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Abstract 

Membrane structures of different types of cells are 
imaged in the nanometer regime by scanning force mi
croscopy (SFM). The images are compared to those ob
tained with a scanning electron microscope (SEM). The 
SFM imaging can be done on the outer cell membrane 
under conditions that keep the cells alive in aqueous 
solutions. This opens up the possibility of observing the 
kinematics of the structures that determine the interac
tion of a cell with its environment. Therefore, STM ob
servations, together with information obtained with the 
electron microscope, open up new ways of studying the 
development of biological structures. With the currently 
possible resolution, the SFM gives access to processes 
such as antibody binding or endo- and exocytosis, in
cluding processes correlated to the infection of cells by 
viruses. 
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Introduction 

Scanning probe techniques, such as, scanning tunne
ling microscopy (STM) or scanning force microscopy 
(SFM), which are basically surface science instruments 
(Binnig et al., 1982, 1986), have shown that they can be 
developed into powerful tools to study biological struc
tures (Binnig et al., 1984; Marti et al., 1988), in parti
cular the dynamics thereof (Drake et al., 1989). 

Observations with the STM of artificial lipid films 
(Fuchs et al., 1987; Smith et al., 1987) and with inte
grated proteins (Horber et al., 1988) demonstrated very 
early that even membranes might be accessible to these 
instruments. This was confirmed by SFM observations 
of lipid films (Egger et al. , 1990; Meyer et al., 1991). 
Therefore, first attempts to study natural membranes 
(Worcester et al., 1988; Guckenberger et al. , 1989; 
Jericho et al., 1990; Horber et al., 1991) with SFM and 
STM were soon made, but showed that the reliable prep
aration of such membranes on substrates is quite difficult 
because numerous surface effects at the substrate influ
ence preparation and imaging by introducing considera
ble identification problems. One way to avoid at least 
some of the problems at the surface of the sample is to 
coat it with homogeneous conducting material. Some 
groups tried such and other methods borrowed from 
electron microscopy to improve the results (Travaglini 
et al. , 1987; Stemmer et al. , 1987; Zasadzinski et al., 
1988). Nevertheless, the preparation of artificial and 
natural membranes on well-defined solid supports is 
rather difficult and it is not obvious to what extent they 
can actually show the normal cell membrane structures. 
Therefore, it is tempting to deal with whole cells and 
thus to make use of nature's optimized technique to sta
bilize membranes. In this case, of course, many prob
lems arise from the complexity of the structure, leading 
again to identification problems. First attempts to inves
tigate whole cells have been made with both techniques, 
the STM (Ruppersberg et al., 1989; Dai et al., 1991; 
Ito et al., 1991) and the SFM (Gould et al. , 1990; Butt 
et al., 1990; Kasas and Celio, 1992), using various 
techniques to affix the cells to a substrate. 
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A rather different approach to investigate cell mem
branes with a specially developed SFM emerged in 1989 
when the first reproducible images were made of the 
outer membrane of a living cell, fixed only by a pipette 
in its normal growth medium (Haberle et al., 1989). In 
this way, the cell can be kept alive for days while imag
ing. This makes studies of live activities and kinematics 
possible, in addition to the application of other cell phys
iological measuring techniques. With this step in the de
velopment of scanning probe instruments, the capability 
of optical microscopy to investigate the dynamics of bio
logical processes of cell membranes under physiological 
conditions could be extended into the nanometer regime. 
But it is not this imaging capability that might be the 
most attractive feature of this technique in future, it is 
the ability to measure interaction forces that determine 
the dynamical processes between macromolecules that 
may lead to new and essential insights. 

At the moment, structures as small as about 10 nm 
can be resolved. This gives access to processes such as 
the binding of labeled antibodies, endo- and exocytosis, 
pore formation, and the dynamics of surface structures 
in general. As, with the integrated tip of the SFM canti
lever, forces are applied to the investigated cell mem
brane, the mechanical properties of cell surface struc
tures get involved in the imaging process. On one hand, 
this fact mixes topographic and elastic properties of the 
sample in the images, while on the other hand, it pro
vides additional information about cell membranes and 
their dynamics in various situations during the life of the 
cell, if these two aspects in the SFM images can be sep
arated. For this, independent data are needed, such as 
topographic data from electron microscopy or from 
modulation techniques by SFM. 

Material and Methods 

Fig. la, shows the schematic arrangement of the 
SFM with tunneling detection above the objective of an 
inverted optical microscope (Nikon). The sample area 
can be observed from below through a planar surface 
defined by a glass plate with a magnification of x600-
1200 and from above by a stereo microscope with a 
magnification of x40-200. The illumination is from the 
top through the less well-defined surface of the aqueous 
solution. In order not to block the illumination, the tun
neling sensor (Scanner II) and the scanned micropipette 
(Scanner I) point towards the focal plane at an angle of 
45°. The lever is mounted in a fixed position within the 
liquid slightly above the glass plate tilted by 45°. In this 
way, the lever is deflected in a direction parallel to the 
tunneling tip. 

A short pipette of 0. 8 mm outer diameter is pulled 
to about 2-4 µ,m on one end, in the way used for the 

920 

production of patch clamp pipettes (Sakmann and Neher, 
1983). It is mounted on the piezo-tube scanner and cou
pled to a fine and flexible Teflon tube, through which 
the pressure in the pipette can be adjusted by a piston or 
water pump. The pipette is fixed at an angle that allows 
imaging of the cell but without the danger of touching 
the pipette with the lever. All these components are 
located in a container of 50 µ,l volume. The glass plate 
above the objective of the optical microscope forms the 
bottom of this container. 

Before the cells are added, the tunneling tip is 
brought into tunneling contact with the lever already in 
the solution. The electropotentials of all contacting parts 
have to be adjusted such that the ion current to the tip, 
and hopefully also the electrochemistry, are minimized. 
After adding several microliters of the cell suspension, 
a single cell can be sucked onto the pipette and fixed 
there by maintaining low pressure in the pipette. The 
other cells are removed through the pumping system. 
The fixed cell is placed close to the SFM lever by a 
rough approach with screws and finally positioned by the 
piezo scanner. When the cell is in close contact with the 
tip of the lever, scanning of the capillary with the cell 
attached leads to position-dependent deflections of the 
lever. The maximum possible scan width is 3.6 µ,m. 
The levers used are microfabricated silicon and silicon 
nitrite triangles with 100 µ,m length and with a spring 
constant of 0.12 Nim, and were provided courtesy of 
Shinya Akamine (Stanford University) and Mike Kirk 
(Park Scientific Instruments) . 

The piezo tube holding the tunneling tip is part of a 
feedback loop that stabilizes the tunneling current to a 
value in the range of 0.5-1 nA. The changes in the 
feedback voltage on this piezo are a measure for the de
flection of the lever. This signal is used by an digital 
image storage (Arlunya) to create a video signal, with 
respect to the x,y movement of the pipette, which is re
corded on video tape. Single pictures are low-pass 
Fourier filtered to reduce the signal noise and displayed 
by a Silicon Graphics Iris work station. 

To increase the long-term stability of the instrument 
for observations of cells for many hours, we can switch 
to optical detection (Haberle et al., 1992). For certain 
results, especially for experiments with the erythrocytes, 
the tunnel probe was used to sense the lever motion. 
The other results were obtained by optical detection of 
the lever deflection, which was sensed by measuring the 
deflection of a reflected laser beam with a bi-cell photo
diode, as has become common practice in the SFM 
field. In our setup, however, no lenses are used. 
Instead, an optical fiber is brought very close to the 
lever and positioned in three dimensions by the manipu
lator built for the tunneling tip. This configuration is 
shown in Figure 1 b. 
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Fig.1a 

Figure l. Schematic drawing of the SFM set-up 
on top of a inverse optical microscope; a) with 
tunneling detection; b) in detail with optical 
detection. 

Fig.1 b (Pyrex) 

-----------------------------------------------------------------------------------------------

The application of both detection systems to investi
gate a defined area of the cell surface reveals similar 
structures and corrugations. In both cases, the forces, 
as determined by the measured deflection in the constant 
height mode, were between 10-7 and 10-9 N for images 
with good contrast. This suggests that the influence of 
the tunneling tip on the spring constant of the lever is 
not very significant. The limitation in the constant 
height mode is the corrugation which can lead to very 
high forces and strong tip surface interactions. 

Bacillus coagulans 

Bacteria cells were placed with a drop of solution on 
a quartz glass slide which had previously been coated 
with polylysine to improve the fixation of the cells to the 
substrate. While imaging, the sample was kept im
mersed in buffer solution. The SFM used for the exper
iments with bacteria cells on glass slides was another 
home-built type of SFM described in Ohnesorge et al. 
(1992) with optical detection. The cells of Bacillus 
coagulans E38-66 were provided courtesy of D. Pum 
(Center for Ultrastructural Research, Vienna). 

Erythrocytes 

Fresh human erythrocytes were used for the experi
ments after briefly cleaning them by washing three times 
with a physiological NaCl solution and concentrating 
them in a centrifuge at 1200 rpm for 10 minutes. The 
concentrate was diluted to 1: 1000 before adding about 
10 µl to the physiological solution in the container where 
the cell is observed by the SFM. Higher salt concentra
tions were achieved by adding grains of salt to obtain a 
concentration of up to 250 mM. 

For the experiment of binding molecular structures 
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to the erythrocyte surface, Concanavalin A (Sigma) was 
used which is not blood group specific but has an affin
ity for terminal mannosyl and glycosyl residues. It was 
labeled with 20 nm colloidal gold particles and used in 
mmolar concentrations 

Cell cultures and virus propagation 

The permanent African green monkey kidney cell 
line MA-104 was grown as monolayer cultures in Earl's 
minimal essential medium (EMEM) containing 5 % fetal 
calf serum (FCS) and antibiotics. Stocks of the neuro
virulent vaccinia virus strain Munich 1 were prepared by 
infecting the MA-104 cells at a multiplicity of 1 
TCID50/cell and adsorption for 60 minutes at 25 °C 
(Czerny et al., 1989, 1990). The virus medium was 
EMEM with 1 % FCS. One day later, a cytopathogenic 
effect (CPE) had developed up to 90-100 % cytolysis. 
The infected cultures were freeze-thawed (-70/25 °C), 
intensively sonicated by a Branson sonifier and centri
fuged at 1,000 x g and 4 °C for 10 minutes to remove 
cell debris. The supematants containing the virus were 
collected and used as the test virus. Infectivity titers 
were determined on Falcon 96-well microplates (Becton 
Dickinson, Heidelberg) and calculated by the 50% end
point-method of Spearman and Kaerber (TCID50) seven 
days after incubation at 37 °C (Mayr et al., 1974). 

Results and Discussion 

Structures of a bacterial cell membrane 

The outer cell envelope of bacteria of the strain 
Bacillus coagulans E38-66 is formed by a regularly 
structured protein surface layer (S-layer). Electron 
micro graphs of freeze-etched preparations of whole cells 
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Figure 2. Structure of a bacterial S-layer prepared on a glass slide observed with a home-built SFM with optical 
detection at a scan size of 250 nm showing a) the regular lattice structure and b) a wedge dislocation. 

-----------------------------------------------------------------------------------------
reveal an oblique lattice with the parameters a = 9.4 
run, b = 7.4 run, g = 80° (Sleytr et al., 1989). Mem
brane fragments can be recrystallized and show the same 
two-dimensional lattice. This has been shown by elec
tron microscopy on stained preparations (Pum et al., 
1989) and by SFM on uncoated membrane sheets that 
were kept in buffer solution while imaging (Ohnesorge 
et al., 1992). 

In Figure 2a the regular structure of an oblique lat
tice is visible. In order to form a closed envelope 
around the blimp-shaped bacteria cell, there have to be 
lattice defects especially near the poles of the cell. A 
so-called wedge dislocation as previously observed by 
electron microscopy and described in Pum et al. (1989), 
can also be seen in the SFM images (Fig. 2b) . 

The lattice structure appears, however, to be almost 
a factor of two, too large. This effect could be attrib
uted to insufficient adhesion to the substrate or the 
elasticity of the cell itself combined with friction be
tween the tip and the sample resulting in a lateral dis
placement that reduces the effective scan size. But this, 
of course, would also lead to a distortion of the angle 
between the lattice vectors and other image distortions. 
On the other hand, the lattice can be modulated such that 
a superstructure containing two unit cells appears, as 
observed on membrane fragments of this bacterial mem
brane (Ohnesorge et al., 1992). Also, electron micro
scope images show a tendency to the formation of super
structures. Therefore, it seems reasonable that the 
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dominant structure of the SFM images shows such a 
superstructure with twice the size of the unit cell. In 
Fig. 2a, in the upper right comer, every second unit cell 
is marked by a rectangle showing that the lattice struc
ture derived from scattering experiments fit to the struc
tures seen with the SFM, giving, in this way, additional 
information about interaction forces leading to such 
superstructures. A more detailed discussion on these 
issues is in preparation. 

At the moment there is still a great deal to be 
learned. Nevertheless, these measurements demonstrate 
that the protein lattice of the bacterial cell can be imaged 
by SFM. The resolution is high enough for future in
vestigations of in situ antigen and antibody reactions on 
living cells. 

Structures of the erythrocyte membrane 

Fig. 3a shows the erythrocyte membrane detected by 
the SFM at a scan size of 1 µm. The larger structures 
seen in this image are comparable to those observed on 
dried blood cells (Gould et al., 1990). In all images, 
long linear as well as many circular ring-like structures 
are visible at all scales. 

In experiments with Concanavalin A attached to 20 
nm gold colloids, large blobs become visible. Fig. 3b 
shows the cell membrane before, and Fig. 3c, a few 
minutes after adding the gold-labeled Concanavalin A. 
These images demonstrate that the distribution of glyco
proteins is not uniform on the cell surface. 
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Figure 3. SFM images with tunneling detection of 
erythrocyte membranes with observed corrugation ampli
tudes of 2-5 nm; a) scan size 1 1,tm; b and c) 300 nm x 
300 nm membrane area before (b) adding Concanavalin 
A labeled with 20 nm gold colloids and the same area 
after (c) adding the Concanavalin A; d) before and e) 
after raising the salt concentration to 250 mM, scan size 
300 nm. 

Some large-scale dynamics can be seen on erythro
cyte membranes by raising the salt concentration. Fig. 
3d shows the cell membrane under normal conditions in 
a physiological salt solution, and Fig. 3e the membrane 
after raising the salt concentration to about 250 mM 
NaCl. The surface became rough on the horizontal scale 
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Figure 4. SFM images of surface structures of monkey kidney cells in normal growth solution observed with optical 
detection and compared to SEM images of such structures. a) areas of 1.5 µm with different loading forces between 
10-IO N and 10-7 N. b) 3.6 µm area with obvious friction effects in the SFM image but still showing similar porous 
structures often found in SEM images (c) of virus infected cells together with virus particles. d) microvilli seen with 
the SFM (d) and the SEM (e). f) 3.4 µm x 3 µm area showing beside stable structures in the right parts of the images 
dynamic processes on the cell surface. 

--------------------------------------------------------------------------------------------------

of 100 nm, which indicates a certain folding of the 
membrane. The structures that are not pushed inward 
by the osmotic pressure are of the size and form ex
pected for the shell structure of erythrocytes composed 
of 200-nm-long spectrin tetramers joined at their ends by 
junctional complexes of 35-nm-long actin microfila
ments, which consist of an average of five spectrin 
fibers radiating from each complex (Darnell et al. , 
1986). 

Similar to STM, where the images are always a re
sult of combined local spectroscopic and topographic 
features, the SFM images reflect topographic configura
tions as well as local compressibility. The linear struc
tures in these images might, therefore, also be due to 
such local variations in the stiffness of the cell surface. 
Hence, the observed structures can reflect the cytoskele
ton underneath the membrane which is a rather stiff mo
lecular network that gives the cell its characteristic form. 

Structures of cultured monkey kidney cells 

The surfaces of monkey kidney cells, a cultured 
type used for various investigations, looks, as expected, 
different than those of erythrocytes. The main struc
tures, aside from the marked folding, are reminiscent of 
mountain ranges. Some of the structures seen are very 
stable as the applied force is raised, while others tend to 
disappear. Some details in Figure 4a show high contrast 
only at high loading forces. For high loading forces the 
samples become more deformed depending on the local 
compressibility and the images become more dominated 
by the compressibility aspect of the imaging mechanism 
whereas high contrast at low loading forces, can be 
more closely related to topography. 

The apparent shadowing of pronounced structural 
details in SFM images occurring particularly on strongly 
corrugated biological sample surfaces (i.e., 10-100 nm) 
is a scan direction-dependent artifact. It is caused by a 
phase shift in the imaging system (electronically and 
mechanically) when the tip has to move up or down 
while scanning over surface corrugations. This leads to 
the impression of a three-dimensional surface reconstruc
tion with illumination in scan direction. 

At this point, it should be noted that the convolution 
of a non-symmetric tip geometry also influences the ap
pearance of structural details which h; s to be controlled 
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by selecting well microfabricated imaging tips. 
Force microscopy detects normal forces acting 

between the sample and the tip, and thus provides the 
topography information. Depending on the length of the 
tip, lateral forces might also deform the lever and/or the 
sample, and therefore, might contribute to some extent 
to the images (Fig. 4b). These forces can distort the 
image or can cause stable surface features to move or 
can even be so destructive that they tear off structural 
details (Ohnesorge et al., 1992). Nevertheless, the SFM 
image (Fig. 4b) shows a similar porous area often seen 
in the scanning electron microscope (SEM) images (Fig. 
4c) of infected cells surrounded by virus particles. 

In the SEM and SFM images, large areas of mon
key kidney epithelial cell surface are characterized by 
numerous finger-like longitudinal extensions, called mi
crovilli and microplicae (Fig. 4d, e). These cytoplasmic 
structures make the cells' absorptive surface area 5-10 
times greater than it would be otherwise. These cell 
surface structures are also involved in cell phagocytosis. 
The plasma membrane that covers these extrusions is 
highly specialized, and contains a surface coat of poly
saccharide and enzymes. Under the plasma membrane 
these cells possess a cortical layer of actin filaments and 
actin-binding proteins that are cross-linked into a three
dimensional network closely connected to the surface 
membrane. These filaments have a structural role: they 
can pull on the membrane and create the changes seen 
in the SFM by means of the dynamics of the surface 
protrusions (Fig. 4t) . 

The relatively stable arrangements of the actin fila
ments are responsible for their relatively persistent struc
ture. But these surface actin filaments are not perma
nent. During phagocytosis or cell movement, rapid 
changes of shape occur at the cell surface. These 
changes depend on the transient and regulated polymeri
zation of cytoplasmic free actin or the depolarization 
during the breakdown of the actin filament complex. 
The time scale of cell surface changes on a larger scale 
observed with the SFM was about 1-2 hours at room 
temperature. Except for small structures some 10 nm in 
size, everything is quite stable for 1-2 hours . More and 
larger structures are rearranged only 10-15 minutes after 
this period has elapsed. 
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Figure 5. a) Exocytotic processes seen 3 hours after infection with a particle size of 50-200 nm; b) pox virus leaving 
the cell at the end of a microvillus, 19 hours after infection. 

Surface processes on virus infected cells 

With optical SFM detection it is possible to image 
a cell for many hours. The longest session we had with 
a monkey-kidney cell was 44 hours. In this experiment, 
we infected the cell after 2 hours of observation with 
vaccinia viruses and observed it until the cell finally 
died. 

The idea to investigate virus-infected cells was that 
large viruses such as pox viridae might be of the right 
size to be observed easily when attacking a cell or when 
the progeny viruses leave the cell. We chose the vac
cinia type as they are the most unlikely to infect hu
mans. This virus is 200-300 nm in size and has quite a 
complex protein cover. Certain proteins are known to 
be responsible for its adsorption to the cell membrane 
without needing special binding sides. They also are in
volved in the penetration of the cell membrane and the 
disassembly of the virus to release its DNA. The repro
duction of this type of virus is located in the cytoplasm. 

In our experiments dealing with cells infected by vi
ruses, we always started by observing one cell for one 
to two hours to determine its normal behavior and struc
ture. The cell is kept in the normal growth solution in 
order to change the environment as little as possible. As 
we apply only light suction with the pipette, the cell is 
affixed quite similar to its normal growing situation. 
The highly concentrated viruses are kept in the same sol
ution so that by adding them to the container in which 
the cell is observed by the SFM, the environment of the 
cell is not changed except for the virus. We add the vi
ruses such that it takes them 2-3 minutes to reach the 
cell by diffusion. In our first series of eight experi
ments, we observed that the behavior of the cell mem
brane changed drastically at that point. The lever no 
longer detected a well-defined cell surface as the sharp 
onset of a repulsive force when the sample approaches 
the lever with a certain force. The images hardly had 
any contrast. This situation lasted for several minutes, 
in some cases only less than a minute, before the cell 
membrane became stiff again, even stiffer than before. 

Later experiments did not confirm this effect, al
though we endeavored to work under identical condi
tions. Therefore, the dependence of this effect is not yet 
clear, but we consider it a worthwhile topic for a future 
investigation. During the 2-3 hours following infection 
no drastic changes were observed with our SFM, but 
then blobs began to form along chainlike structures and 
grew for several minutes before suddenly disappearing 
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(Fig. Sa). The blobs, which are 50-200 run, are smaller 
than the virus itself and may either appear and disappear 
again 6 or 8 times at the same place on the cell surface, 
or the process is seen only once. 

It is known that it takes 2-3 hours for all the steps 
necessary before the final virus assembly can start 
(Moss, 1986), so we think these exocytotic processes 
may be connected to the reaction of the cell to the pro
duction of virus proteins or related processes. The con
nection to the chainlike structures supports the assump
tion that they belong to the stabilizing actin structures, 
as these are also known to be involved in transport proc
esses at this size (Stokes, 1976). 

After 6-8 hours, when the first progeny viruses are 
ready, the cell starts to build more microvilli, small 
tubes of 0.1-0.5 µm diameter and 0.5-2 µm length. 
These are known to be stabilized also by actin structures 
belonging to an internal transport system (Stokes, 1976). 
As Stokes showed in 1976, with electron micrographs, 
the virus can attach itself to this transport system and 
use it to leave the cell. In this case, a Golgi apparatus 
along the way makes a double lipid layer around the 
virus, enabling it to leave the cell by exocytosis in some 
cases through these microvilli . Stokes' images of micro
villi, 20 hours after infection, show the viruses just 
leaving the cell (Stokes, 1976). 

The structures in Fig. Sb, which we observed with 
the SFM, are extremely similar to the electron micros
copy (EM) images by Stokes (1976). But the EM 
images are merely snapshots whereas with the SFM we 
observed the event like a movie. The exocytosis of such 
enveloped viruses is rather seldom; only a certain per
cent leave the cell in this way. With EM snapshots, one 
has to be lucky to fix the sample at the right moment, 
while with the SFM, we had to be lucky to observe the 
right microvillus at the right time. 

Conclusions 

With these studies, it is demonstrated that with a 
technique using basically force microscopy, the door to 
a new way of investigating cell surfaces locally is 
opened. It is possible to image the surface of living 
cells with a resolution of a few nanometer. The method 
of fixing a cell to a pipette is flexible enough to allow 
integration of, and combination with, well-established 
cell physiological techniques of manipulations used in in
vestigations of single cells. The structures observed 
might be partially related to known features of mem
branes, but detailed structural analysis has to be left to 
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future investigations. More important than the observa
tions of structures with this new technique is the possi
bility of conducting dynamical studies of living organ
isms on this scale. This might give access to the obser
vation of immune reactions, the forming of cell pores, 
as well as endo- and exocytosis in various cell types, the 
details of which are still speculative. In general, this 
technique makes studies of the evolution of cell mem
brane structures possible, and provides information that 
brings us closer to understanding not only the "being" of 
these structures, but also their "becoming" . 
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Discussion with reviewers 

A.L. Weisenhorn: Are the vertically (Fig. 2a) and hor
izontally (Fig. 2b) oriented structure not also due to the 
tip shape and/or filtering? 
Authors: This is indeed something one has to keep in 
mind, and therefore, should not make conclusions from 
a single experiment. The structures seen are, however, 
very similar for imaging with various different tips and 
we are confident that they correspond to the sample. 
These structures are visible in the raw data as well, and 
are reproducible in many images. Only lowpass filtering 
to reduce high frequency noise has been carried out. A 
Fourier transformation shows the corresponding peaks, 
but we decided not to include such an image in this 
paper, because we think that an interpretation of what is 
detected with an SFM tip on such structures should be 
done in more detail by comparing images of different 
lattice structures. 

A.L. Weisenhorn: Regarding the interpretation of the 
lost contrast after infection: Could a change in optical 
density (due to temperature or salt concentration differ
ence or ... ) not also change the contrast for some time 
until the solution comes to a stable state again? 
Authors: The viruses are suspended in the same medi
um as the cell during the experiment. As both solutions 
are kept at room temperature there should be only a dif
ference in having viruses in the solution or not, and in 
a 10% change of the solution volume. The effect of the 
changing volume was checked with pure solution, and 
changes in the SFM imaging were not observed. The 
small amount of viruses in the minimal growth medium 
also should not alter the composition of this solution or 
of the optical density significantly. 

R. Reichelt: Scanning of the capillary with the cell at
tached generate frictional forces on both the capillary 
and the cell due to viscosity of the solution. That fric
tional force depends on the shape of the sample, the vis
cosity of solution, the scanning speed and its direction as 
well. To what extend the frictional forces may affect 
the shape and the position of the cell attached to the 
capillary, hence creating distortions in the SFM image 
of the cell surface? The strongest influence I expect at 
the points where the scanning direction is changed. 
Authors: For successful imaging the cells have to be 
properly fixed to the pipette. In this case, we do not see 
any effect of friction due to viscosity. With high optical 
magnification, we do not observe any reduction in the 
scanning width when the scanning frequency is changed 
by orders of magnitudes within the range used in our ex
periments. The same is true for the SFM images. By 
reducing the scanning frequency, e.g., by one order of 
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magnitude the results are the same. Friction between tip 
and sample appears to be a more serious problem. 

R. Reichelt: A frictional force between tip and sample 
is assumed to cause lateral displacement that reduces the 
effective scan size. Obviously that displacement is dif
ferent in x- and y- direction in Fig. 2a thus changing the 
angle between the lattice vectors. Did you try (i) to re
produce that finding at different areas at the cell surface, 
and (ii) to record a second micrograph after rotation of 
the scan direction by 90°? The latter could be helpful 
to quantify the distortion. Please comment on this. 
Authors: We just wanted to mention the possibility of 
reducing the effective scan size by various lateral force 
effects. However, distortions of that kind are usually 
accompanied by strong distortions at the edges of the 
image and vary strongly with changed scanning direc
tion, loading force and/or scanning speed. This is not 
true for the images shown, as we imaged with rotated 
scan directions, changed scanning speeds, and on differ
ent preparations at several places. The point we wanted 
to make is that SFM results are a convolution of local 
topography, compressibility and also of local friction . 
Our consideration was that possibly the superimposed 
structure might be due to local compressibility or local 
friction if every second molecule responds differently in 
this respect. Electron microscopy might not be sensitive 
enough to such an effect, if these effects are dependent 
on the environment or on minor differences in topog
raphy. 
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H.J. Butt: If features can appear larger than they are, 
how reliable are the other figures? The bacteria are 
relatively rigid structures compared to the mammalian 
cells; distortions caused by friction should be smaller on 
bacteria. Is the scaling on images of mammalian cells 
even less reliable? 
Authors: As mentioned before: i) reduced effective 
scan size can possibly occur but they can be recognized 
by other effects. Edge effects in our cell experiments 
are normally quite small and the images show only little 
variations when loading force or scan speed considerably 
are changed. ii) The structures on the bacterial cell are 
not too small, but belong to a superstructure formed by 
groups of unit cells. This effect is also detected with the 
EM and on membrane preparations with the SFM. iii) 
The structures seen with the SFM correspond quite well 
to what is known from EM images. They are not just 
single events documented in single pictures. We have 
many video tapes where these structures, their dynamics, 
and their evolution is documented continuously over 
hours, in one case, with monkey kidney cells over two 
days. 
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