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ABSTRACT In testing various designs of cell-semiconductor hybrids, the choice of a suitable type of electrically excitable
cell is crucial. Here normal rat kidney (NRK) fibroblasts are presented as a cell line, easily maintained in culture, that may
substitute for heart or nerve cells in many experiments. Like heart muscle cells, NRK fibroblasts form electrically coupled
confluent cell layers, in which propagating action potentials are spontaneously generated. These, however, are not associated
with mechanical disturbances. Here we compare heart muscle cells and NRK fibroblasts with respect to action potential
waveform, morphology, and substrate adhesion profile, using the whole-cell variant of the patch-clamp technique, atomic
force microscopy (AFM), and reflection interference contrast microscopy (RICM), respectively. Our results clearly demonstrate
that NRK fibroblasts should provide a highly suitable test system for investigating the signal transfer between electrically
excitable cells and extracellular detectors, available at a minimum cost and effort for the experimenters.

INTRODUCTION

Cell semiconductor hybrids are of great interest for a large
variety of applications, such as monitoring electrical com-
munication within neuronal networks or other electrically
active cellular aggregates or the development of new neu-
ronal prostheses. In principle, they provide for noninvasive,
simultaneous, and spatially resolved recordings with long-
term stability of bioelectrical activity from multiple single
cells (Denyer et al., manuscript submitted for publication;
Gross et al., 1997). These requirements are obviously not
met by classical microelectrode or patch-clamp recording tech-
niques. Optical recording using voltage-sensitive dyes, while
enabling simultaneous recording from different locations, can-
not be considered noninvasive, because it will eventually result
in photodynamic damage of cells (Schaffer et al., 1994).

At present, two extracellular recording techniques are
available that are based on cells adherent to semiconductor-
detectors or planar metal electrodes. When electrically ex-
citable cells are close to the gate electrode of a field effect
transistor (FET), their action potentials can steer the source
drain current (Bergveld et al., 1976; Fromherz et al., 1991).
Another possibility is to adhere cells close to planar, extra-
cellular microelectrodes, such as thin wires made of indium-
tin-oxide (ITO) or platinized gold (Gross et al., 1985, 1995;
Jimbo et al., 1993; Regehr et al., 1989) and measure their
electrical activity either as ohmic or transient currents. With
both techniques, signal transduction between single neurons
of invertebrates (e.g., leeches (Fromherz et al., 1991; Wil-

son et al., 1994) or snails (Gross et al., 1977; Novak, 1986;
Regehr et al., 1989)) and the extracellular detector is pos-
sible. The signal-to-noise ratio is typically better than 1000.

Gross et al. were able to monitor action potentials from
mammalian neuronal tissue adhered to extracellular micro-
electrodes (Gross et al., 1995, 1997). Furthermore, the
groups of Fromherz and Offenhäusser could record electri-
cal activity from single mammalian neurons maintained 3–5
days in vitro (DIV) with FETs, which were stimulated with
artificial test pulses by patch clamp (Offenhäusser et al.,
1997; Vassanelli and Fromherz, 1997; Vassanelli and From-
herz, 1998). At present an important aim is still to improve
recordings of defined action potentials from single mamma-
lian neurons under natural conditions. New semiconductor
designs with enhanced sensitivity will be needed to reach
this goal.

In addition to neurons, action potentials from layers of
heart muscle cells have been detected with FETs (Sprössler
et al., manuscript submitted for publication) and extracel-
lular microelectrodes (Connolly et al., 1990; Denyer et al.,
manuscript submitted for publication; Israel et al., 1984,
1990; Thomas et al., 1972), respectively. Heart muscle cells
have been proved to be very stable systems for extracellular
potential recordings and can be used for drug screening
assays, correlating changes in beating intervals with the
amount of added pharmaceutical agents (Denyer et al.,
manuscript submitted for publication). With cardiomyo-
cytes, electrical activity is necessarily associated with me-
chanical movement. Depending on the principle of mea-
surement used, electromechanical coupling may thus
introduce artificial signals.

Unfortunately, all of the cell systems described above are
primary cultures and thus have to be freshly prepared for
each experiment. Clearly, an electrically excitable cell sys-
tem that could be kept in culture and could be easily grown
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on extracellular recording devices would be a very conve-
nient means of testing new generations of cell-semiconduc-
tor hybrids.

Recently it was found that normal rat kidney (NRK)
fibroblasts can behave like an excitable tissue (deRoos et
al., 1997a,b, 1998). These fibroblasts can easily be kept in
culture and grow under standard cell culture conditions. In
these monolayers, Ca2� action potentials can be generated
by depolarization with either bradykinin or an elevation of
the extracellular K� concentration. When only a part of the
monolayer is depolarized by a localized addition of high
K�, a propagating action potential is generated that travels
at a speed of �6 mm/s through the monolayer (deRoos et
al., 1998). These action potentials are characterized by an
upstroke to positive membrane potentials and are carried by
Ca2�, but can also be carried by Sr2� ions through Ca2�

channels. After a plateau phase (or shoulder) due to the
opening of Ca2� activated Cl� channels, cells finally return
by repolarization to resting levels. Besides stimulated action
potentials, NRK fibroblasts can exhibit spontaneous Ca2�

action potentials, leading to synchronized Ca2� spiking
(deRoos et al., 1997a). Unlike heart muscle cells and neu-
ronal cells, these action potentials appear to have no Na�

component, and the duration of the action potential is much
longer in NRK fibroblasts.

Two sets of properties are central to the potential useful-
ness of a cell type in testing cell-semiconductor hybrids: 1)
its electrical excitability and 2) its adhesion to the detector
surface. Here we used the whole-cell configuration of the
patch-clamp technique to assess the amplitude and time
course of action potentials. Atomic force microscopy (AFM)
(Henderson et al., 1992; Radmacher et al., 1992) is an estab-
lished technique that enables the micromorphological study of
living cells. We make use of this technique in this study to
determine the shape, height profile, and adherence of cells
growing on semiconductor wafers. The immediate zone of
adhesion, in turn, can be imaged by reflection interference
contrast microscopy (RICM) (Izzard and Lochner, 1976;
Schindl et al., 1995; Simson et al., 1998), where, in close
analogy to the formation of Newton’s rings (Hecht, 1987),
optical interference is measured between cell and substrate.

MATERIALS AND METHODS

Cell culture

As substrates silicon chips (Cytosensor Microphysiometer chips; Molecu-
lar Devices Corporation, Sunnyvale, CA) covered with SiO2/Si3N4 and
glass microscope cover slides (Assistent, Munich, Germany) were used. They
were cleaned by sonification successively in ethanol, Millipore water (Milli-Q
plus 185; Millipore, Eschborn, Germany), detergent (2% Hellmanex II, no.
320.001; Hellma GmbH, Müllheim, Germany), and KOH dissolved in ethanol
solution and two times in Millipore water. All substrates used for heart cell
cultures were coated with fibronectin to improve cellular adhesion. Because
the aim of this paper is to compare the properties of NRK fibroblasts with heart
muscle cells as a reference system, we adopted the fibronectin coating protocol
from reports, in which recordings of extracellular potentials were reported
(Denyer et al., manuscript submitted for publication; Sprössler et al.,
manuscript submitted for publication).

NRK fibroblasts (clone 49F) were seeded at a density of 10�4 cells/cm2

on uncoated glass or silicon substrates, respectively, and grown to conflu-
ence in bicarbonate-buffered Dulbecco’s modified Eagle’s medium
(DMEM, Gibco no. 31966) supplemented with 10% newborn calf serum
(no. N-4637; Sigma, Deisenhofen, Germany) and 1% penicillin-streptomy-
cin (Sigma no. P-7539). Confluent cultures were made quiescent by incu-
bating them in serum-free DF medium (DMEM/Ham’s F12, 1:1, Gibco no.
11321; Life Technologies GmbH, Eggenstein, Germany) supplemented
with 30 nM Na2SeO3 (Gibco no. 13012), 10 �g/ml human transferrin
(Gibco no. 13008), and 1% penicillin-streptomycin.

Heart muscle cells were prepared according to the protocols of Riehle
et al. and Denyer et al. (Denyer et al., manuscript submitted for publication;
Riehle and Bereiter-Hahn, 1994). Briefly, hearts were extracted from
7–9-day-old chicken embryos and enzymatically dissolved. The cell sus-
pension was then transferred in a tissue culture flask and incubated for 1 h.
This incubation allowed the majority of fibroblasts to adhere to the flask,
leaving an increased proportion of �80% myocytes in suspension (Blondel
et al., 1971). Finally, heart cells were plated on substrates at densities of
25–30 � 10�4 cells/cm2 and incubated for 24 h. Every 2 days, medium was
exchanged with new M199 medium (Gibco no. 21183), supplemented with
2% of 1 M HEPES, 0.5% of 7.5%-NaHCO3, 0.5% ITS (Gibco no. 41400),
1.5% of 200 mM L-glutamine, 1% penicillin-streptomycin solution, 0.13%
amphotericin B solution, and 3% fetal calf serum (pH 7.5). After 1–2 days
in vitro (DIV), large areas of the confluent cell layers started beating. All
measurements were made after 1–4 DIV.

Patch clamp

Current clamp was applied with an EPC7 patch-clamp amplifier (List,
Darmstadt, Germany), using the whole-cell configuration (Hamill et al.,
1981) (see Fig. 1). All measurements were made on confluent cells grown
on silicon wafers at room temperature without CO2 control.

NRK fibroblasts

Cells were incubated in a nominally Ca2�-free DF medium supplemented
with 3 mM Sr2� as previously described (deRoos et al., 1998). Using Sr2�

as a charge carrier ensured a very consistent action potential generation
(�90% of the experiments). Action potentials were evoked by adding a
small volume (5–10 �l) of 120 mM K� at a distance (usually 10–20 mm)
from the patch-clamp pipette as previously described in detail (deRoos et
al., 1998). Pipettes were filled with a high-K�, Tris-buffered solution (in
mM: 25 NaCl, 120 KCl, 1 CaCl2, 1 MgCl2, 10 Tris, 3.5 EGTA, pH 7.4).

Heart muscle cells

Spontaneous action potentials were recorded at parts of the cell layer where
no contraction was visible. Pipettes were filled with a high-K� solution
(Risso and DeFelice, 1993) (in mM: 120 KCl, 0.1 CaCl2, 2 MgCl2, 1.1
EGTA, 10 HEPES, 30 D-glucose).

Atomic force microscopy

AFM was performed with a commercial instrument (Bioscope; Digital
Instruments, Santa Barbara, CA) (see Fig. 1). All experiments were made
on cells grown on silicon wafers. Wafers were glued in 35-mm culture
dishes, which were then filled with culture medium. Silicon nitride canti-
levers (Microlevers; Park Scientific, Santa Clara, CA) were used as AFM
tips. These had a force constant of 8 mN/m, calibrated by the thermal noise
method (Butt and Jaschke, 1995). For obtaining elastic properties and the
real topography of the investigated sample, the force mapping mode
(Cleveland et al., 1995) was employed: force curves were taken while the
tip was raster-scanned laterally over the sample. As described in great
detail previously (Domke and Radmacher, 1998), fitting the force curves
with the Hertz model yields a quantitative value of the elastic (Young’s)
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modulus and the real height of the sample. Because this evaluation needs
force curves recorded on cells and on the uncovered substrate, subconfluent
cells were used.

Reflection interference contrast microscopy

The principle of image formation (Gingell and Todd, 1979; Rädler and
Sackmann, 1993; Wiegand et al., manuscript submitted for publication) is
illustrated in Fig. 1. To discriminate between light reflected from the
contact zone between cell and substrate and from the organelles and the
backside of the cells, one can change the illuminating numerical aperture
(INA) (Verschueren, 1985). At high INA values, reflections in the close
proximity of the substrate surface dominate the measured intensity I(x, y)
(Gingell and Todd, 1979; Wiegand et al., manuscript submitted for publi-
cation). Multireflections were neglected because of the low reflectivity of
the particular interfaces. If one would assume in first order that only light
I2 from the medium/cell-membrane interface interferes with the reference
intensity I1 (neglecting I3, I4, . . .) and that the interface is parallel to the
substrate surface, then I(x, y) would be a cosine transformation of the local
distance d1(x, y) between cell and substrate. As a consequence of the higher
refractive index of the cell membrane (n2) than the index of the surrounding
medium (n1), light reflected from the buffer/cell interface experiences a
phase shift of � � �. Therefore, the areas of close contact of an adhering
cell appear dark in RICM.

All experiments were made with subconfluent cells grown on glass
cover slides. The microscope setup used for the present experiments was a
modified (Pluta, 1988) Zeiss Axiomat microscope (Oberkochen, Ger-
many). Monochromatic epi illumination was provided by a 100-W high-
pressure mercury lamp and a bandpass filter (d� � 5 nm, 85% peak trans-
mission) selecting the green 546.1-nm line. Field and aperture stops were
adjusted to an INA of 0.75. The microscope was equipped with a Zeiss
Neofluar 63/1.25 Antiflex objective and two polarizers. The antiflex technique
(Schindl et al., 1995) was used to eliminate stray light in the microscope,
which could obscure the low intensity (1%) of the reflected light. RICM
images were recorded with a CCD camera (HR480, Aqua TV; Germany),
preprocessed with a Datacube image-processing system (Datacube Peabody,
Boston, MA), and stored with a S-VHS video recorder (AG7350; Panasonic).
A video board (Perceptics, Knoxville, TN) was used to digitize the images into
256 gray levels, and image processing was carried out with the software NIH
Image (Wayne Rasband, National Institutes of Health, Bethesda, MD). For
static image analysis the data were averaged over four to eight frames to reduce
camera noise.

RESULTS

Typical action potentials recorded with patch pipettes in the
current clamp mode are shown in Fig. 2. NRK cells showed
an action potential rising from a resting membrane potential

FIGURE 1 Sketch of applied techniques. Experiments were actually
done with three different setups. Electrical properties were investigated
with patch clamp in current clamp mode. With the pipette current I held at
zero, membrane potential UM is measured with a feedback loop. AFM
measurements were performed by scanning the tip of a cantilever across
the cell. Image formation in RICM is realized as follows. Monochromatic
light reflected from the substratum (I1) interferes with light reflected from
the different interfaces of the cell (I2, I3, . . .) and cell organelles, respec-
tively. The resulting local intensity I(x,y) of the light reflected from the
observed object depends on the total reflectivity of the object. Because of
the finite aperture of illumination, light from different angles of incidence
� has to be considered. In different media the maximum illumination angle
�i � max(�i) can be calculated from the illuminating numerical aperture
(INA), and the refractive index of the medium ni by INA � ni sin(�i).

FIGURE 2 Membrane potential UM versus time t, recorded with current
clamp on confluent cell layers adhered to silicon substrates. Data were
filtered with 1 kHz. (A) NRK fibroblasts. (B) Chicken heart cells.

Parak et al. Electrically Excitable NRK Fibroblasts 1661



of �64 � 7 mV (n � 11; all values are given including their
standard deviation) to a peak of 35 � 5 mV. This yields a
maximum change in membrane potential of 99 � 9 mV.
The rapid phase of the action potential was followed by a
plateau phase lasting 39 � 11 s. During the upstroke of the
action potential, the rate of depolarization was 1.2 � 0.3
V/s. These results show that action potentials can be gen-
erated when the cells were grown on wafers, and they had
characteristics similar to those already described.

Cardiac pacemaker cells had a maximum diastolic poten-
tial of �59 � 7 mV (n � 7). Spontaneous action potentials
occurred at intervals of between 500 ms and several seconds
and reached �8 � 6 mV, corresponding to an amplitude of
67 � 9 mV. The maximum rate of rise was 1.6 � 0.7 V/s.

Because nontransparent silicon wafers were used, AFM
had to be performed without the help of an optical micro-
scope, and thus cells could not be visually selected. Fur-
thermore, in cultures of cardiomyocytes, a comparatively
large number of dead or loosely adherent cells were present.
Consequently, the AFM tips had to be changed often be-
cause of contamination.

Typical AFM images of living NRK fibroblasts and heart
cells are shown in Fig. 3. They were recorded in constant
deflection mode with a loading force of �1–2 nN. Simul-
taneously recorded height (Fig. 3, A, C) and deflection data
(Fig. 3, B, D) are presented. The height signal is derived
from the piezo’s feedback loop that is used to keep the
loading force of the AFM tip constant and corresponds to

FIGURE 3 AFM images of a group of living NRK fibroblasts (A, B) and cardiomyocytes (C, D) adhering to silicon substrates recorded in contact mode.
The baseline corrected height images (A, C) show the rough topography of the cells. The deflection images (B, D) present small surface corrugations of
the sample. Because of a loading force of �1–2 nN, cytoskeletal structures located under the cell membrane (e.g., stress fibers) are clearly visible, especially
in the case of NRK fibroblasts. The scale bar represents 10 �m.
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the rough topography of the sample. Because the feedback
loop has a finite time constant, small deviations in the
surface topography show up as deflections of the cantilever
and form the deflection signal.

Cell length (l) and breadth (b), as well as substrate area
covered (A) are given directly by the images. Values ob-
tained for heart cells (n � 11) were l � 72 � 22 �m, b �
34 � 13 �m, A � 1300 � 500 �m2. For fibroblasts (n � 7)
we found l � 64 � 19 �m, b � 37 � 15 �m, A � 1700 �
400 �m2. In contrast, the height values were reduced by a
factor of �25% because of compression by the cantilever
tip. By fitting the force curves with the Hertz model (see
Materials and Methods), the real height (h) of cells was
obtained: h � 2.9 � 0.7 �m for heart cells and h � 3.6 �
0.6 �m for fibroblasts.

To further characterize the morphology of these cells, we
introduced two shape parameters: one to measure the ten-
dency of cells to be oblong (s1 � l/b), so that for a disk-
shaped ellipsoid (l � b) s1 � 1, and for a cigar-shaped
ellipsoid (l �� b) s1 3 	. Another parameter was used to
describe flatness (s2 � (�/8)1/2h/A1/2), where for a sphere-
like ellipsoid (l � b � h, A 
 l � b) s2 � 1, and for a
disk-like ellipsoid (h �� l, b) s2 � 0. The results obtained
from AFM measurements were s1 � 2.1 � 1.1, s2 �
0.050 � 0.015 for heart cells and s1 � 1.7 � 1.3, s2 �
0.055 � 0.011 for fibroblasts.

RICM measurements were carried out on �100 cells
from seven different preparations (selected pictures are
shown in Fig. 4). Single NRK fibroblasts could be easily
identified, and dark areas, which correspond to the regions
of closest contact (focal contacts; Izzard and Lochner, 1976)
could be localized in nearly every cell. In RICM images
with NRK fibroblasts, focal contacts were found to be
distributed throughout the whole underside of cells, com-
prising 16 � 5% (n � 10) of the total area of the membrane
facing the substrate.

To obtain a quantitative estimate of cell-substrate sepa-
ration, we used a model containing the following four
refractive layers (Schindl et al., 1995), with their respective
refractive indices chosen to best approximate the experi-
mental data: glass substrate (n0 � 1.53), liquid medium
(n1 � 1.33), cell membrane (n2 � 1.45), and cytoplasm (n3

� 1.35). The optical thickness of the membrane (d2) was
assumed to be 10 nm. Such a model allows the calculation
of reflected light intensity (I) as a function of cell-substrate
distance (d1) (Rädler and Sackmann, 1992, 1993). Because
the function relating these parameters is periodic with the
wavelength of the light source, a given intensity cannot be
unequivocally identified with a distance. For the purpose of
this work, we assumed that d1 in the focal contacts was
below the first intensity maximum. This assumption seems
reasonable, as otherwise distances of �200 nm would have
been required to explain the measured low intensities of
reflected light. Our standard model gave a mean cell-surface
distance inside the focal contacts of 30 nm. This value
showed variations between different focal contacts of the
same cell of �15 nm (n � 10 focal contacts). Between

means of different cells variation was �20 nm (n � 10
cells). To estimate errors associated with this approach, the
optical parameters were systematically varied: changes of
�1% in one of the parameters, of which the most influential
was n3, yielded changes of up to � 25 nm in d1.

The shape of heart cells was less regular than that of NRK
fibroblasts, and borders between different cells were often
blurred. Generally, RICM pictures recorded with heart cells
showed less contrast, and fewer focal contacts could be
clearly identified. The relative membrane area taken up by
focal contacts in cardiomyocytes was 6 � 3% (n � 10).
This value is significantly smaller than that obtained for
fibroblasts. To improve adhesion, heart cells were grown on
fibronectin-coated substrates (Denyer et al., manuscript sub-
mitted for publication; Sprössler et al., manuscript submit-
ted for publication). A quantitative evaluation of the RICM
data obtained for heart muscle cells therefore would have
required the introduction of two additional parameters (n, d)
in the optical model. However, in view of the error bars, no
absolute values for the cell substrate distance are declared
for cardiomyocytes.

Some RICM images recorded with cardiomyocytes
showed large interference fringes, which are thought to
represent light reflected at the upper cell membrane (Ver-
schueren, 1985). They could be clearly differentiated from
reflections at the lower membrane and did not affect the
identification of focal contacts. In particular, during rhyth-
mic contractions, those membrane areas that were identified
as focal contacts did not change their interference pattern,
whereas interference fringes widened, consistent with their
origin at the upper membrane.

DISCUSSION

Action potentials in NRK fibroblasts have been described
only recently (deRoos et al., 1998). It has also been dem-
onstrated that opening of voltage-dependent L-type Ca2�

channels underlies the early fast phase of the action poten-
tial, whereas the plateau phase that lasts tens of seconds is
likely to be mediated by Cl� flux through Ca2�-dependent
Cl� channels.

In the present study, cardiomyocytes derived from em-
bryonic chick hearts showed action potentials with rise rates
only slightly higher than that of fibroblasts. It is therefore
likely that the cardiomyocytes studied here were pacemaker
cells lacking fast voltage-dependent Na channels. For these,
maximum slopes of action potentials well below 10 V/s
have been described earlier at physiological temperatures
(Jacobson and Piper, 1986; Kodama and Boyett, 1985;
Nathan, 1986). The mean value of 1.6 V/s we obtained at
room temperature, therefore, seems to be in good agreement
with previous data. The kinetic similarity of the rising
phases of fibroblast and cardiomyocyte action potentials is
furthermore plausible, because in both cell types it is me-
diated by L-type Ca2� channels.

Because the maximum height range of the piezo used for
the AFM measurements was less than 6 �m, a preselection
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of cells concerning their heights was made. In addition to
the applied loading force, the AFM tip also exerts lateral
shear stress on the cells. For both reasons, it is therefore
likely that we preferentially selected cells that were well
adhered to the substrate.

Because of the applied loading force the surface of the
cells was compressed. Thus cytoskeletal structures from
beneath the cell membrane became visible. Especially in the
case of the NRK fibroblasts, stress fibers, i.e., bundles of
actin filaments, could be clearly resolved (see Fig. 3 B),
illustrating the need to use force maps to correctly estimate
the true sample height. Analyzing force maps makes it
possible to calculate the point where the AFM tip first
touches the sample and thus to reconstruct the real topog-

raphy of the cells. Comparison of heights obtained from
force curve analysis with the raw height images conse-
quently showed marked discrepancies. For instance, the
height calculated from the force map of the fibroblasts of
Fig. 3 was �4.2 �m, but the same cell appeared to be 2.6
�m high in contact mode.

Summarizing the results of the morphological analysis
using the AFM, it is clear that fibroblasts have a larger
surface area and are less oblong and less flattened than
cardiomyocytes.

Measuring the cell-substrate distance with RICM yielded
clear differences between NRK fibroblasts and heart muscle
cells in that focal contacts were more abundant and wide-
spread in NRK fibroblasts than in cardiomyocytes.

FIGURE 4 RICM picture, showing
the adhesion zone between cells and
glass substrate. Dark points correspond
to areas with close contact. The scale
bars represent 10 �m. (A) NRK fibro-
blasts. The arrow indicates a typical ex-
ample for an area considered as focal
contact. (B) Chicken heart cells.

1664 Biophysical Journal Volume 76 March 1999



Focal contacts have been described in a variety of cells as
their closest contacts to substrate (Alberts et al., 1994, p.
841), where distances are reduced to a few tens of nanome-
ters. Our result (30 � 25 nm) is in reasonable agreement
with the values most often cited in the literature (10–15 nm;
(Izzard and Lochner, 1976).

It should be noted in this respect that absolute values are
highly influenced by the optical model selected for the
analysis of RICM data. For instance, highly divergent re-
fractive indices, especially for the cytoplasm, can be found
in the literature (Izzard and Lochner, 1980; Schindl et al.,
1995; Verschueren, 1985). Furthermore, it has been argued
that the refractive index of cellular compartments may be
inhomogeneous. For instance, it may be higher than average
at focal contacts, because of an enrichment in actin fila-
ments (Bereiter-Hahn et al., 1979).

In addition, the multiple layers used in the model are
defined as optical entities, not as pure cell biological com-
partments. Thus the value of 10 nm assumed for the membrane
thickness would comprise both the intracellular actin network
and the extracellular glycocalyx and is therefore larger than
estimates of the thickness of a pure lipid bilayer (Johnson et al.,
1991; Rädler and Sackmann, 1993), which yield �3–5 nm.

An additional result of the RICM observations is that
interference fringes attributed to reflection at the upper
membrane were more frequently observed with cardiomy-
ocytes but hardly ever with NRK fibroblasts. Reflections
from the upper face of the membrane are to be expected
only from very flat cells (Verschueren, 1985). This finding
thus correlates well with our AFM data, which also indicate
that heart cells were much flatter.

In conclusion, RICM has shown that NRK fibroblasts
form a denser array of focal contacts with the substrate than
heart muscle cells, and that the latter appear to be signifi-
cantly less extended into the third dimension.

An advantage of the RICM technique lies in the fact that
it provides a direct image of the cell’s adhesion profile.
Alternative techniques for quantitative determination of
cell-substrate distances include total internal reflection flu-
orescence (TIRF) (Axelrod, 1981; Axelrod et al., 1984;
Gingell et al., 1985; Hornung and Fuhr, 1996; Hornung et
al., 1996) and fluorescence interference-contrast micros-
copy (FLIC) (Braun and Fromherz, 1997; Lambacher and
Fromherz, 1996). Like RICM, TIRF can only be used with
glass supports; FLIC, however, is usable with illumination
from above and can therefore be applied to objects on
opaque material like silicon. To date, FLIC has only been
used with cells of a simple geometry.

The adhesion to substrate is one of the key components of
success of any model for a cell-semiconductor hybrid. In
this respect, the relevance of the RICM data obtained with
glass substrates to the question of cell adhesion to silicon
substrates merits discussion. As will be shown below, avail-
able data suggest that the two materials are equivalent
regarding 1) chemical composition, 2) roughness, and 3)
surface charge density.

Highly inert borosilicate coverslips were used as the glass
substrate (Schott D263M glass: 64.1% SiO2, 8.4% B2O3,
4.2% Al2O3, 6.4% Na2O, 6.9% K2O, 5.9% ZnO, 4.0%
TiO2, 0.1% Sb2O3). In contact with electrolytic solution, the
surface of SiO2 is formed by silanol sites. The manufactur-
ing process for the silicon chips with a SiO2/Si3N4 surface,
as used here, has been described by Bousse et al. (1990).
Because the authors claim that Si3N4 surfaces in contact
with electrolytic solution comprise less than 2% amine sites
and more than 98% silanol sites (Bousse and Mostarshed,
1991), SiO2 and Si3N4 surfaces seem to have very similar
reactive sites. To our knowledge, no specific chemical re-
actions of cellular components with the surface sites of
borosilicate glass or silicon wafers with nitride surface have
been reported. Therefore it seems reasonable to assume that
glass substrates used with RICM experiments had surface
sites similar to those of the silicon substrates used with the
AFM and patch-clamp experiments.

The roughness of glass slides and silicon wafers was
determined on the nanometer scale with the AFM by re-
cording height profiles H(x, y) across the substrate surface.
Because substrates could have a slightly inclined orientation
toward the x-y plane, only height deviations �H(x, y) re-
ferred to the principal plane of the substrate were used for
further calculations. We defined the roughness 
H� of the
substrate as the normalized integral over the absolute height
deviation �H, as already implemented in the commercial
AFM software:


H� �
1

�x �y �
y�0

�y �
x�0

�x

��H�x, y�� dx dy

With scan sizes of �x � �y� 10 �m we obtained a mean
roughness of 
H� � 0.37 � 0.07 nm (n � 9) for the silicon
chips and of 0.39 � 0.05 nm (n � 8) for the glass slides,
which were used as substrates for the cells. The two rough-
nesses are equal within their error bars.

Charge densities of a surface in electrolytic solution are
often expressed in terms of the pH at the point of zero
charge (pHpzc). For pH � pHpzc and pH � pHpzc, the
surfaces are negatively and positively charged, respectively.
In contact with electrolyte, the surface of silicon nitride is
composed of both silanol sites (Si-OH) and primary amine
sites (Si-NH2) (Harame et al., 1987), whereas the surface of
silicon oxide consists only of silanol sites. Because the
pHpzc found for silicon nitride surfaces (2–4) is not very
different from silicon oxide surfaces, Bousse et al. conclude
that “the surface of silicon nitride is practically the same as
that of silicon oxide, and that virtually no ionizable amine
groups remain at the surface” (Bousse and Mostarshed,
1991). Furthermore, Bousse et al. claim that “for properties
such as biocompatibility or protein adsorption, . . . Si3N4 is
expected to be very similar to SiO2” (Bousse and Mo-
starshed, 1991). Therefore we conclude that there should be
no significant difference in the surface charge density be-
tween silicon chips and glass slides.
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As mentioned above, the cell-substrate distance of cells
adherent to silicon wafers can be directly measured by the
FLIC technique, which was recently introduced by From-
herz and co-workers (Braun and Fromherz, 1997). To our
knowledge, to date only FLIC data obtained with erythro-
cytes have been published. It is useful to compare the
distance between erythrocytes adherent to silicon substrates
measured with the FLIC technique (Braun and Fromherz,
1997) with the distance between erythrocytes adherent to
glass substrates, measured with the RICM technique (Do-
nath and Gingell, 1983; Gingell and Todd, 1980; Gingell
and Vince, 1979; Wolf and Gingell, 1983). Braun et al.
obtained d1 � 12.4 � 0.7 nm with erythrocytes adherent to
polylysine-coated silicon chips with SiO2 surface (Braun
and Fromherz, 1997). Using the RICM technique, Gingel et
al. estimated d1 to be �10 nm with erythrocytes adherent to
polylysine-coated RBC-glass at physiological salt concen-
trations (Gingell and Vince, 1979; Wolf and Gingell, 1983).
As determined by the two techniques, these results indicate
that at least for erythrocytes, the cleft between cells and
substrate is on the same order of magnitude.

We have also shown in an additional patch-clamp control
experiment that action potentials of heart muscle cells and
NRK fibroblasts adherent to glass coverslips had the same
characteristics as action potentials recorded with cells ad-
herent to silicon wafers. Likewise, no differences were
found—within error bars—between additional AFM data
obtained with heart muscle cells and NRK fibroblasts ad-
herent to glass substrates and the AFM data obtained with
cells adherent to silicon wafers (data not shown).

Therefore, our RICM data, although obtained with cells
on glass coverslips, are most likely relevant to the problem
of cell adhesion on silicon wafers.

Cell-substrate adhesion is of crucial importance for signal
transduction between cell and detector. We have therefore
attempted in this study to quantitatively describe this pa-
rameter by two different approaches. It appears plausible
that cellular adhesion depends on the distribution and den-
sity of focal contacts. One would equally expect flatness and
oblong shape to be indicators of adhesion quality, as strong
attraction between cell and substrate is required to over-
come the cell’s inherent tendency to adopt a rounded shape.

The conclusions to be drawn from this study regarding
the quality of adhesion of NRK fibroblasts versus cardiomyo-
cytes appear to depend on the point of reference: seen from
below (RICM), NRK fibroblasts have a larger number and
density of focal contacts. On the other hand, probing cells from
above (AFM) yields data compatible with stronger substrate
attraction acting on cardiomyocytes than on fibroblasts.

However, there is evidence that substrate adhesion is less
stable in time for cardiomyocytes. We observed in several
cases that, after 4 days in culture, an entire cell layer
detached from the substrate and formed a ball-like agglom-
erate. A tendency to gradually lose adhesion so as to form
a more rounded shape has been described earlier in cultured
cardiomyocytes (Jacobson and Piper, 1986).

Our electrophysiological data indicate a close similarity
between the action potentials of cardiac pacemaker cells and

NRK fibroblasts. Because of their slow rise rate, only weak
capacitative coupling to a detector is to be expected. The
long duration of current flow and the large contact area,
however, facilitate resistive coupling.

In conclusion, NRK fibroblasts offer many of the excit-
ability properties of cardiomyocytes and show an adhesion
profile that appears at least as strong and is likely to be more
stable than that of heart muscle cells. In addition, the absence
of contractions eliminates a possible source of artificial signals.
As cell lines, NRK cells are easily obtained and cultured and
provide standardized conditions that are difficult to realize with
primary cell cultures. Thus excitable fibroblasts promise to be
a useful alternative to cells that have been used previously in
the study of cell-semiconductor coupling.
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