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From Molecules to Cells: lmaging 
Soft Samples with the Atomic 

Force Microscope 
M. Radmacher, R. W. Tillmann, M. Fritz, H. E. Gaub* 

Since its invention a few years ago, the atomic force microscope has become one of the 
most widely used near-field microscopes. Surfaces of hard samples are imaged routinely 
with atomic resolution. Soft samples, however, remain challenging. An overview is pre- 
sented on the application of atomic force microscopy to organic samples ranging from thin 
ordered films at molecular resolution to living cells. Fundamental mechanisms of the image 
formation are discussed, and novel imaging modes are introduced that exploit different 
aspects of the tip-sample interaction for local measurements of the micromechanical 
properties of the sample. As examples, images of Langmuir-Blodgett films, which map the 
local viscoelasticity as well as the friction coefficient, are presented. 

Traditional microscopes use waves, such as 
light or electrons, and suitable imaging 
optics to create a twodimensional projec- 
tion of certain properties (such as the local 
absorbency) of the object. In near-field 
microscopes (I), a small probe is brought 
into close proximity to the object and, by 
guiding the probe over the surface, a three- 
dimensional relief of the object is obtained 
that reflects the nature of the local interac- 
tion between the probe and the sample. In 
the most prominent example of such micro- 
scopes, the scanning tunneling microscope 
(STM) (2), the probe is guided such that a 
given tunneling current between probe and 
the sample remains constant. In the atomic 
force microscope (AFM) (3) (Fig. I), force 
fields between ;he-orobi and thesamole are 
used to guide the p ioh  over the surfaie (4). 
The use of forces has proved to be a general 
approach and has made the scanning probe 
techniques relevant to a wide range of 
applications (5-1 4). It also allows imaging 
of nonconducting materials under various 
ambient conditions such as physiological 
buffer solutions, making it a very promising 
tool for life sciences (1, 15-22). The AFM 
images reflect, in the widest sense, the local 

mechanical properties of the sample (14). 
In the case of hard samples, the image is 
dominated by the surface topology and the 
tip geometry, whereas for soft samples the 
viscoelastic properties of the sample con- 
tribute significantly to the image formation 
(23). As such, the AFM may be most easily 
described as the instrumental evolution of 
the tactile sense toward the delicacy and 
dimensions of individual molecules. 

lmaging with the AFM 

Although the AFM shares essential features 
with the profilometer (24), an established 
instrument which measures the surface to- 

pology of hard surfaces by scratching it with 
a stylus, the AFM has, like all near-field 
microscopes, historically evolved from the 
STM (2). Like the STM, the AFM uses 
piezo ceramics to position the probe or 
sample to an accuracy of fractions of atomic 
diameters (25). In the AFM, the probing 
tip is mounted at the end of a soft cantilever 
spring, which is normally made by silicon 
micromanufacturing (26). During imaging, 
suitable electronics are used to euide the tio 
over the surface such that thevbend of the 
cantilever, which is equivalent to the ap- 
plied external force, stays constant. Al- 
though there are various ways to measure 
the deflection of the cantilever (5, 27), all 
commercially available instruments do this 
optically, either by interferometry or with 
displacement sensors. The resulting image 
is an isoforce relief of the sample. Although 
at the first glance one is tempted to assume 
that the stifiess of the cantilever would 
limit the applicable force, it turns out that 
the local forces between tip, sample, and 
ambient play the dominant role. In general, 
the long-ranged van der Waals attraction is 
balanced by the hard-core repulsion be- 
tween tip and sample. Additional contribu- 
tions stem from Coulomb interactions (1 3, 
28) and from structural forces, such as 
hydration forces (29). When imaged in air, 
the meniscus force of a wetting water film 
may dominate the attraction. Because of 
the different characteristic decay lengths, 
the local forces can be only partially bal- 
anced by retracting the cantilever. Because 
of the long-range interactions, not only the 
geometry of the tip at its very end but its 
shape in the 10-run scale becomes relevant 
(30). Here a counterintuitive situation 
emerges, that the sharper the tip is, the 
lower the minimum force will be. When 
the technique was introduced, tiny dia- 
mond chips glued onto wire springs were 
used. The sharpest tips are now grown onto 
the integrated cantilever tips by electron 
beam deposition (3 1 ) (see Fig. 1B). Besides 
the drastically improved aspect ratio, such 
tips also exhibit a much smaller curvature 
radius (32), reaching values of 10 run and 

Mlcro- 
computer 

The authors are in the Physikdepament, Technische Flg. 1. (A) Schematics of an atomic force microscope with a beam bounce deflection sensor. Also 
Universitat Mcnchen, 8046 Garching, Germany. outlined are the extensions for viscoelasticity imaging. (B) Carbon tip grown on top of the integrated 
*To whom correspondence should be addressed. tip of an AFM cantilever (71). 
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below, which is especially beneficial when 
imaging nonflat objects (18). Minimum 
forces obtained with such tips can be as low 
as fractions of nanonewtons when operated 
in water and lower when suitable solvents 
are used (18, 33). 

Imaging Molecular Crystals, 
Proteins, and Live Cells 

Among the first organic samples that were 
imaged at molecular resolution were bulk 
crystals of amino acids (7. 34) and crystal- 

Flg. 2. An AFM image of a Cd-arachidate 
LB-trilayer on silicon oxide in air. The insert was 
Fourier-filtered. The unit cell of the lattice has an 
area of 18.1 + 2 A2 which corresponds to the 
molecular area of close-packed hydrocarbon 
chains. The film (72) was deposited at 32 mN/m 
onto a silicon wafer (57) following standard 
procedures (43). After the deposition, the sam- 
ple was stored at room temperature in a desic- 
cator prior to imaging. Imaging parameters: 
raw data, constant height at -10 nN, integrated 
tip, ten lines per second scan speed. 

Fig. 3. An AFM image of 
individual actin filaments in 
buffer (22). Image size is 60 
nm. The image is low-pass 
filtered. The filaments were 
allowed to self-assemble 
from a monomer solution at 
the mica surface just before 
imaging. For details, see 
(22). 

line polymers (35). Langmuir-Blodgett 
(LB) type films were soon the object of 
study with the AFM (21) because of their 
interesting properties and their model as- 
Dects for bioloeical membranes. These in- - 
vestigations resulted in the first real-space 
data of the molecular organization of such 
films (1 7). Multilayer films readily re- 
vealed the packing periodicity of the hy- 
drocarbon chains (see Fig. 2) even when 
imaged in air (36-40) at relatively high 
forces of several tens of nanonewtons. 
Thinner films, however, turned out to be 
quite challenging. 

Of great importance for applications in 
biology is the potential of the AFM to 
image soft samples in buffer solutions. Sup- 
ported planar membranes (41-43) with 
bound proteins (1 7) and native membrane 
fragments of purple membranes (44. 45) 
and gap junctions (20) were imaged at 
molecular resolution. Steady progress was 
achieved in imaging DNA (46), and stable 
images of plasmids are available now (1 8). 
Isolated proteins are still hard to image, the 
difliculty in most cases being their high 
flexibility (47) and their lateral mobility. 
Actin filaments (see Fig. 3), which are 
major cytoskeletal elements, (48), exhibit 
just barely enough stiffness to be imaged 
stably at the resolution of individual mono- 
mers of the filament (22). During the last 
year, imaging of live cells has become pos- 
sible. Here the softness together with the 
high lateral mobility, or in some cases also 
the motility, of the cells prevents molecular 
resolution (see Fig. 4) (1 9, 49-51). 

Does the AFM lmage Individual 
Molecules? 

On soft samples, the deformability leads to 
a notable indentation of the sample by the 
tip. This effect has lead to predictions that 

the lateral resolution on such samples 
would be limited to several nanometers 
(23, 52). However, the experimental re- 
sults of several groups (36-40, 43) have 
demonstrated that organic crystals or or- 
dered molecular films such as LB films may ' 

be imaged at molecular resolution. The 
question still remained whether this reso- 
lution was obtained by a point interaction 
or by the coherent superposition of several 
signals. In other words, was the periodicity 
of the lattice reproduced, or were individ- 
ual molecules imaged? Recent results on 
multilayer LB films, showing the grain 
boundary between two single crystals at 
molecular resolution, strongly suggest that 
individual molecules may be imaged with 
the AFM (53). The images in Fig. 5 
provide an answer to this question for 
monomolecular films. They show a top 
view of close ~acked hvdrocarbon chains 
of a Cd-arachidate monolayer on amor- 
phous silicon oxide. The images in Fig. 5, 
A and B, were recorded quasi-simulta- 
neously during back and forth scanning 
while scanning downward, whereas those 
in Fig. 5, C and D, were recorded while 
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FIQ. 4. Live human platelets at different stages 
of their activation on glass imaged with the 
AFM. Imaging parameters: raw data, constant 
force at -5 nN, carbon tip, five lines per sec- 
ond scan speed. Sample preparation: fresh 
human platelet concentrate was obtained by 
the BRK (Bayrisches Rotes Kreuz, Mirnchen). 
The platelets were suspended in ACD (acid- 
citrate-dextrose anticoagulant solution: 18 mM 
dextrose, 8 mM Ns-citrate, and 5.2 mM citric 
acid) and stored for a few hours at room tem- 
perature. Ten minutes before the experiment, 
the platelets were washed in Hepes Tyrode 
buffer (3 mM Hepes, 4 mM NaH,PO,, 137 mM 
NaCI, 2.6 mM KCI, 1 mM MgCI,, pH 7.3) and 
centrifuged at 11 0 g for 10 min at room temper- 
ature. The pellet was resuspended in Hepes 
Tyrode buffer to a final concentration of 105 
platelets per microliter. The cells were allowed 
to adhere for 30 s to the coverslip before 
imaging. 



scanning upward (54). Although locally 
the molecules exhibit a tight packing of 
the chains, which in some places looks 
like a hexagonal lattice, this film is not 
well ordered. A more detailed analysis has 
shown that the autocorrelation function 
decays at distances beyond the fifth-neigh- 
bor molecule. A comparison between the 
individual scans clearly shows that certain 
local structures appear to be rather stable. 
The dark cleft in the lower leftmost cor- 
ner, for example, appears unaltered in all 
four scans (55). This result clearly demon- 
strates that under certain conditions the 
AFM may image individual molecules in 
organic films, rather than just reproduce 
their lattice. 

This seeming contradiction of the evi- 
dent molecular resolution and the large 
contact area between tip and sample may 
be resolved by two additional assumptions: 
(i) the tip must exhibit a pronounced 
micro-roughness on molecular dimen- 
sions, which provides a point interaction 
with individual molecules; and (ii) the 
repulsive tip-sample interaction must have 
a strong nonlinear distance dependence 
with a characteristic decay length that is 
on the order of the height of the micro- 
roughness. Such a repulsion, which may 
already be inherent in the elastic interac- 
tion between tip and sample, would dis- 
tribute the load over a larger area but 
would not significantly reduce the contrast 
(30). An additional source of a rapidly 
decaying repulsion may result from the 
hvdration shell of the  ti^ and. in cases 
where hydrated surfaces are imaged, also 

Flg. 5. Monomolecu- 
lar Cd-arachidate film 
on silicon oxide im- 
aged in air (raw data). 
Images (A) and (6) 
were recorded line in- 
terlaced during (A) 
forth and (B) back 
scans while scanning 
d m a r d ,  whereas 
images (C) and (D) 
were recorded in the 
same way scanning 
upward. Imaging pa- 
rameters: raw data, 
constant height at 
-3 nN, carbon tip, 
six lines per second 
scan speed. For 
sample preparation, 
see Fig. 2. 

that of the sample. The hydration inter- 
action is known to decay exponentially 
with a characteristic length of several 
angstroms (29, 56). Evidence for the 
roughness of the tip was found in studies 
on hydrated amorphous silicon oxide (57). 

Imaging Mechanical Properties of 
Thin Organic Films 

All of the given examples show that with 
increasing softness of the samples the res- 
olution decreases, which indicates that 
elasticity plays a dominant role in the 
image formation of soft samples. The sen- 
sitivity for the mechanical properties in 
turn opens a new window for the AFM- 
imaging mechanical properties. Because 
LB films offer custom designable mechan- 
ical properties (58), they were used in the 
examples below as well-defined model sys- 
tems for assessing and separating the dif- 
ferent contributions to AFM images. 

Whenever the effective stithess of sam- 
ple and cantilever become comparable, 
the measured height is also a function of 
the elasticity of the sample. In the same 
sense, a variation of the vertical sample 
position would, through a change of the 
applied force, result in a measurable 
change of the indentation (1 4). This ef- 
fect may be used to measure the local 
elasticity of the sample with the AFM. 
The principle of the corresponding exper- 
iment is depicted in Fig. 6. As has been 
pointed out already, the tip geometry is 
largely unknown at molecular dimensions. 
However, in the case where the deforma- 

tion of the sample is large compared to the 
roughness of the tip, the very end of the 
tip may be approximated by a sphere with 
the radius R. If the interaction between tip 
and surface is dominated by an elastic 
indentation rather than by an adhesion 
between  ti^ and sam~le. the deformation 
of tip and ;ample is deschbed by the Hertz 
model (59). Here a force F, on a tip with 
radius R leads to an indentation of the 
depth d in the sample with the elastic 
modulus E* according to: 

where E* = (.rrE)/(l - v2), v is the Poisson 
ratio, and E is the Young's modulus, respec- 
tively. It was assumed here that the defor- 
mation of the tip is negligible and that the 
elastic properties of the sample are homog- 
enous and isotropic. If we expand this 
relation around a typical equilibrium load 
F, we obtain the linearized form: 

With a radius R = 10 nm, an imaging 
force of F, = 1 nN, and on a well-ordered 
LB film with E* = 9 GPa (60), which 
represents the hardest of the soft samples 
shown above, the effective stithess of the 
tip-sample system Ketl turns out to be 7 
Nlm. This result means that with commer- 
ciallv available cantilevers that have 
spring constants of fractions of newtons 
per meter, the elastic constants of soft 
samples may be measured locally with the 
AFM. 

A laterallv resolved maD of the me- 
chanical properties is obtained with our 
instrument by modulating the 2-position 
of the piezo sinusoidally during imaging. 
Amplitude and phase shift of the tip re- 
sponse are recorded in parallel to the 
topology. As only the first-harmonic re- 
sponse is measured here, the application of 
the Hertz model for LB-films is justified. 

b h w a t b m d t t m h e w  VoigM lnc4 

Flg. 6. Schematics of the viscoelasticity mea- 
surement with the AFM. (A) The modulation of 
the vertical sample position leads to a modula- 
tion of the force between tip and sample. The 
amplitude of the tip may then be analyzed 
based on the mechanical equivalent (6). The 
in-phase amplitude of the harmonic response is 
a function of the elasticity. The viscous element 
induces a phase shift. 
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Contributions due to anisotropy and non- 
linearity may be measured by detecting the 
anharmonic modes of the system (61). 
The simplest linear mechanical equivalent 
model, a three-parameter Voight model, is 
depicted in Fig. 6B. The cantilever is 
represented by a spring only. As long as the 
modulation frequency is below the resonance 
frequency of the cantilever, its inertia is neg- 
lighle. Also negligible are the hydrodynamic 
contributions to the tip-mnple interaction in 
the frequency domain that is relevant here 
(62). All other dissipative contributions be- 
sides the one from the sample are constant 
and may be omitted for the understanding of 
the image formation. For low viscasities, the 
in-phase response of the tip position is re- 
duced proportional to the ratio of spring con- 
stant of the cantilever and the effective s d -  
ness of the sample. Equation 2 can be used to 

determine the local elastic modulus of the 
sample. In addition to the elasticity, the local 
viscosity is also measurable. The out-of-phase 
component of the response amplitude is pro- 
portional to the loss modulus (63). A phase 
shift of the response is expected when energy 
is dissipated. 

The result of such an experiment is 
depicted in Fig. 7. It shows the surface 
profile, the total compliance, and the loss 
angle recorded for a monomer-polymer LB 
alloy. This sample is the two-dimensional 
equivalent of a liquid-crystalline polymer. 
The high plateaus consist of a well-ordered 
crystalline polymeric diacetylene film 
(43), whereas the hexagonally shaped im- 
prints consist of monomeric fluid lipid. 
These microscopic inclusions were built 
into the film to improve its large-scale 
mechanical properties in a way similar to 

Fig. 7. (A) Topology, (B) stiffness, and (C) viscosity of monomolecular crystalline-polymeric 
composite LB film with fluid inclusions on silicon oxide. Imaging parameters: raw data, constant 
height at -10 nN, integrated tip, 0.5 line per second scan speed, force modulation -0.5 nN at 12.5 
kHz. Sample preparation: A mixture of 70 mol% 10, 12-N2-(2-aminoethoxy)ethyl-l0,12-pentacosa- 
diinamide (gift of Biocircuits, Belmont, California) and 30% DMPC (dimyristoylphosphatidylcholine) 
(72) was spread at the air-water interface from an organic solution, compressed to 25 mNIm, and 
polymerized with ultraviolet light at constant pressure for 1 min before it was transferred by standard 
LB technique onto a silicon wafer. For details, see (57). 

Fig. 8. Schematics of the 
contribution of friction to 
the image formation. The 
topology of the sample is 
measured through the an- = F n  
gle of deflection-of a laser MHM- \It6 
beam from the back of the 
cantilever. Lateral forces r 
also contribute to this de- 
flection through a bend of -4 
the cantilever. 

Height 
(L+R) 12 
I 

Friction 
(L-R) I 2  
n 
I' I 
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plasticizers. In the topology image, the 
fluid film inclusions amear about 7 + 1 A . . 
lower than the polymeric matrix.. within 
experimental errors, this value would also 
be expected from molecular dimensions of 
the molecules. The image of the total 
compliance reveals that these areas are 
significantly softer, and the image of the 
loss angle indicates that energy is dissipat- 
ed in these soft areas. This experiment 
demonstrates that the local micromechan- 
ical properties and topology are measura- 
ble simultaneously and separately with an 
extended AFM. A quantitative analysis is 
given at the end of the section below. 

Measuring Local Friction 
with the AFM 

The potential use of AFM for friction 
measurements was recognized quite early 
by several groups (64-66). Instruments 
were built that measured lateral forces 
either through the torsion (67) of the 
cantilever or its horizontal bend (68) with 
additional detectors. However, even in 
standard imaging with the AFM, lateral 
forces may contribute significantly to the 
image (69) and may, under certain condi- 
tions, be separated from the topology 
through bidirectional scanning (54). The 
schematics of this approach are given in 
Fig. 8. 

In a good approximation, the bend zof 
the cantilever under load at one end is 
given by a quadratic relation of the form: 

where Fn is the normal force acting between 
tip and sample at x = L and Kc is the 
bending stifmess of the cantilever. The 
deflection of the laser beam is proportional 
to the tilt of the reflecting mirror at the end 
of the cantilever and is thus proportional 
to: 

which means that the deflection of the 
laser beam is proportional to the lift at the 
end of the cantilever L. 

A tangential force F, on the tip of the 
length h (such as that caused by friction) 
would result in a bending moment M = 
hF,, which would result in an additional 
bend of the cantilever of the form: 

dt-dd*I,=L = 2 h Ft/(KcL2) 

This bend also contributes to the laser 
deflection. Thus the lateral force appears 
as a pseudoheight zf, which is given by: 

Zf = (FtIIC) (hlL) (6) 

Therefore, the apparent helght G, which 
is measured in the experiment, has two con- 
tributions, one from the nomral displacement 
of the tip z and one from the tilt, Q, so that 



t = z + Q. Because the lateral force changes ear effects caused by the torsion are negldle, 
its sign during back and forth scanning, both this procedure results in a corrected image of 
conaibutions may be separated by subtracting the topology and an additional image of the 
or adding two images that are recorded during friction. 
back and forth scanning. Under conditions An example is given in Fig. 9. It shows 
where the friction is small and other nonlin- a Cd-arachidate monolayer on silicon ox- 

Fig. 9. Pseudoheight imag- 
es of a Cd-arachidate film in 
reorganization on silicon ox- 
ide recorded while scan- 
ning (A) forward and (B) 
backward. The horizontal 
stripes following the struc- 
tures are a technical artifact 
and do not represent prop- 
erties of the sample. Imag- 
ing parameters: raw data, 
constant height at -10 nN, 
carbon tip, ten lines per 
second scan speed. Sam- 
ple preparation: a monolay- 
er was prepared as de- 
scribed in Fig. 2 but kept in 
humid ambient atmosphere. 

Fig. 10. (A) Height, (B) friction, and (C) stiffness of the film shown in Fig. 9. Images (A) and (B) were 
calculated from the sum and the difference of Fig. 9, A and B. Additional scan parameters for (C): 
force modulation & 0.5 nN at 13 kHz. 

Fig. 11. AFM images of (A) height, (B) stiffness, and (C) viscosity recorded from a live platelet that 
had undergone full activation just before imaging. Imaging parameters: 5 pm by 9 pm size, raw 
data, constant force at -5 nN, integrated tip, 0.5 line per second scan speed, force modulation 2 

0.5 nN at 13 kHz for sample preparation, see Fig. 4. 

ide, which was kept in humid ambient 
atmosphere. It is known that LB films 
may, as a function of the ambient, under- 
go a structural reorganization that results 
in the local formation of multilavers at the 
expense of a homogeneous coverage of the 
substrate. When imaged with the AFM, 
laterally extended structural features with 
an apparent height of more than one 
thousand angstroms were found (Fig. 9A). 
Upon scanning in the reversed direction, 
however, certain structures inverted their 
contrast (Fig. 9B). When the two pseudo- 
topology images were transformed into 
height and friction images, it became ap- 
parent that the height step of the invert- 
ing structure corresponded to a monolayer 
and the step height of the non-inverting 
struc ture was a~~roximatelv that of a 
bilayer. The imagk'of the storHge modulus 
(Fig. lOC), which was recorded in paral- 
lel, revealed that the inverting structures 
were harder than the rest of the surface so 
that the inverting structure appears to be 
the bare substrate. In this area, the fric- 
tion force between tip and substrate is by 
-50 nN (see Eq. 6) greater than on the 
monolayer. The decrease in friction from 
the monolayer to the trilayer (bilayer on 
top of the monolayer) is only marginal. 
These values compare qualitatively well 
with previous data (68). The high contrast 
between monolayer and substrate may ad- 
ditionally be caused by a local modulation 
of the normal force between tip and sam- 
ple due to the meniscus force of the water 
film (69). This effect results in a drastic 
increase of the normal force on silicon 
oxide, which in turn locally increases the 
friction on silicon oxide com~ared to the 
hydrophobic lipid surface. If [his interpre- 
tation is correct, it would mean quite 
generally that the internal forces between 
tip and sample may modify the apparent 
height signal in AFM through their con- 
tribution to the lateral forces. These find- 
ings shed light on speculations that a 
major contribution to the image contrast 
even on molecular dimensions may result 
from lateral forces (70). 

Because the stiffness of the silicon ox- 
ide substrate is much greater than that of 
the LB film, the modulation amplitude in 
the uncovered area could be used in this 
case to calibrate the modulation on the LB 
film. The phase shift in this sample was 
negligible, so that the measured amplitude 
response is directly proportional to the 
effective stiffness of the monolayer. The 
measured KeR was 0.5 Nlm. In the absence 
of published data for monolayers, we have 
to compare our value with the values 
measured on multilayers (60). It turns out 
that this monolayer is about one order of 
magnitude softer than the multilayer. In 
view of our finding from Figs. 2 and 5, that 
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the monolayer is significantly more disordered 
than the multilayer, the lower elasticity is 
readily understood. Because the bending stiff
ness of such films is low, it can also be 
rationalized that the modulation response of 
the trilayer is dominated by the soft first layer 
and thus does not give rise to a significant 
contrast in the elasticity image. The differ
ence in coupling between the layers of the 
film and with the substrate becomes apparent 
in their different boundaries. Where the bi-
layer on top of the first monolayer exhibits a 
soft boundary (dark rim in Fig. IOC) of about 
100 molecules in width, the first monolayer, 
which is strongly bound to the substrate by 
ion bridges, does not show such a rim on that 
length scale. This soft boundary may be un
derstood by a local melting of the crystalline 
order at the rim, which in the case of the 
trilayer is possible because the van der Waals 
coupling between the layers allows a lateral 
expansion of the upper bilayer only at the rim 
in response to the locally applied load. 

Outlook 

In its classical mode of use, the AFM has 
proven to be an extremely useful instru
ment for imaging soft samples down to 
molecular resolution. The inherent diffi
culties that arise from the softness of the 
sample merit more careful analysis, which 
in turn should give rise to more detailed 
knowledge about the samples. As such, 
the AFM is developing more and more 
into a versatile measuring instrument 
probing mechanical properties at molecu
lar dimensions. It may gain increasing 
importance for the investigation of meso-
scopic systems in the crossover of molec
ular and material properties. A richness of 
novel information is to be expected from 
the aspects which were dealt with in this 
article. In Fig. 11 an example is given for 
further applications where the capability 
of the AFM is exploited to image elasticity 
and viscosity of live cells in real time. 
When well-controlled chemical modifica
tions of the tips allow us to probe and 
differentiate the complexity and diversity 
of the local interactions in and on soft 
systems, even more dramatic improve
ments of our knowledge on the molecular 
level can be expected. 
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