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Abstract: A selection of the most challenging projects in micro- and nanotechnology tackled at CCS during the last
few years are discussed. The ultimate challenge was to localize voltage-gated and ligand-gated ion channels on
membranes of living cells by ion-selective AFM-tips. In order to address this goal, a procedure to simulate the ion
transport over ion-channels was developed. Two types of living cells were investigated; Madin-Darby canine kid-
ney (MDCK-F) cells and adult rat cardiomyocytes (ARC). The results of force microscopy were compared to the
patch clamp technique and to immunoselective staining and localization by confocal laser scanning microscopy
(CLSM). The lateral resolution of the AFM imaging technique, the rate-limiting steps, the force applied to the cells
by the AFM-cantilever and the mechanism of the detection principle are addressed.

Keywords: Chemically modified cantilevers - Gas sensor array - Integrated optical sensors -
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1. Introduction

CCSisaself-supporting ETH-group which
belongs to the Department of Chemistry
and Applied Biosciences. The Centre was
founded in 1994 by U. Spichiger. The
question ‘“Why is an ETH group like CCS
located at Technopark Zurich? was an-
swered in CHIMIA in 2003 [1]. An
overview on projectsrunning at CCS, onits
mission and its strategy was presented in
CHIMIA in 1997 and 1999 and is acces
sible on the homepage of CCS at
www.chemsens.phar ma.ethz.ch) [2][3].

Core competences are:

e Scientific investigations of novel mo-
lecular recognition schemes to be im-
plemented in chemical sensors, biosen-
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sors and bioassays especially for neutral

molecules such as amines, adehydes

and acohals.

e The development of sensing devices
and analytical procedures to provide
qualitative and quantitative chemical in-
formation about target compounds pres-
ent in complex specimens. Develop-
ments are focused on devices applied to
process monitoring, continuous moni-
toring, and on-site measurements
(screening tests and test strips).

In June, CCS celebrated its 10th an-
niversary with the Decennial conference
where a number of excellent and well-
known scientists presented highlights of
their work under the headlines ‘ Sensors in
Medical Diagnostics, Life Science and In-
dustry’ and ‘Trends in Sensor Research’.
The group at CCS has asize of 8to 15 per-
sons depending on the number of academic
guests, Ph.D. aswell as semester and diplo-
mastudents. In 1999 and 2002, two spin-off
enterprises SENSORIX and C-CIT AG
were founded in order for former students
to become entrepreneurs. In the following,
some key-projects in micro- and nanotech-
nology are addressed.

2. From Micro- to Nanotechnology

Besides the devel opment of new materi-
als that solve relevant analytical problems,

strategies are focused on platform technolo-
gieswhich allow the scientific reputation of
the Centre to be sustained and improved but
also technologieswhich are believed to have
a high market potential in the future. If at-
tractive to industrial partners, mature tech-
nologies are resumed and investigated fur-
ther in view of a new application and new
challenges (for an overview on projects see
www.chemsens.ethz.ch). Overviews cover-
ing developments of new materials for
sensor applications have been published in
earlier volumes of CHIMIA [2-4].

From Micro- to Nanotechnology

Based on a background acquired in the
group of Prof. W. Simon, Laboratory of Or-
ganic Chemistry at ETH Zurich, the investi-
gation of glassmicroel ectrodes, so-called mi-
cropipettes, was continued [5-8]. Some at-
tractive applications such as pH-monitoring
within noodlesfor process control of produc-
tion of instant noodles (project with Nestec
SA, Switzerland), monitoring of magnesium
concentrations in rat blood samples of small
volume (approx. 10 1) were demonstrated
[9]. These microelectrodes had attractive fea-
tures in terms of detection limit, response
time, miniaturization and, first of al, its se-
lectivity to specific ions. Nevertheless, the
lateral resolution of hundred micrometers
and more was too low to enable investigar
tions of structures of relevant biological im-
pact such asion channels.
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In addition to microelectrodes, the col-
laboration with Robert Bosch GmbH in
Stuttgart, provided access to optical mi-
crosensors for gas-selective detection [10].
Optical microsensors alow continuous
monitoring of toxic gasesin the range of pi-
comolar concentrations [10], and provide
microsensor arrays and microsensors to
monitor gasesin medical applications[11].

In Nanosciences

The drawbacks of ion-selective micro-
electrodes and the basic theories, which did
not explain its limitations, stimulated the
development of sensors which should pro-
vide an answer to some of the questions
raised. One such question was. At the
boundary of an ion-selective membrane
cast onto a solid support, is there redly a
charge separation and, therefore, isarepro-
ducible boundary potential established? In
addition, the lateral resolution of ion-selec-
tive microelectrodes in reality was not sat-
isfying even if the concentration resolution
was high (1079 to 10719 M) referred to the
ion investigated and the tip diameter was
100 to 500 nm in the most favourable cases
[22][13].

Therefore a microelectrode design,
which could be promising for tracing the
ion-exchange over ion-channels selectively
was sought. Chemically modified AFM-
cantilevers offered themselves for tracing
ion-channels selectively and destruction-
free on biologica tissues [14]. Atomic
Force Microscopy (AFM) became known
asavery powerful technology toimage mo-
lecular structures [15-17]. The imaging
process resulted from molecular interac-
tions and molecular forces between the
scanning cantilever-tip and the substrate.
Pharmacologically and biologically attrac-
tive applications were published such as
‘measuring the binding strength between
cell adhesion proteoglycans' [18], and the
‘interactions between specific antigens and
antibodies [19], and tracing the ‘reversible
unfolding of titin immunoglobulin do-
mains'. In addition, applications of force
spectroscopy to polymer surfaces were
shown [20]. Correlations between adhesion
forcesand calculations of Van der Waalsin-
teractions were found. Recently two re-
viewswere published which summarize the
use of cantilevers as chemical sensors and
biosensors[21][22]. Based on the results of
early publications about tracing molecular
interactions, we postulated that two bound-
arieswhich are polarized by specificion ex-
change must induce adhesion and rupture
forces which are accessible to AFM-tech-
nology. Therefore, investigations of AFM-
tips coated with an ion-selective film in
electrolyte solutions were initialized within
the SNF-programme NFP 36 which was
dedicated to the exploration of the industri-
al potential of nanotechnology.

3. The Mechanism of an lon-selec-
tive AFM-Tip is Comparable to a
Sodium-Potassium Pump

The principle of theion-selective AFM-
tip responding to specific ions released
from a substrate was shown in the last
overview in CHIMIA [3] and published in
[23]. The proof of principle was shown by
adsorption of a potassium- and sodium-se-
lective PVC film of 7.5£2.5 nm thickness
onto an AFM-tip made of silicon (Ultra-
levers, Park Scientific Instruments) or sili-
con nitride (Nanoprobes, Digital Instru-
ments, Santa Barbara, USA) (Fig. 1). In or-
der to avoid coating the whole cantilever,
the reflective gold surface was modified
with an alkanethiole with hydrophilic ter-
minal groups exposed to the agueous envi-
ronment (HS(CH,),;COOH) [24]. The sur-
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face stress induced by this procedure to the
cantilever was discussed by Berger et al. in
1997 [25]. The AFM-tip was operated on an
artificial substrate (ion-exchanger polymer)
releasing potassium or sodium ions specif-
icaly to an electrolyte solution. The elec-
trolyte in solution had to enable the ion-ex-
change at the substrate level and served to
conserve electroneutrality of both phases,
the ion-exchanger substrate and the poly-
mer-solution boundary of the tip.

Force vs. distance curves were acquired
with a scan rate of 10 Hz using a Bioscope
AFM-instrument  (Digital  Instruments,
Santa Barbara, CA). An important factor
for validating the resultswasto evaluate the
rate limiting process of the ion exchange
relative to the scan rate. Diffusion-con-
trolled processes were assumed. Calcula-
tions showed that a potassium ion should
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Fig 1. AFM tip coated with a polymer film containing the fluorescent iono-
phore ETH 7075 (4’,5’-dibromofluorescin octadecyl ester, Fluka Chemie
AG, Buchs, A, = 562 nm). Cantilever from Nanoprobes, Digital instru-
ments, Santa Barbara, USA. The gold surface was coated with hydrophilic
alkanethiols to avoid polymer coating and to conserve the reflectivity (gra-
phical sketch according to [24]). The pictures were taken with a Confocal
Laser Scanning Microscope (CLSM) from Leica (Leica, Germany) and elab-
orated with Imaris Software, Switzerland. The side views show complete
coating of the tip-apex but no fluorescence at the reflecting back-side of

the cantilever.
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cross 1 nm distance in aqueous solution
within 0.25 ns, which is by orders of mag-
nitude faster than the scanning frequency.
Within the polymer substrate, the diffusion
rate of K* was estimated to be 1.7x10°% s
per nm. In comparison, the cantilever
moves along the surface with a speed of 20
micrometers per second and is displaced by
1 nm within 5x10~° s, which is more than
30 times slower than the diffusion of alka-
lineions within the polymer.

The nominal spring constant of the can-
tilever of 0.06 N m 2 increased by afactor of
15 for the coated and chemically modified
cantilever; it was calibrated according to
Gibson and Watson in agueous solution
[26]. Despite thisincreased spring constant,
adhesion forces could be accurately meas-
ured as asum parameter involving the inter-
active area of the AFM-tip [23]. The
force—distance curves showed the typical
deflection motion and indentation of an
AFM-tip on a soft substrate. However, tips
coated with an ion-selective film showed in-
creasing stiffness with increasing concen-
tration of the ionophore and the electrolyte
solution. Typical elastic behaviour was no-
ticed upon retraction of the tip. The can-
tilever deflection in the retraction phase was
transformed into the quantity of adhesion
forces. The net adhesion force was cal cul at-
ed from the difference between the can-
tilever's adhesion force on a specific sub-
strate releasing potassium or sodium ions
and a blank PV C substrate. To distinguish
Van der Waals from el ectrostatic forces was
not in the scope of the project. Nevertheless,
the interrelationship between adhesion
force and concentration allowed the conclu-
sion to be drawn that specific electrostatic
interactionswereinvolved. The boundary of
the modified AFM-tip was polarized by the
selective extraction of potassium or sodium
ions, and interacted with the boundary po-
tential of the substrate which released the
same specificion in exchange with the el ec-
trolyte solution. Electroneutrality within the
substrate phase was guaranteed by adding a
lipophilic counter-anion which was not ex-
changed with chloride of the electrolyte.
This concept served as a model to simulate
the ion exchange over ion channels. Thein-
fluence of the ionic strength of the elec-
trolyte and theinterrel ationship between ad-
hesion force and selectivity of theion-selec-
tive ligand incorporated into the polymer
film, which served to coat the modified
AFM-tip, provided strong evidence that the
assumptions were correct [14]. The ion-ex-
change and polarization process was fully
reversible and was therefore compared to a
sodium—potassium pump exchanging both
ionsreversibly over thetwo boundarieseven
though the cantilever motion is the driving
force. This process controls the indentation,
adhesion and retraction force of the chemi-
cally modified AFM-tip.

4. Application of the Model to BK,
Channels of Living MDCK-F1 Cells
and to Voltage-gated Potassium
Channels of Adult Rat
Cardiomyocytes (ARC)

Chemically modified AFM-tips are
most attractive to add specificity to the ex-
cellent geometrical resolution and the high
sensitivity to molecular interactions of the
tip. If these outstanding features are com-
bined, the chemical identification of mole-
cules imaged by force microscopy will be-
come feasible and chemical analysison the
molecular level will become reality.

Different approaches to trace organic
compounds on the scale of single molecules
and to quantify interaction forces were re-
ported. Examplesare: (1) to investigate rup-
tureforcesof individual B-cyclodextrin—fer-
rocene host—guest complexes in agueous
medium [27]; (2) individual biomolecules
werelocalized on sensor surfaces by Kossek
et al. [28] based on immunochemical inter-
actions. Recently, Arntz et al. described the
label-free detection of creatin kinase and
myoglobin by a cantilever array [29] and
Lang et al. postulated an array of cantilevers
where each cantilever is coated with a dif-
ferent polymer to discriminate various sol-
vent vapors [30]. In 2003, E. Meyer et al.
postulated the ‘Laboratory on a Tip' [31]
which demonstrates the potential of Force
Microscopy as an analytical tool.

In addition to these challenging ap-
proaches, investigations of ion channels by
sensing devicesare of major interest and are
ableto contributeto ‘thelab on atip’. Clas-
sical chemical sensorsare ableto detection
activities reversibly and provide access to
monitoring the ion efflux continuously (for
a review see [32]). If ion-channels are
traced, the reference method is the Patch-
Clamp technique which was awarded the
Nobel Prize in 1992 [33]. Although, in
comparison to the modified AFM-tip, the
Patch-Clamp electrodes are neither operat-
ed selectively nor destruction-free. Both
characteristics are outstanding features of
the chemically modified nanoprobes dis-
cussed here. In anext step we decided to ad-
vance to show arealistic application of the
technique.

lon channels naturally incorporated into
cell membranes play a key role in commu-
nication between cells of al living systems
[34]. They are involved in signal transduc-
tion over cell membranes and in balancing
the physiological gradients of ions and
electrolytesin different cell compartments.
On the one hand, Na*-K*-ATPase controls
the sodium—potassium gradient and is re-
sponsible for balancing the osmotic pres-
sure, water retention and, therefore, the cell
volume. On the other hand, calcium-acti-
vated potassium channels such as Maxi K
or BK, channels are found in most ex-
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citablecell types[35]. In neurons, thesecal-
cium-activated potassium channels produce
hyperpolarization phases of several sec-
onds. Additionally, Maxi K channels are
known for their large pore-diameter of
about 50 nm. Potassium efflux from Maxi
K channelsiscontrolled by calcium ATPase
whereas a voltage pulse of 50 mV and cal-
cium concentrations in the medium of 100
mM stimulate K*-efflux. Inhibitors of this
ATPase such as thapsigargin as well as a
number of known toxins are able to block
the efflux of potassiumionsfromthese’lig-
and-operated ion channels' [36]. In addi-
tion, a number of drugs, which are relevant
to treat diseases such as hypertension by
controlling the activity of ion channels, are
on the market and are being developed fur-
ther in the pharmaceutical industry. For this
kind of research, the localization of specif-
ic ion channels and the monitoring of the
activity of ion channelsunder physiological
conditions is an important prerequisite.

AFM as a non-destructive technique
was considered to be especialy attractive
for biological research of living organisms.
The ultimate goal of the project wasto sup-
port drug development and to show the fea-
sibility of localizing potassium channelson
living tissues and cell membranes with
chemically modified AFM-cantilevers[37].
In addition, with AFM the mapping of the
topography may be combined with the
mapping of ion channel activity. Most suit-
able for such investigations are adhesive
flatcells which resist to the pressure of the
cantilever and have a nuclear region of
maximum 10-°>m. Cells which fulfill these
requirements are differentiated Madin-Dar-
by canine kidney (MDCK-F) cells which
areknownto expressMaxi K or BK -, chan-
nels.

AFM experiments and results of force
volume files elaborated as adhesion force
maps were compared to immunofluores-
cence images, to Patch-Clamp electrophys-
iology experiments and to scans of the to-
pography [14][37]. lon-channels of living
cells were investigated at the Institute of
Anatomy at the University of Zirich (Prof.
Dr. med. P. Grosscurth) which provided all
the necessary facilities and know-how. The
Patch-Clamp experiments were operated by
Dr. |. Foster, Ingtitute of Physiology, Uni-
versity of Zurich. The results of the im-
munofluorescent labelling of BK, chan-
nels confirmed the presence of these
channels in MDCK-F cells. Patch Clamp
experiments combined with experiments
applying thaspigargin as a calcium ATPase
blocker confirmed the presence and the ac-
tivity of BK -, channels. Using K*-selective
AFM-tipsthe efflux of potassiumionsfrom
these cells could be assessed in vitro with
chemically modified AFM-tips. Surprising-
ly, theresolution of the coated AFM-tip was
not the limiting factor for localizing theion
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channels but rather the pixel size of theim-
aging technique, which was reduced to <50
nm by collecting an array of 64x64 forcevs.
distance curves over an area of 3x3 um?.
All experiments were repeated up to 50
times. Combining the high resolution of the
AFM-technique and the high potassium-se-
lectivity of the coating film in physiological
solutions, the nanoprobes alowed the
observation of ion currents, which were
reversibly inhibited by a 2.7x10° M solu-
tion of the Ca-ATPase inhibitor thapsigar-
gin. The cellswereimaged in force-volume
mode with contact force of <4.2x10°N to
reduce the mechanical stress for the cell
[23]. MDCK-F1 célls are relatively robust
and could be investigated for approx. 1 h
before detaching from their substrate. By
the way, it was possible to show the migra-
tion of MDCK-F1 cells along the surface
and to investigate the speed of their move-
ment relative to the scanning speed of the
cantilever [14]. Investigations of cells with
AFM probes have become more common-
place. However the indentation of thetip in-
to the cell caused problems for the survival
of cells. Inthe case of the coated probes, the
active diameter of thetip apex isintherange
of 25+ 5x10-9m, the thickness of the poly-
mer film of 7.5+ 2.5x102 mincluded. Con-
sidering the tip apex as aball-point, the total
contact areamay beintherangeof 490+ 216
nm2. Thereforethe mechanical stressand the
adhesion force are distributed on a larger
areaand, as a consequence, they are less de-
structive.

Thefinal highlight of the Ph.D. thesis of
Prisca Zammaretti [14] was to investigate
adult rat cardiomyocytes (ARC) by chemi-
cally modified cantilevers and to monitor
the K*-efflux. Isolation of adult rat car-
diomyocytes and cultivation is a complex
procedure. In culture, the cells require the
addition of serum in order to survive for
more than five days. However the structure
of muscle cellsis strictly organized and the
localization of voltage gated ion channelsis
known to be distributed on the z-lines of the
lamellopodium. By staining the z-line epi-
top of ARC cells, the distribution of z-lines
can be visualized using CLSM (confocal
laser scanning microscopy) (Fig. 2). The
distance between z-lines was shown to be
2.3x10~% m which meansthat alsoion chan-
nels must be found in the same distance of
each other. The results acquired with the
maodified cantilever and transformed into an
elasticity map (in 10° N) was compared to
the elasticity plot (in 10° N) and the to-
pography (in 10-° m) (Fig. 3). Surprisingly,
the distance between lines of low elasticity
to the cantilever (white pixels in Fig. 3b)
coincided with the distance between the z-
lines and the distance of high adhesion to
the chemically modified AFM-tip. Using a
potassium-selective AFM-tip under the
same conditions as mentioned above, adis-

tance of 1.8 + 0.5x10% m was measured
(average over 10 different ARC cells im-
aged at least twice). With high probability,
the potassium-selective AFM-tip gave ac-
cess to locaization of the voltage-gated
potassium-efflux from opened ion channels
on rat cardiomyocytes.

5. What is Next in the Development
of Chemically Selective Nanoprobes
at CCS?

A crucial step when modifying surfaces
chemically arethe surface propertieswhich
allow adsorption of chemical compound or
covalent linkage with more or less effort.
The most frequently asked questionsin the
project above was ‘why don’t you immobi-
lize the ionophore on the surface of the
AFM-tip?. One answer to this question
was that the chemical environment of an
ionophore plays a crucial role for the pre-
formation of the complexing site and the ef-
fective complexation of an ion. More than
three decades were spent to find satisfying
conditions for anumber of ionophores used
for medical and biological investigations by
incorporating the active compounds into a
polymer film.

The adsorption of a polymer film to the
silicon and silicon nitride nanostructure of
the active surface of the AFM-tip worked
surprisingly well and was stable for a few
days of operation. Most probably this satis-
fying performance was correlated to therel -
atively small coated area and the shape of
the cantilever tip. In our experience,
the adhesion of chemical coatings relying
on physico-chemical adsorption becomes
more crucial the bigger the coated areais, in
addition to other surface properties such as
wettability, roughness etc. These experi-
ences were primarily made over aperiod of
more than ten years when we had been
working with optical sensors. Traditionaly,
silanization was used to control the wetta-
bility and contact angle of glass and quartz
surfaces. Due to the extremely high sensi-
tivity, this step was found to be much more
crucia for planar integrated optical sensors.

However, when investigating chemical-
ly modified integrated optical waveguides
to trace enzyme activities (active pro-
teomics on chip) and to trace the activity of
ions and neutral compounds (classical opti-
cal sensors (optodes) on chip), we learnt
that a change in strategy is necessary [38].
Currently a number of different immabi-
lization strategies for metal oxide surfaces
are under investigation.
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