage of adsorbed particles,
sticking coefficients
[ J SEM scanning electron microscopy
[ (SPA-)LEED (spot-profile-analysis) low electron
energy diffraction
[ [ ] SAM scanning Auger microscopy
[ J [ J (S)SIMS (scanning) ion mass spectrometry
[ [ (S)EDX (scanning) energy dispersive
X-ray analysis
[ J [ J ISS ion scattering spectroscopy
[ J [ J [ ] ST™M scanning tunnelling microscopy
[ J [ ] SFM scanning force microscopy
[ J [ J [ J AES Auger electron spectroscopy
[ J [ J [ J XPS X-ray photoemission spectroscopy
[ [ ] TDS thermal desorption spectrometry
[ J UPS ultraviolet photoemission
spectroscopy
[ J ELS electron energy loss spectroscopy
[ UV/NVIS optical spectroscopy
[ [ (S)ELL (spectral) ellipsometry
[ J [ J (S)SPR (spectral) surface plasmon
resonance
[ ] FS fluorescence spectroscopy
[ ] [ HREELS high-resolution electron energy
loss spectroscopy
[ (FTMHIR (Fourier transform) infrared
spectroscopy
[ J IR-ATR infrared spectroscopy of
attenuated total reflection
[ J RAM Raman spectroscopy

tion complex relative to the Fermi level (of usually n-type conducting oxides such
as SnQsy), donor or acceptor type of interaction is monitored by changes in surface
conductivities Ao or work functions A ¢ (figure 4).

Useful parameters for both, the quantitative calibration of chemisorption sensors
in applications and their theoretical atomistic understanding are:

(i) partial charges § (determined from the ratio of transferred electrons per ad-
sorbed surface complex in an evaluation of conductivity and thermodesorption ex-
periments);

(ii) dipole moments p formally attributed to the chemisorption complex (deter-
mined from electron affinity changes Ay, as deduced from shifts in the ups photo-
emission spectra in the valence band range: see figure 4b);

Phil. Trans. R. Soc. Lond. A (1995)
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catalytic
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Figure 3. Schematic presentation of different sensor—gas reactions and corresponding components
of equivalent circuits formally describing the frequency-dependent AC or DC behaviour which is
influenced by reactions between the gas phase and an electronically conducting oxide. Indicated
is the chemisorption of NO2 (left) and the catalytic oxidation of CO to form CO2 (right). For
details, see text and Weimar (1992), Schierbaum et al. (1993a) and Weimar et al. (1995).

(iii) isosteric heats of adsorption g (deduced from pressure dependent coverages,
i.e. adsorption isotherms at different temperatures);

(iv) activation energies of desorption E*°* (determined from thermodesorption
experiments); and

(v) sticking coefficients S, (determined from initial rates of conductivity or work
function changes upon gas exposure).

Theoretically, these parameters may be determined from quantum chemical cluster
calculations by describing the atomic configurations at the adsorption site before and
after formation of the chemisorption complex (Gopel 1985, 1989).

Conductivity measurements are particularly sensitive in nanocrystalline thin films
if the Debye length Lp is larger than the oxide particle radius r = %l (figure 5).
Under these conditions, charge transfer across grain boundaries in the film, instead
of charge transfer parallel to the surface of an ideal thin film, is modified during
chemical sensing and equilibrium coverages of less than 1075 monolayers of donor or
acceptor molecules can easily be detected.

Current R+D of electron conducting sensors aims at optimizing contact geome-
tries, film thicknesses, particle size distributions, doping, operation temperatures
and operation frequencies. Usually, film thicknesses are chosen in the micrometre
range with a recent trend to stabilize identical diameters of nanosized SnOs particles
in these films. In principle, the charge transfer of individual electrons to or from
the chemisorption complexes (see figure 4, but for Lp > d) should be detectable
by steps in scanning tunnelling spectroscopy (STS) spectra of nanosized SnO parti-

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 4. (a) Schematic presentation of chemisorption and charge transfer at a semiconductor
surface in the electronic band scheme of the surface. The gas phase molecule X8*° forms the
precursor physisorption state XP"*. Also indicated is the work function @, electron affinity x
and band bending eAVs. Chemisorption may be measured by monitoring changes in the work
functions A® = ¢’ — & and changes in surface conductivities Ao upon occupation of effective
surface states ESY by forming (X*¢)°~ (an example of acceptor-type of chemisorption). The
band edges are denoted by Evy (valence band) and Ec (conduction band). The position of
the Fermi level Fr in the bulk is determined by bulk donors Ep and acceptors Ea. (b) UPS
spectrum (intensity N of photoemitted electrons at a given kinetic energy Ekin) before and after
chemisorption with characteristic variations in the zero energy cut-off (determining A @) and
in the valence band onset (determining —eAVs). The link between practical applications and
theory is given by determining partial charges ¢, dipole moments p, isosteric heats of adsorption
gst, activation energies of desorption of chemisorbed particles £E*°* and initial sticking coefficients
So. For further details see text and Gopel (1985, 1989).

cles in an arrangement similar to the one chosen in recent single-electron tunnelling
experiments.

(b) Mized conductors: TiOq

Electron and ion conduction of mixed conductors is monitored at elevated temper-
atures (7' > 700 K) in gas sensors based on oxides such as TiO,. Platinum is often
used to improve the selectivity of gas detection by improving the catalytic activity
of the surface. The latter results from energetic shifts of the bulk Fermi level or from
specific chemisorption sites at the surface. Pt is also used to electronically contact
the sensor material. The Pt contacts on TiOg are of particular interest because recent
experiments show a switching phenomenon in the current—voltage behaviour across
this interface.

(i) At low temperatures (7' < 700 K), the electronic conductivity can be utilized in

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 5. Schematic presentation of an experimental setup to monitor conductivities o and work
function changes A @ (with a vibrating Kelvin probe) of nanocrystalline semiconducting particles
(n-type) with Debye lengths Lp smaller (left) and larger (right) than the particle radius r = 1.
Charge carrier concentrations of electrons (n) and electron energies (E) in the band scheme are
shown in the lower part. The index ‘b’ denotes bulk and ‘s’ surface values. For details, see Gopel
et al. (1995b, figure 4) and text.

sensitive Schottky-barrier sensors to monitor gases like Oz or CO (see typical results
in figure 6). Under these conditions, the Pt atoms at the surface act as acceptors.

(i) At higher temperatures and higher oxygen partial pressures, Pt?* ions are
formed at the surface, which subsequently move to subsurface positions at which
they are stabilized as Pt*t ions. The Pt** ions are significantly smaller than the
Pt? atoms and act as subsurface (‘bulk’) donors between the first and second TiO,
layer (figure 7a). As a result, a drastic change occurs in the conductivity across the
Pt-TiO, interface from Schottky barrier to Ohmic contact behaviour (see figure 6).
Under the latter conditions, the point defect thermodynamics of oxygen vacancies in
the TiO, bulk can be utilized to monitor oxygen over a large pressure range by the
mixed (electron and oxygen vacancy V&' (or alternatively oxygen ion O?~)) conduc-
tion mode. The two different operation conditions of Pt—TiO, interfaces and their
charge generating steps as surface state controlled chemisorption and bulk controlled
defect formation both depending on po, and 7', may be illustrated schematically in
a band scheme (figure 7b).

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 6. Current—voltage (I-V)-characteristics for Schottky-barrier and Ohmic-contact sensors
based upon Pt-TiO2 in an arrangement as illustrated in (a). The Zr-TiO; interface always
shows Ohmic contact behaviour at the backside. (b) Typical (I-V') results are shown here.
Similar changes in the sensor response are observed for single crystal (s.c.) or thin film samples
of TiO,. For details, see text, Schierbaum et al. (1992), Schierbaum & Gopel (1994), Gopel
(1990) and Wiemhofer & Gopel (1991).

Recent investigations aim at miniaturizing these devices down to the atomic scale.
The two different sensor operation modes may be adjusted intentionally at medium
temperatures by externally applying a positive or negative DC voltage to the Pt
electrode and by thereby switching the effective platinum charge of neutral Pt° to
ionic Pt2* or Pt** species and vice versa with the tip of an sTMm. This also switches
the sensor as well as the catalytic properties of the Pt—TiO, interface. The next step
is to perform this switching with individual Pt atoms in an sTs setup and to modify
the current—voltage curves taken at individual surface or subsurface Pt sites by charge
transfer reactions as they occur during chemical sensing of donor- or acceptor-type
molecules.

(¢) Ion conductors: ZrQOs

ZrQO, is widely used as a chemical sensor to monitor O, by utilizing its high-
temperature ion (O2~) conduction in the bulk. In potentiometric devices, the cell
voltage is determined by the pressure difference between two Pt contacts of ZrO,
samples. In amperometric devices, the current is monitored at a given voltage. Of
key importance for both applications is the stability of the three-phase boundary
at which oxygen molecules from the gas phase are converted to ions in the solid
(figure 8). A detailed understanding of potentiometric devices is deduced from an
experimental determination of the energetic position of the Fermi level Ep under
various operation conditions (figure 9).

By externally applying a voltage, the value of Er at the electrode and thereby the
concentrations and chemical reactivities of different oxygen species at the surface
may be shifted intentionally with reference to a constant electrochemical potential

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 7. (a) Surface and subsurface geometry of metallic Pt° atoms, ionic Pt** ions, tetrahe-
dronal interstitial sites tq, octahedral interstitial sites Oy at TiO2(110) surfaces and the diffusion
path of Pt between the surface and the subsurface site (dotted line); (b) energy diagram and
characteristic reactions leading to changes in the Schottky-barrier and Ohmic-contact behaviour,
respectively, of Pt—TiO2(110). Er is the Fermi level, $sp the Schottky-barrier height, eAVs the
band bending, Ax the change in electron affinity upon evaporation of Pt atoms onto TiO2, Fyac
the vacuum level, Fyv and Ec¢ the valence and conduction band edge, respectively. For further
details, see text, Schierbaum et al. (1992), Schierbaum & Gépel (1994) and Fischer et al. (1995).

of an oxygen reference electrode (i.e. a suitable metal-metal oxide system such as Ni-
NiO or Pd-PdO). This leads to variations in the kinetics of different electrocatalytic
reactions, some of which are illustrated in figure 10. As a result, different educts
from the gas phase react predominantly at different voltages. The charge transfer
rate monitored in this amperometric operation mode at constant voltage is then
determined by the concentration of educts in the gas phase which compete with
O, to form a mixed potential at the surface. Recent developments of new electrode
materials (mostly perowskites) make possible the amperometric detection of CO or
NO, and lead to very efficient catalytic reactions of fuel cells or of electro-catalysts.

Phil. Trans. R. Soc. Lond. A (1995)
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YSZ =ZrO, (+Y,0;) 3-phase line

Figure 8. Schematic presentation of the three-phase boundary in Y-stabilized ZrO, (YSZ) sensors
to monitor differences of oxygen partial pressures in the gas phase. The Nernst equation in the
upper part describes the potentiometric sensor response (voltage U) upon differences in partial
pressures po, with F' as the Faraday constant and the number 4 representing the number of
electrons transferred per Oz molecule to form O?~ ions in the bulk of ZrOs.

The miniaturization of such devices is limited by several fundamental aspects of
physical chemistry concerning the required properties of the bulk and electrode ma-
terials. The first aspect concerns the electron conducting electrodes. Large differences
in the surface free energies between metallic Pt and oxidic ZrO, cause adhesion prob-
lems. Relatively large three-dimensional Pt clusters are required to form a spatially
coherent net of an electron conducting contact which allows the Os to access the
three-phase boundary gas—electrode—solid electrolyte (left part of figure 8). For lower
cluster concentrations, percolation effects become crucial. Miniaturization of such
contacts is therefore more promising if mixed conducting perowskites with surface
free energies similar to ZrO, are used, which form continuous overlayers (right part of
figure 10). The ultimate limit to reduce the thickness of such mixed conducting layers
and of ion-conducting ZrOs thin films (which have to be impermeable for neutral O,
molecules) in these sandwich devices cannot be estimated yet because corresponding
epitaxial thin film structures have not been prepared and, as a result, conductivity
phenomena in monolayer thin films have not yet been investigated. Evidently, the
commonly used scaling laws in the size reduction of microelectronic devices cannot
be applied under these conditions and local bonding, as well as quantum size effects,
must be taken into account when adjusting the chemical and electronic properties of
ultrathin films.

Typical surface and interface properties to be controlled in such devices are sum-
marized below in figure 11, a few typical geometric arrangements of thin film devices
are also shown below in figure 15.

Because of the experimental problems in preparing ideal epitaxial thin films with
a structural control in the monolayer range, the different transport phenomena of
charged or neutral particles in these films and across their interfaces are not yet
understood on the atomic scale. Consequently, ultimate limits for the miniaturization
of these chemical sensors cannot be estimated precisely. Particular problems arise
from the fact that the long term stability and reversibility are the most important
properties for any application of future ‘nanosensors’.

Phil. Trans. R. Soc. Lond. A (1995)
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Figure 9. Electron energies in a band scheme of YSZ (compare notation in figure 4). These
experimental data, from in situ electron energy loss (EELS) and ultraviolet photoemission (UPS)
spectroscopic results, were obtained for different partial pressures of oxygen in measurements us-
ing reference contacts based on metal-metal oxide systems. At constant temperature (7' = 800 K
was chosen here), the reference contacts (Fe-FeO and Pd-PdQO) determine the chemical potential
of oxygen at the energetic positions as indicated in this figure. The YSZ sample decomposes for
Er positions above the ZrOs—Zr equilibrium. Voltages are referred to an oxygen partial pressure
of 1 bar (with the reference voltage U = 0 V). Applied voltages shift the Fermi level relative to
the reference contacts chosen in the experiment. This leads to the nominal drastic variations in
the oxygen partial pressures also indicated in this figure. For details, see figure 10, Gopel (1992),
Wiemhofer et al. (1991) and Wiemhofer (1993).

(d) Molecular cages: calizarenes and resorcinarenes

A completely different optimization is required for chemical sensors which make use
of supramolecular recognition structures. Typical molecules for utilizing the geomet-
ric ‘key-lock’ principle are calixarenes, which incorporate small molecules (figure 12).
Signal transduction of these sensors is possible by monitoring changes in mass, ca-
pacitance or temperature upon incorporation of organic molecules. The geometry
of these calixarenes may be modified by substituting atoms in the ring or by using
different numbers of repeat units in the ring. The molecule-ring interaction energies
can be calculated with sufficient accuracy by force-field approaches (figure 12).

To achieve a controlled key—lock geometry, the covalent coupling of cage com-
pounds to Au(111) via sulphur bridge bonds may be used to advantage in chem-
ical sensors. An example is the structure shown in figure 13, which shows a two-
dimensional layer of resorcinarenes on Au(111) as the coating of a mass-sensitive
transducer (Schierbaum et al. 1994).

The ultimate step towards miniaturization of these sensors is to manipulate indi-
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(Laacuou-s 1)
Lay..Sr.Co,.yNi, Os, ...)

) conductlon \ e-and O conduction

0% conduction

Figure 10. Schematic illustrations of typical oxygen surface species, electrocatalyst reactions,
sensor parameters and fuel cell properties of ion conductors which change by applying an external
voltage. The electrode forms either a three-phase boundary (e.g. Pt—YSZ-gas, left part) or a
two-phase boundary (perowskite—gas, right part). For details, see text, Gopel (1992), Wiemhofer
et al. (1991) and Wiemhofer (1993).

vidual molecules with a cage-modified sT™ tip. This approach is particularly promis-
ing if the tip voltage causes sufficient changes in the interaction energies.

(e) Monomers, polymers and oligomers

Lead phthalocyanine (PbPc) is the best known monomeric organic compound
which, in a thin film device, may be used to monitor NO5 by conductivity changes.
PbPc had also been investigated in view of its potential application for molecular
computers (Gopel et al. 1991, 1992; Gopel & Ziegler 1992; Gopel 1995a,b, 1992;
Mockert et al. 1989). Switching effects observed in Au-PbPc-Au sandwich structures
had been described by transitions of Pb ions in the non-planar ring from one side
to the other for linearly aligned PbPc molecules in a monoclinic crystal structure.
These experimental findings, however, turned out to be unreproducible and based
upon irreversible electromigration of Au atoms which short-circuit the Au contacts
on both sides of the thin PbPc layer along the grain boundaries (Ottenbacher et al.
1991).
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charge transfer reactions
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Figure 11. Survey on interfaces and surfaces of electronic or ionic devices including chemical
sensors. For details, see text.

Unfortunately, such degradation effects are a common phenomenon in molecular
systems: because of the increasing electrical fields and high diffusion coefficients
in organic sandwich devices with decreasing size (but constant operation voltage),
electromigration of their metallic contacts often limits the miniaturization for future
sensor or molecular electronics components.

In contrast to monomers with their limited use as sensor materials, polymers have
been widely used as very reliable chemical sensor materials. A huge variety of different
polymers is available and shows reversible interactions with a variety of organic
and inorganic molecules. Typical transducers monitor changes in the mass, complex
impedance or temperature (see typical examples for polymer—gas partition coefficients

g /¢ determined from mass changes in figure 14). Because of the statistical local order
in polymers, miniaturization of such sensors is, in principle, limited.

Recent developments therefore aim at the preparation of well-ordered oligomers
with a controlled chain length. Examples include a-oligothiophenes with their po-
tential use in thin film transistors. Different contact geometries, which could be used
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(f) Biomolecular function units

Figure 12. Schematic presentation of ‘key-lock’ interactions between C2Cly as a typical or-
ganic molecule and calix(4)arene with different contributions to the overall interaction energy
FEio as determined from force field calculations: Fot = Y Evaw + 9, Etors + 9, Felec + 9
+ 3" Esr + Y, Ebena. For details, see Gopel (1991), Schierbaum et al. (1992, 1993b, ¢), Schier-

for molecular sensors based on monomers or oligomers, are shown in figure 15. Sys-
tematic experiments, however, are missing, which concern the stability of electrical

Hybrid structures with inorganic, organic and biological function units that make
use of biospecific recognition may be divided into four categories, with an increasing

complexity of structures and functions.

(i) Systems based on bioaffinity

A variety of receptor-based interactions may be used for highly selective biomolec-
ular recognition. The controlled preparation of thin films with embedded receptor
structures of high molecular weight is a difficult task. One approach is therefore
to mimic the biological function by fully synthesizing structures of lower molecular
weight, which represent a copy of the recognition site of the biological function unit.
This ‘biomimetic’ approach was chosen in a typical example illustrated in figure 16.

I \

5

v

limits their minimum lateral dimensions.
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(ii) Systems based on catalytic activity
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Layers of synthetic peptide epitopes with two different alkane thiols are covalently
coupled to gold substrates by using a mixed composition of small (unmodified) and
large (epitope modified) molecules. Low surface coverages of the latter are required
for thin film devices to selectively monitor large biomolecules. In this case, the anti-
bodies of the foot-and-mouth disease virus have been detected, after their attachment
to the epitopes, by monitoring capacity variations of the sandwich structure. The sig-
nal transduction across the interface determines the sensitivity in these devices and

Enzymes are particularly suitable for biomolecular recognition. The catalytic ac-
tivity of their active sites may be sensitively monitored by changed electrochemical
behaviour at the electrode. This, however, requires a ‘molecular wiring’ which makes
an ionic or electronic charge transfer possible. A few different concepts are indicated


http://rsta.royalsocietypublishing.org/

AL B

THE ROYAL A
SOCIETY L8

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

Nanostructured sensors for molecular recognition 347

Figure 13. Schematic representation of thiol-coupled resorcinarenes on Au(111) surfaces, which,
as a thin film device, are known to selectively incorporate the organic molecule perchloroethylene
(Schierbaum et al. 1994): in this presentation a suggestion is made to use the modified tip for
depositing organic molecules at controlled sites of an underlying substrate by, e.g. modifying
the tip voltage.

in figure 17. None of these molecular wiring concepts, however, is understood yet on
the molecular scale, even for the best understood enzyme glucose oxidase with its
molecular weight of 186.000 atomic mass units.

(iii) Transmembrane channels, carriers and pumps

Because of their great importance in the living cell, a variety of such biomolecular
function units has been identified and may in the next step be utilized as compo-
nents of future ‘intelligent’ biomolecular devices, provided that they can be con-
tacted or interfaced to appropriate transducers. To achieve stability, they must be
incorporated in natural or synthetic bilayers. A recent example is the cotransporter
molecule lactose permease (LP) which shows a 1:1 active transport of protons and
lactose molecules (figure 18). In an ion-sensitive field effective transistor (ISFET)
arrangement, this proton makes it possible to monitor variations in the lactose con-
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Figure 14. Typical sensor results of different polymers which monitor different organic volatiles
by different selectivities in their response behaviour. Changes in the mass of three thin film de-
vices have been recorded by quartz crystal oscillators as transducers coated with polydimethyl-
siloxane (PDMS), polycyanopropylmethlysiloxane (PCMs) and polyphenylmethylsiloxane (PPMS).
The three-dimensional plot of normalized response vectors ( fg /e (PCMS), S/g (PDMS), S/g
(pPMS)) describes their contribution to the sensor signals expressed by the partition coefficients
of different gases in PCMS, PPMS and PDMS. The end points of each vector are positioned at
a spherical surface which is represented here by azimuthal and longitudinal lines. The small
figures indicate monomeric units of the different polysiloxanes with the polar cyano groups in
PCMS, the polarizable aromatic ring in PPMS, and the methyl group in PDMS. CgH1s = m-octane;
Me-CgHi1 = methylcyclohexane; C2Cly = perchloroethylene; CHCls = chloroform; CCly =
tetrachloromethane; Me-CgHs = toluene; i-ProO = isopropylether; Me,CO = acetone;
EtOH = ethanol; n—-PrOH = n-propanol; i-PrOH = iso-propanol; n-BuNH; = n-butylamine;

C=EN

0 2

fo/e,poMs = fp/g,PCMS/[fpz/g,PCMS + fg/g,PDMS + fp/g,ppms]1/2?
0 2

fp/g,PPMs = fp/g,PPMS/[fg/g,PCMS + fg/g,PDMS + fp/g,PPMs]l/z;

fg/g,PDMS = fp/g,PCMs/[fs/g,PCMs + fg/g,PDMS + fg/g,ppMs]1/2~
Further explanations are given in the text and in Goépel (1991), Schierbaum et al. (1992, 1993b, ¢),
Schierbaum & Gopel (1993) and Gopel (1995a).

centrations in the outer compartment by monitoring pH changes in the inner ISFET
compartment. Perfect spriting of the modified bilayer and stabilizing the thickness of
the inner compartment between the bilayer and the transducer are the main issues
of current R+D in this field, which limit their miniaturization and perfection.

(iv) Membrane receptors, cells and tissues

These systems perform sophisticated tasks related to information transfer in life
organisms and, hence, are of principal interest for future bioelectronic or hybrid
(‘biological-man made’) devices. Any practical utilization of such systems, however,
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(a (b) (o) P

§ = molecular unit

(d) (e)

Figure 15. Schematic presentation of different ways of controlled deposition of organic monolayers
for their subsequent application in electron conducting or capacitive devices. Systematic studies
have been performed, for instance, for a- and end-capped oligothiophenes (anT, ECnT') with
different chain lengths n = 4-8 (Oeter et al. 1993a,b, 1994). (a) physisorbed; (b) chemisorbed,;
(c) the oriented arrangement of a donor (D) /spacer/acceptor (A) molecule for optical switching
in a matrix of inactive molecules is illustrated schematically; (d) and (e) two different contact
geometries are indicated. For spatial distances of contacts in the nanometre range, quantum
effects may on principle be detected. A variety of different contact geometries may be chosen to
optimize specific requirements of electrical measurements in chemical sensing.

has to take into consideration their very complex supramolecular structures. The
controlled immobilization, e.g. in thin film devices, requires careful fine-tuning of
stabilities and only model systems with reconstituted activities of neuro-receptors
could be realized so far.

A variety of different concepts have been developed to deduce electrical signals
from membrane receptors or from even more complex biological systems such as
whole cells or tissues. Some typical setups are characterized schematically in figure 19.
High spatial resolution of outer point contacts to monitor ionic or electronic currents
is desired to, for example, understand the function of individual trans-membrane pro-
teins. Using metallically conducting substrates, electrical extracellular signals may
be monitored. Although details about the signal transduction in this arrangement
are still not understood, the signals may formally be described by electrical equiva-
lent circuits. They may be correlated with the metabolism in the cell, and may hence
be used to investigate the influence of drugs on the cell metabolism. Evaluation of
signals from an array of many cells improves the statistics and, hence, empirical
correlations. Arrays may also be used to investigate cell-cell interactions, learning
processes in neural networks, etc. In all of these applications, however, comparative
patch-clamp and extra-cellular signals obtained in controlled geometric arrangements
of the electrodes are highly desired but still missing.

3. Summary and outlook

The few case studies discussed in this paper illustrate the importance of a con-
trolled signal transduction across interfaces of carefully chosen sandwich systems for
today’s or future chemical or biochemical sensors.
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(a)

epitope peptide chain
of the FMD (foot-and-
mouth-disease) virus

succinic linker

(~CH, ~COOH,)

alkane thiol

gold layer

glass substrate

(b)

Figure 16. (a) Schematic presentation of the covalent coupling of two different alkanthiol units to
Au(111). The longer component contains an epitope which selectively interacts with an antibody
(foot-and-mouth disease virus). (b) Space fill representation of the thiol-modified epitope peptide
chain with thiols on the left and peptides on the right-hand side (Heiduschka et al. 1994; Knichel
et al. 1995).

The molecular understanding of chemical sensing ipso facto requires to under-
stand ‘key-lock’ structures on the nanometre scale. One might therefore consider all
chemical sensors as nanosensors. The geometric arrangement of chemically sensitive
structures may be achieved in the form of an organized monolayer, which shows
nanometre dimensions only in the direction of the film normal, but macroscopic di-
mensions in the two other directions perpendicular to the film normal. The next step
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(b) (o) (d)

Figure 17. Different concepts for mediators linking the information about the electrochemical
status at the catalytically active centre of the enzyme with the electrode (Schuhmann et al.
1990; LofHer et al. 1991).

sample inlet FIA - cell sample outlet
outer —> — active co-transport (1:1) prem— >
compartment . H* lactose
Hoe  —

layer elelolelelelelelele
o — BEEAELLES
compartment ~2nm

Figure 18. Schematic presentation of a biosensor based upon an active cotransport using lactose
permease (LP) which transports protons and lactose in a strictly 1:1 ratio in a flow injection
analysis (FIA-cell) arrangement. Lactose may be monitored by monitoring pH changes with an
ion-sensitive field effect transistor (ISFET) (Ottenbacher et al. 1993; Gépel et al. 1989).

is to arrange chemically sensitive structures with nanometre sizes in two dimensions,
or even three dimensions, with an increasingly difficult task to address individual
chemically active sites with controlled signal transduction.

The ‘man-made’ inorganic materials and, in particular, the electron conducting
sensor materials will make it possible to develop ‘bottom-up’ concepts in which
individual active sites of chemical sensors are addressed and controlled. Of particular
interest in this context is scanning tunnelling spectroscopy (sTs) combined with sT™M
and AFM imaging in different contact modes.
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extracellular recording
(“spikes”) glass micropipettes

I / to amplifiers, filters,
and oscilloscopes

patch-clamp \

intracellular recording
(transmembrane potential)

extracellular recording (“spikes”)
array of microelectrodes

Figure 19. Schematic presentation of different electro-physiological recording techniques to in-
vestigate cells or neurons in a network (Hammerle 1995). For further details, see Gopel (1994)
and Gopel & Heiduschka (1994).

The use of ‘natural’ biological materials is particularly promising if a combination
of biological and synthetic structures, i.e. a hybrid approach, is chosen to build
chemical sensor systems. Again the controlled signal transduction across interfaces
plays the central role in current research.

By systematically replacing, adapting or exchanging step by step the different
components of sensor systems (cf. figure 2) in the two different worlds (i.e. the ‘elec-
tronic nose’ and the ‘human nose’), a systematic improvement in the understanding
of recognition and signal generation, signal processing and data storage is obtained.
This will finally lead to experiments in which individual reversible reactions are con-
trolled on the molecular level.
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