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Topography of electrocyte surface by Scanning Force Microscopy

SFM offers the potential for atomic/molecular resolution
of cellular and molecular structures in air and in liquid
(Henderson, 1994; Hoh and Hansma, 1992; Shao et al.,
1996), even with living cells under physiological condi-
tions (Barbee et al., 1994; Lal er al., 1995; Shroff et
al., 1995). SFM has been applied to studies of the cell
membrane, cell organelles, and the cytoskeleton of fixed
and living cells (Chang et al., 1993; Horber et al.,
1992; Kasas et al., 1993; Parpura et al., 1993a,b;
Pietrasanta er al., 1994; Putman er al., 1993a,b;
Radmacher er al., 1992; Vater er al., 1995).

In this study, we investigated structural features of
thin sections of the electric organ from Torpedo marmo-
rata with a combination of various techniques: scanning
force microscopy (SFM), scanning electron microscopy
(SEM), and immunofluorescence microscopy (IFM).

Materials and Methods

Biological material

Adult Torpedo marmorata were obtained from the
Institut de Biologie Marine at Arcachon, France, and
kept alive in Gdttingen in an artificial sea water aquari-
um maintained at 18°C. All animals were anesthetized
with ethyl-m-aminobenzoate (0.5 mg/ml in sea water,
Sigma, Deisenhofen, FRG) and killed by spinal section.
The electric organ was crudely dissected 1nto small
pieces of about 1 cm?.

Sample preparation from electric organ

Dissected pieces from the electric organ were sliced
transversally and longitudinally with respect to the stack
of electrocytes.

Transversal cross-sectioning and cryoslicing.
Electric organ samples were fixed in 5% glutaraldehyde
buffered at pH 7.4 with 0.4 M sodium cacodylate for 2
hours at room temperature. The fixed sample was
washed in buffer for 1 hour and postfixed with 1% os-
mium tetroxide in cacodylate buffer. The sample was
dehydrated in increasing concentrations of ethanol (50-
100%) and critical point dried (Critical Point Dryer,
Balzers, Liechtenstein) in either ethanol or acetone using
CO, as the transition fluid. Transversal cross-sectioning
was performed with a razor blade after critical point
drying of the sample.

For cryoslicing, samples of electric organ were
fixed with 4 % paraformaldehyde, buffered to pH 7.4 by
phosphate-buffered saline (PBS), for 2 hours at 4°C.
The tissue was impregnated with increasing concentra-
tions of sucrose (5%, 10%, 20% wt/vol in PBS), and
then rapidly frozen according to the procedure of Kor-
delli et al. (1986). Transverse frozen sections (5-10 um
thick) were cut with a freezing microtome (Cryostat
Frigocut Model 2700, Reichert-Jung, Cambridge Instru-
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ments, Cambridge, U.K.) at -20°C. Individual sections
were mounted onto glass slides coated with either Vecta-
bond (Vector Laboratories, Burlingame, CA) or polyly-
sine. SFM imaging was conducted directly on sections
immersed in liquid or on air dried sections.

Longitudinal mechanical fracturing for SEM and
SFM. For SEM the critical point dried dissected piece
of electric organ (see above) was mechanically fractured
longitudinally with tweezers and attached to a specimen
stub with double sided sticky tape. For SFM, dissected
columns of prefixed and frozen tissue were cut transver-
sally with a razor blade in slices of about 4-5 mm thick-
ness. The slices were mounted between polylysine-coat-
ed coverslips and transferred to a metallic basket used
for critical point-drying. After fixation in the vapor
phase of 25% glutaraldehyde at 4°C for 2 days, the
slices were dehydrated in increasing concentrations of
ethanol prior to critical point drying (see above). The
coverslips were carefully separated such that part of the
tissue remained attached to the glass. The surface was
contacted with sticky tape to produce a freshly cleaved
surface suitable for SFM (Pietrasanta er al., 1994).

Scanning Electron Microscopy (SEM) and Scanning
Force Microscopy (SFM)

For SEM (Stereoscan 150, Cambridge Instruments,
U.K.) samples were sputter coated with gold (Union
Sputtering Device, Balzers) in a 0.1 mbar argon atmo-
sphere at 30 mA for 2 minutes, with a specimen distance
of 5 cm. SFM measurements were performed with
NanoScope Il and 1Il-multimode SPMs {Digital Instru-
ments (DI), Santa Barbara, CA}. Scanning was with a
G-scanner with a 85 ym X 85 um (x,y) X 4 um (z)
scan range or with a J-scanner (135 um X 135 yum X 5
um). The SFM was operated under ambient conditions
(18-27°C, relative humidity 15-40%) in the permanent
contact mode (with and without feedback electronics,
i.e., in the isoforce mode for measurements of the
topography or in the error mode (Fritz er al., 1994;
Putman er al., 1992), and in the tapping mode. The
error mode provides higher contrast images of the sur-
face relief. We used microfabricated pyramidal shaped
SizNy-tips (DI) and conical shaped Si-tips (Ultralever,
Park Scientific Instruments, Sunnyvale, CA) integrated
into a triangular cantilever with a spring constant of
about 0.1 N/m. For tapping, the resonance frequency
of the Ultralever was about 160 kHz. The loading force
of the tip was always minimized by adjusting the damp-
ing amplitude to a minimum value (tapping mode) or by
adjusting the setpoint of the optical readout signal to a
minimum value (permanent contact mode). The latter
typically corresponds to a cantilever bending force as
low as 1 nN. The total load of the tip is estimated to be
typically 1-2 orders of magnitude higher in air, and is
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margins. From the entire data and considerations, it is
obvious that the overall morphology of cryosections de-
pends critically on the actual preparation conditions,
e.g., constitution of the tissue, fixation, and orientation
of the tissue block during slicing. Thus, care must be
taken in interpreting fluorescence data of such
specimens. A better approach for the determination of
the polarity of the ventral and dorsal electrocyte
membranes would be to embed the tissue in a solid
matrix (Fox and Richardson, 1979; Zimmermann and
Whittaker, 1974).

In situ observation of the collagen type I substructure
by SFM

An important feature of our system was the observa-
tion of collagen in situ, inasmuch as this protein general-
ly cannot be extracted from tissue without degradation
because of existing chemical crosslink with the mem-
brane (except for collagen from tail tendons of young
rats). It is for this reason that SFM has been limited in
previous experiments to the imaging of native isolated
collagen fibers from rat tail and monomeric and recon-
stituted fibrillar collagen type I from bovine skin (Baselt
et al., 1993; Chernoff and Chernoff, 1992; Revenko et
al., 1994). In our system, the collagen remained asso-
ciated with the cell membrane and details of the collagen
fiber substructure could be obtained (Fig. 5).

The band pattern of the collagen substructure in the
SFM images is similar to that perceived by transmission
electron microscopy (Gelman et al., 1979) and to images
of isolated collagen type 1 fibers (Baselt er al., 1993;
Chernoff and Chernoff, 1992). The banding period was
about 64 nm, in agreement with the structural parame-
ters of the collagen type I fiber and the aggregation of
tropocollagen into ordered arrays in the ridges and
grooves (Hodge et al., 1965). Our data indicate that
collagen type I is the most abundant protein in the elec-
tric organ. The difference in height between the ridges
and grooves normal to the collagen fiber long axis was
about 2.5 nm, irrespective of the fiber diameter. This
value is somewhat lower than the 4 nm reported by
Revenko et al. (1994) and the measurements of Baselt er
al. (1993), who recovered a peak-to-peak value between
about 5 nm for small diameter fibrils and about 15 nm
for large-diameter fibrils from rat tail tendon collagen.
Since we used the same Si;N, tips as in these cited stud-
ies, a similar three-dimensional resolution was to be ex-
pected. One possibility for the apparently smaller peak-
to-peak height is that some material associated with the
gap persisted during sample preparation according to our
protocols.

Conclusion

We have shown that the structure of thin sections of
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the electric organ from Torpedo marmorata is amenable
to study by SFM, yielding additional information on the
morphological aspects of these preparations. The im-
ages obtained have nanometer spatial resolution and re-
veal molecular details conforming to the molecular sub-
structure of collagen type I fibers in the tissue sections.
The combination of electron, light, and probe micro-
scopic techniques is emphasized, demonstrating their
complementarity in the investigation of tissue structures.
For future studies, one can hope to elucidate the native
three-dimensional architecture by taking advantage of the
potential for imaging under physiological conditions.
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Fluorescence imaging and spectroscopy of biomaterials by SNOM/AFM
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Figure 2. Schematic diagram of the liquid chamber in
SNOM/AFM system.

coated with a 100-200 nm-thick metal layer (aluminum
or gold), and an aperture was made by vapor deposition
in rotating optical fiber tip (Fig. 3).

The spring constant was approximated by a spring
constant equation for a rod:
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where k is the spring constant, d is the diameter of the
rod, E is Young’s modulus, and 1 is the length of the
rod. A spring constant for 3 mm long probe was calcu-
lated at 97 N/m. Q factor is typically 200-600 in the air
and 20-200 in water [11]. The oscillation amplitude em-
ployed was between 10-100 nm (0.1-1 ACV_ in the
air, or 0.5-5 ACV__, in water for driving the bimorph).
Under typical imaging conditions, average sample-probe
separation was controlled by the amplitude of the vibra-
tion, which became 80-96 % of the free vibration ampli-
tude. The interaction force between the probe and the
sample was as small as that of normal cyclic contact
mode AFM.

The advantage of the instrument operating in liquid
was proved by resonance curves of an optical fiber
probe and a silicon cantilever in liquid. The resonance
curve for the silicon cantilever showed many peaks and
was not stable, but that for the optical fiber probe
showed a clear single resonance peak in liquid, as seen
in Figure 4.

Results and Discussion

Figures 5a and 5b show representative topographic
and optical images of a standard sample observed with

a 514.5 nm laser beam. The standard sample is a pat-

terned chromium layer of 2 um by 2 um checker with
20 nm thickness on a quartz glass plate. In the
topographic image, the higher part shows the chromium
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Figure 3. A representative scanning electron micro-
scope image of the probe made from an optical fiber
coated with aluminum.
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Figure 4. Typical resonance curve for the optical fiber
cantilever in water. The resonant frequency is 12.2
kHz, and the Q factor is 23.

layer. The chromium layer produces dark parts in the
optical image because the chromium layer blocks the
transmitting a light from the optical fiber probe to the
objective lens. In the SNOM/AFM operation, the laser
beam was modulated with an AO modulator by the same
frequency of probe vibration. The phase between probe
vibration and irradiation cycle was tuned as the irradia-
tion allows when the tip-sample separation is smallest in
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