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Abstract Lateral forces are inevitable in contact mode
AFM imaging and they contribute significantly to the im-
age formation under certain conditions. In cases where the
objectsare comparablein sizeto the cantilever tip and par-
ticularly in cases where the tips have a high aspect ratio,
thelateral force may exceed the vertical forceand may im-
pose a severe limitation to the stability of the sample dur-
ing imaging. Here we have cal cul ated the rel ation between
the exerted lateral force and the applied vertical forceasa
function of thefriction coefficient, the geometry of thetip,
and the stiffness of the cantilever. We present a strategy to
immobilize larger particles by sucking them into the pores
of nucleopore filters and binding them by chemical cross
linking. High resolution images of nematocysts which
wereimmobilized with thisstrategy are presented. Theim-
ages reveal the supra-molecular arrangement of the mini-
collagen of the capsule wall.

Key words AFM - Lateral forces - Nucleo-pore filter -
Immobilization - Nematocysts

Introduction

The AFM hasevolved into an extremely useful new instru-
ment for thein-situ and in-vivo investigation of biological
samples (Hoh and Schoenenberger 1994; Radmacher et al.
1992; Hansma and Hoh 1994; Engel 1991). DNA (Beza-
nillaet a. 1994; Shaper et a. 1993), proteins (Weisenhorn
et al. 1990; Mller et al. 1996) and supported membranes
(Tillmann et al. 1993; Egger et al. 1990) have been imaged
with stunning resolution. Individual molecular actions
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(Radmacher et al. 1994) and interactions have been inves-
tigated (Florinet al.1994; Moy et al. 1994; Leeet al. 1994;
Dammer et a. 1995). The option to operate in real time
under quasi physiological conditions has opened new pos-
sibilities, particularly in cell research (Henderson et al.
1992; Schoenenberger and Hoh 1994; Fritz et al. 1994,
Radmacher et al. 1992). Novel instruments and especially
adapted operation modes have helped to overcome the in-
itial difficulties, which arose mainly from the high lateral
and normal forcesbetweentipand cell (Putman et a. 1992;
Hansmaet al. 1994; Butt et al. 1992). Today, normal forces
can beaslow asafew tensof pN, avaluewhich in the case
of flat, extended cells allows non-invasive imaging over
prolonged time spans. In the case of round massive cells
or organelles, however, the high lateral forces still hamper
stable imaging. The influence of lateral forces on protein
imaging and strategies to overcome these specific difficul-
ties have already been discussed in several papers (Wei-
senhornet al. 1990; Bezanillaet al. 1994; Aiméet al. 1994;
Kasas and lkai 1995). Here we will focus on the interac-
tion between the tip and objects which are large compared
to the curvature radius of thetip.

Theory of imaging forces
| Lateral forces when scanning large objects

The mechanism that gives rise to the high lateral and nor-
mal forces can easily be rationalized with the help of the
schematic drawing in Fig. 1. In the case of macroscopic
objects which are large compared to the curvature radius
of the tip, the leading lateral force between object and tip
arises from the contact of the object with the side of thetip
rather than with the apex. This kind of contact is unfavor-
ablefor high resolution imaging but typically occurswhen
the sample is screened at low magnifications. The latera
force between tip and object is not only a function of the
vertical force, but depends strongly on the aspect ratio, the
tilt angle of the cantilever, and the friction coefficient
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Fig. 1A—C Cartoon of the AFM tip and the torsion of the canti-
lever scanning a macroscopic object in different directions with no
feedback. Also schematically shown arethelateral forcesand there-
sulting image distortions

between tip and object. Via the effective tip length, this
lateral force exerts a torque onto the cantilever which
causes, depending ontherelative orientation, either abend,
(Fig. 14, b) or atwist (Fig. 1c) of the cantilever. A detailed
calculation of this problem is given in the appendix. The
force balance resultsin anon-analytical expression which
was numerically solved following standard procedures
(seeappendix). TheresultisgiveninFig. 2, wherethenor-
malized lateral forceis plotted as afunction of the contact
angle of thetip, a (aperture angle plus tilt angle) for dif-
ferent friction coefficients, u, and different effective can-
tilever stiffness, v. The plotsreveal that the lateral forceis
a sensitive function of the friction coefficient (Fig. 2a, b)
and the aspect ratio (Fig. 2c, d).

In the case of tips with a large aspect ratio, the lateral
force is rather insensitive to the cantilever stiffness
(Fig. 24, b). Only in the case of tips with a high aspect ra-
tio, like the electron beam deposited carbon tips, does the
stiffness of the cantilever play a dominant role (Fig. 2c,
d). It isinteresting to note that in atypical case, wherewe
use an integrated tip with an angle of 30 degrees on a soft
cantilever with d/v - 12=0.0001 N%, the lateral forceisal-
ready more than twice the vertical force even with an ex-
tremely low friction coefficient of 0.01. With a moderate
value for the friction coefficient of 0.4 and atypical can-
tilever stiffnessv=0.04 Nmresultingind/v - 1?°=0.01N?,
the lateral force exceeds the vertical force by an order of
magnitude! In the case of carbon tips the situation is even
more dramatic.

Il Lateral forces in feedback modes

In order to avoid excessive loads, imaging of cells typi-
cally occursin either the constant force mode or in the so-
called error signal mode (Putman et al. 1992). In both cases
the deflection of the cantilever is compensated by raising
or lowering the sample or the cantilever. As depicted sche-
matically in Fig. 3thelateral forces may contribute signif-
icantly (viathe bend of the cantilever) to the deflection of

a0

2 d
w ' — =0.001
— 6 Y " \ W V-2
o ‘

B
2 —
0 S
u] g0
= 0.0001
i =0.01
= 0.001
C
A— =001
0 T T T T
0 20 40 060 g0
contact angle O
40 —
%2 = 0.0001
g3+ |V u=0.6
L
— L = 0.001
= D
7 S =001
0 I T T T T T T
30 40 50 60 70 50 a0

contact angle O(°

Fig. 2A—D Calculated lateral forces in constant height mode (no
feedback) between an AFM tip and a spherical object with different
friction coefficients, H (A and B), and different normalized canti-
lever stiffness, d/v - 1< (C and D), as afunction of the contact angle,
a, between tip and object

the cantilever, so that a compensation of the deflection via
the height signal may result in excessive lateral and verti-
cal forces. Thisis particularly the casein the situation that
is sketeched in Fig. 3a. Here the lateral force leads to an
additional tilt which results in a signal on the split photo
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Fig. 3A, B Cartoon of the lateral forces and the resulting distor-
tions in the case of the constant deflection feedback generally re-
ferred to as “constant force mode” (the resulting lateral forces are
highly dependent on details of the feedback settings)

estimated
lateral forces

detector which is equivalent to that of alower z position.
The compensation in this case will increase the load by
raising the sample and thus even further increase the bend.
In the opposite scan direction, however, lateral forcestend
to reduce the applied load. In this scan direction the feed-
back will actually overcompensatethefriction force so that
the resulting lateral forces should be the lowest possible.
A detailed calculation of this effect is given in the appen-
dix. Figure 4 givesthe results of the numerical simulation.
Figure 4a, b show, for the case of the forward scan, the ra-
tio of the lateral to the normal force as afunction of thetip
apex for different friction coefficients. Figure 4a, b differ
in the length of the cantilever. The graphsreveal that even
at moderate friction coefficients the lateral forces may ex-
ceed the normal forces by an order of magnitude for tips
with asmall apex angle. In the case of the backwards scan,
Fig. 4c, d reveal that the maximum lateral forces are lim-
ited and significantly lower than in the case of the forward
scan. The limit is interestingly not a function of the fric-
tion coefficient and the apex angle but depends only on the
cantilever parameters and the tip length. This means that
when scanning large objects this scan direction should be
chosen for imaging and the tip should be retracted com-
pletely during theforward scan. If thescan directionischo-
sen perpendicular to the cantilever symmetry axis, both
back and forth scans are symmetric. In this case, however,
the lateral force acts equally and cannot be compensated
directly.

Materials and methods
| Instrumentation

For AFM-imaging a Nanoscope Il1 (Digital Instruments)
with a J-scanner was used. Standard silicon nitride canti-
levers (k=32 mN/m) with carbon tips, grown in a scan-
ning electron microscope, were used (Keller and Chih-
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Fig. 4A-D Calculated lateral forces with feedback (*constant
force mode”) as afunction of the contact angle, a, for different fric-
tion coefficients, u (0.01; 0.1; 0.2; 0.3; ...; 0.8; 0.9), for a long
(A and C) and a short cantilever (B and D), in forward (A and B)
and backward (C and D) scan direction
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Chung 1992). All experiments were carried out in a fluid-
cell in order to keep the sample under aqueous conditions.
The images have aformat of 256x 256 pixels 16 Bit each.
The scan angle was 90° (horizontal). The scan speed var-
ied between 3 and 100 lines/s. The integral gain and the
setpoint were adjusted such that theimaging forcewaskept
aslow as possible.

Il Isolation of nematocysts

Nematocysts from whol e freshwater hydras were isolated
as follows: between 100 to 1000 animals — starved for
24 h —were frozen at —20°C for 30 min. After warming
up to 4°C all cellular tissue, except for the nematocysts,
was destroyed. The centrifugation at 1000xg in a Percoll-
gradient of 1,20 g/mol at 4 °C separates the capsulesin the
pellet with adensity of 1,24 g/mol from the rest. The pur-
ified capsules were resuspended in a 2 N NaCl solution.
For more details see Weber et al. (1987) and Benoit et al.
(1995).

11 Immobilization of the capsules

As was pointed out in the theory section, the lateral force
between tip and cell makes a suitable immobilization of
the organelles or cells to be imaged essential. As aresult
of various experimentswith different immobilization strat-
egies, we found the approach, outlined in Fig. 5, to be the
most successful (also reported by Kasas and Ikai (1995)).
Nucleopore filters (e.g. Costar, Tubingen Germany) with
holes in the range of the size of the cells or organelles are
first coated with gelatin by immersing them in a solution
of 1% gelatinfor afew minutesand drying them afterwards
in ambient air. The dried filters are then soaked in a 25%
glutaraldehyde solutionfor 20 minutesand carefully rinsed
with Millipore water. Now the filters are placed in afilter
holder connected to a suction pump. The organelle suspen-
sion isgently sucked through the filter. Organellesthat are
not sucked into the pores may afterwards be removed with
alittle wheelbarrow or by wheeling the filter surface after
filtering and washing softly with the filter medium. For
successful AFM imaging thisremoval of unattached orga-
nelles turned out to be very important as the loose orga-
nelles tend to stick to the cantilever and as a result smear
out theimage. Since the nucleoporefilters are translucent,
one may easily control the preparation in the light micro-
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Nucleopore

Filter

Suction

Fig. 5 Schematic of theimmobilization of cellsor organellesin the
pores of a nucleopore filter

scope. For AFM imaging, the filters are kept in the me-
dium and placed on the sample holder by water insoluble
double stick tape (e.g. tesafix 4972). As an example,
Fig. 64, b show anucleoporefilter before and after nemat-
ocysts have been aspirated into the pores. The mgjor ad-
vantagesinimmobilizing the organellesby aspirating them
into the pores of nucleopore filters are that such filtersare
flat, that they are available with different pores sizes and
that the pore diameters have a rather narrow distribution
The latter is important for a high yield, a fact which, in
view of the limited scan range of the AFM, should not be
underestimated. We found that the treatment of the filters
with gelatin and glutaraldehyde is not essential but it
helped to increase the number of nematocysts which are
stably immobilized. Since the thorough washing removed
free glutaraldehyde, we assume that this immobilization
is caused by adhesion of the organells to the crosslinked
gelatin rather than by chemical fixation. Unless otherwise
noticed all chemicals were purchased from Sigma.

Results and discussion

Like other Cnidarians, the freshwater polyp Hydra has
stinging cells which are used for the capture and poison-
ing of prey. These stinging cellscontain explosive capsules
called nematocysts which are 5 to 15 um in diameter and
are charged with an osmotic pressure of up to 150 bar
(Weber 1989). This enormous pressure is maintained by
the cell wall whose main constituent is a specia type of
collagen (Petri 1991). It was the goal of this study to in-
vestigate the molecular organization of the collagen in the
nematocyst capsule wall by AFM (Holstein et al. 1994).
The theoretical considerations concerning lateral forces,
that were presented in the first part of the paper, evolved
during the initial phase of the project, where attempts had
failed to image these organelles when they were just ad-
sorbed onto different supports which were successfully
used for sampleslike proteins (Radmacher et a. 1994). On
aregular basis, the organelles were removed from the sur-
face or laterally displaced by the cantilever after a few
scans. As aresult, we developed the immobilization strat-
egy described above and found that capsules and also in-
tact cells (results not shown here) that were trapped in the
holes of the nucleopore filter, may be stably imaged for
hours. Figure 6 ¢ showsthe AFM image of acapsul e caught
in a pore. Owing to the large size of the object, one can
clearly see the convolution of the tip geometry with the
sample. When the integrated pyramid of the cantilever
interacts with the sides of the nematocyst, the image re-
flects mainly the geometry of thetip. It isin these areas of
the image where the highest lateral forces act between
tip and sample, as we have pointed out in the theory sec-
tion of this paper. Only in the center part, where the car-
bon tip interacts with the upper part of the nematocyst, is
theimage dominated by the sampletexture. Herethe struc-
ture of the capsule wall can be imaged with high resolu-
tion.
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Fig. 6 AFM image of a nucleopore filter before (A) and after (B)
aspiration of nematocysts; C close-up view of a nematocyst in
deflection mode (note the tip convolution) (Imaging conditions:
Nanoscope |11, J-scanner; silicon nitride cantilevers k=32 mN/m
256x%256 pixels, scan angle 90°, scan speed: 5 lines/sec, integral
gain=1, A and B carbon tip, constant height mode, C: no carbon tip,
deflection mode)

In order to resolve the supra molecular arrangement of
the molecular constituents of the capsule wall we have re-
corded a series of high resolution images from different
nematocysts. Figure 7 a shows an example, where the fi-
bers form a whirl like structure which was not resolved
with other techniques. This supra molecular arrangement
of thefibersistypical for the polar area of the capsule. At
higher magnificationin Fig. 7b the streaky substructure of
the fibersisrevealed.

Thefibers are 50 to 120 nm wide and the stripe pattern
has an average periodicity of 32 nm. Imaging at this reso-
lution was possible for several tens of minutes without no-
ticeable change in the structure and without displacement
of the sample, confirming the quality of the immobiliza-
tion. Type 1 collagen, the main constituent of mammal ten-
dons, has AFM images which reveal a structure with adi-
ameter of 280 nm and a periodicity of about 60 nm with a
sub pattern of micro fibrils of 5 nm (Baselt et al. 1993). In
contrast, the minicollagenes of theHydraN-Col 1, 2, 3and
4 (Petri 1991) which are procollagenes, form a finer pat-
tern which is probably better adapted to the specia pur-
pose of the organelles. The pattern found in Hydra also
suggest that the intermolecular bonding differs consider-
ably in both systems.

Concluding remarks

When imaging objects with the AFM that are comparable
in size with the tip, lateral forces play akey role. In par-
ticular, tips with alow apex angle, that are preferable for

C

Image Size : 2.0 umm nm

Image Size: 1.0 umm nm

Fig. 7A, B Zoom series on the capsule wall of a nematocyst.
(Imaging conditions: same as in Figs. 6A, B, except deflection-
mode, integral gain=0.031)
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their high resolution, give rise to lateral forces that may
easily exceed the normal forces by orders of magnitude.
For stable imaging the immobilization of the sample is
therefore essential. In the case of large, round shaped ob-
jects like cells or organelles, capture in nucleopore filters
has proven to be a practical and very reliable technique.
This technique allowed us to stably image the supra mo-
lecular structure of nematocyst capsule walls at high res-
olution over extended periods of time.
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Appendix

| Lateral forcesin constant height mode

In order to calculate the lateral force, we first consider geometrical
aspects, then introducefriction, and finally include the bending stiff-
ness of the cantilever. Depending on the chosen setpoint the tip ap-
plies a certain vertical force F, to the object. Taking the geometri-
cal relations depicted in Fig. 8athe |ateral forceis given by:

- Fa
Flo = tana )
This gives rise to the normal force Fy:
FNo = o @)

sma

If we introduce friction with u as coefficient this normal force re-
sultsin the friction force:

Fro=H - Fn, (3

In order to overcome this frictional force Fr, an additional |ateral
force F , isrequired, which in turn increases the frictional force by
Fr, and so on (see Fig. 8d). The effective lateral force will therefore
be the sum over all contributions Fg;: Equation (3) can be general-
ized for all contributions by introduci ng theindices, j:

Fr, =1 - Fy, 4
Successively one obtains for the normal forces:
—_ FRJ
PN = Tana ®)
Thisyields the iteration rule:
M
FRJ+1 tana FRi (6)
which can be transformed into:
_owud IJEFA
PR =HBanaH ™ = Ef af sna Y

For the lateral force holds then the relation:
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Fig. 8 A Schematics of the interaction of the AFM tip with a
macroscopic object. Outlined are the normal force and the resulting
lateral force. B Schematics of the bend of the cantilever and the de-
finition of the angle y. C Definitions of forward and backward scan
directions

The effective lateral force, F|, is now obtained by summing over
all contributions F, to the lateral force:

< _ Fa /JEFA < [f

Fla T £ L% tana ¥ $na 20 HtanaH (10
_ Fa @l utosa O

o= tana B tana - U (11)

The summation is only valid if uis smaller than tan a, a condition
which is aways fulfilled if the cantilever can bend.

As aresult of the lateral force the tip will exert a torque on the
cantilever which will result in atilt of thetip. The bend will enlarge
the effective tip angle

Fa @H
tane
With a stiffness, v, and alength, I, of the cantilever and atip length,
d, the bend angle is then given by:

uleose O
tane — u

FLg = (12)

Fa=tan(y) v O, FL=tan(y)Ev% (13)



Thisresultsin the following non-analytical relation for the effective
lateral force:

Fa gans d 2
—<-[{an + arctan —
P H P

H DtosBa + arctan@ie" 20 %

u—tanHX +arctanf @%

Numerical solutions of this equation were calculated by iteration.
The results are plotted in Fig. 2.

(14

Il Lateral forcesin constant force mode

In the so called constant force mode, the feedback |oop of the AFM
is programmed such that it keeps the deflection of the beam constant
by regulating the z-position. Since the contribution of the lateral
forcesto the cantilever torsion, and by means of thisto the beam de-
flection, depends on the scan direction, this compensation strategy
leadsto largely varying forces. In theideal case where scanning per-
pendicularly to the symmetry axis of the cantilever resultsonly in a
torsion along this axis, the lateral force will not contribute to a de-
flection signal. The triangular geometry and the off axis position of
the tip, however, will always cause an additional torsion in other
directions. For simplicity we discuss here only the extreme case
where the cantilever is scanned back and forth parallel to the sym-
metry axis of the cantilever. In this case the tilt angle, J, of the can-
tilever adds to (forward) or subtracts from (backward) the tip angle,
so that Eq. (14) converts into:

Flae D g: d tH
?Dangiié+arctan Leﬁm%

E(tosD +J + arctan LED
H g’— Lar D}% ,

(15)
—tan[| +6+arctan§: d &
H Ba * Lar |2 D}%
For a constant deflection y this equation reduces to
Fo= Fa + MEos(a, +arctan(yo)) O (16)

# tan(a, +arctan(yo)) tan(a++arctan(yo)) HH

where y; is defined by the setpoint and resultsin athe vertical force
Ao:
Fa, =tan(yp) - v-| (17)

Note that the argument of the tangent must not exceed /7/2 and that
1 must not exceed tan(a ., +arctan(y,)). Beyond these limits the ap-
proximation of the cantilever asathin beam does not hold any more.
Equation (16) may be abbreviated as:

FLy=Fa C(v) (18)

wherethe constant C, is only determined by the setpoint, thefriction
coefficient, and the experimental geometry. What we need isto find
an expression for Fu .

During forward scan thevertical force, Fp , causesalateral force,
F_ ., Which tries to bend the cantilever such that deflection is
decreased. The feedback compensates for this by raising the sample,
which gives rise to an additional vertical force, F,. This addition
vertical force givesriseto an additional lateral force, F . ,, whichin
turnstriesto increase the deflection again. In analogy to the previous
chapter, this can be described by the following recursion algorithm:

Fl., =Fa, [C(yo) and Fa,=Clyo) ¢ F (19
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The overall force is thus the sum of all partial forces.

® gcmd

FR.=R.*Y F =R _*C[F ~
e = FLo J; L, =R, A2 01 O

O © pcmd 0
:CEFAOi%:EFAD]: DTD _CD:AOE

O0psc (20)

The + holds for the forward scan and the — holds for the backward
scan were the feedback reducesthe forces. This equation was solved
numerically again. The results are plotted in Fig. 4.

References

Aimé JP, Elkaakour Z, Gauthier S, Curély J, Bouhancina T, Odin C
(1994) Role of the the friction on curved surfaces in scanning
force microscopy. Surface Science 329: 149-156

Baselt DR, Revel J-P, Baldeschwieler JD (1993) Subfibrillar struc-
ture of type | collagen observed by atomic force microscopy.
Biophys J 65: 2644 —2655

Benoit M, Holstein T, Gaub HE (1995) In: Colton R, Engel A, From-
mer J, Gaub HE, Gewirth A, Guckenberger R, Heckl W, Parkin-
son B, Rabe J (eds) Proceduresin Scanning Probe Microscopies.
Wiley, Sussex

BezanillaM, Drake B, Nudler E, Kashlev M, Hansma PK, Hansma
HG (1994) Motion and enzymatic degradation of DNA in the
atomic force microscope. Biophys J67: 1-6

Butt HJ, Guckenberger R, Rabe JP (1992) Quantitative scanning tun-
neling and scanning force microscopy of organic materials. Ultra-
microscopy 46: 357 —359

Dammer U, Popescu O, Wagner P, Anselmetti D, Glintherodt H-J,
Misevic GN (1995) Binding strength between cell adhesion
proteoglycans measured by atomic force microscopy. Science
267:1173-1175

Egger M, Ohnesorge F, Weisenhorn A, Heyn SP, Drake B, Prater CB,
Gould SAC, Hansma P, Gaub HE (1990) Wet lipid-protein
membranes imaged at submolecular resolution by atomic force
microscopy. J Struct Biol 103: 89-94

Engel A (1991) Biological applications of scanning probe micro-
scopes. Annu Rev Biophys Biophys Chem 20: 79-108

Florin E-L, Moy VT, Gaub HE (1994) Adhesion forces between in-
dividual ligand-receptor pairs. Science 264: 415—-417

Fritz M, Radmacher M, Gaub HE (1994) Granula motion and mem-
brane spreading on human platelets imaged with the AFM.
Biophys J66:1-7

HansmaHG, Hoh JH (1994) Biomolecular imaging with the atomic
forcemicroscope. Annu Rev BiophysBiomol Struct 23: 115-139

Hansma PK, Cleveland JP, Radmacher M, Walters DA, Hillner PE,
BezanillaM, Fritz M, Vie D, Hansma HG, Prater CB, Massie J,
Fukunaga L, Gurley J, Elings V (1994) Tapping mode atomic
force microscopy in liquids. Appl Phys Lett 64: 1738—1740

Henderson E, Haydon PG, Sakaguchi DS (1992) Actin filament dy-
namicsin living glial cellsimaged by atomic force microscopy.
Science 257: 19441946

Hoh JH, Schoenenberger C-A (1994) Surface morphology and me-
chanical properties of MDCK monolayers by atomic force mi-
croscopy. Biophys J 107: 1105-1114

Holstein TW, Benoit M, Herder G v, Wanner G, David C, Gaub HE
(1994) AFM reveal sfibrous mini-collagensin hydranemtocysts.
Science 265: 402—-404

Kasas S, Ikai A (1995) A new method for anchoring round shaped
cellsfor atomic force microscope imaging. Biophys J 68: 1678—
1680



290

Keller D, Chih-Chung C (1992) Imaging steep, high structures by
scanning force microscopy with electron-beam deposited tips.
Surf Sci 268: 333—-339

Lee GU, Chris LA, Colton RJ (1994) Direct measurement of the
forces between complementary strands of DNA. Science 266:
771-773

Moy VT, Florin EL, Gaub HE (1994) Intermolecular forces and en-
ergies between ligands and receptors. Science 266: 257 —259

Miller DJ, Schoenenberger CA, Blldt G, Engel A (1996) |mmuno
atomic force microscopy of purple membrane. Biophys J 70:
1796-1802

Petri B (1991) Biochemische und immunochemische Charakterisie-
rung der Kapselwand von Nematozysten bei Hydra. (Zoologi-
sches Institut Ludwig-Maximilian-Universitdt Minchen, Dip-
lomathesis)

Putman CA, Werf KO vd, Grooth BG d, Hulst NF v, Greve J,
Hansma PK (1992) A new imaging mode in Atomic Force Mi-
croscopy based on the error signal. Proc Soc Photo-Opt Instrum
Eng 1639: 198—-204

Radmacher M, Fritz M, Hansma HG, Hansma PK (1994) Direct ob-
servation of enzyme activity with the atomic force microscope.
Sicence 265: 1577-1579

Radmacher M, Tillmann RW, Fritz M, Gaub HE (1992) From mole-
cules to cells — imaging soft samples with the AFM. Science
257:1900-1905

Schoenenberger CA, Hoh JH (1994) Slow cellular dynamics in
MDCK and R5 cells monitored by time-lapse atomic force mi-
croscopy. Biophys J 67: 929—-936

Shaper A, Pietrasanta LI, Jovin TM (1993) Scanning force micros-
copy of circular and linear plasmid DNA spread on micawith a
guaternary ammonium salt. Nucleic Acids Research 21: 6004

Tillmann RW, Radmacher M, Gaub HE, Kenny P, Ribi HO (1993)
Monomeric and polymeric molecular films from diethylene gly-
col diamine pentacosadiynoic amide. JPhys Chem 97: 2928 —-2932

Weber J (1989) Nematocysts (stinging capsules of Cnidaria) as don-
nan-potential-dominated osmotic systems. Eur J Biochem 184:
465-476

Weber J, Klug M, Tardent P (1987) Some physical and chemical
properties of purified nematocasts of Hydra Attenuata Pallas.
Comp Biochem Physiol 88B: 855—862

Weisenhorn AL, Drake B, Prater CB, Gould SAC, Hansma PK,
Ohnesorge F, Egger M, Heyn SP, Gaub HE (1990) Immobilized
proteinsin buffer imaged at molecular resolution by atomic force
microscopy. Biophys J58: 1251-1258



