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ABSTRACT Specific molecular recognition events, detected by atomic force microscopy (AFM), so far lack the detailed
topographical information that is usually observed in AFM. We have modified our AFM such that, in combination with a
recently developed method to measure antibody-antigen recognition on the single molecular level (Hinterdorfer, P., W.
Baumgartner, H. J. Gruber, K. Schilcher, and H. Schindler, Proc. Natl. Acad. Sci. USA 93:3477-3481 (1996)), it allows imaging
of a submonolayer of intercellular adhesion molecule-1 (ICAM-1) in adhesion mode. We demonstrate that for the first time the
resolution of the topographical image in adhesion mode is only limited by tip convolution and thus comparable to tapping
mode images. This is demonstrated by imaging of individual ICAM-1 antigens in both the tapping mode and the adhesion
mode. The contrast in the adhesion image that was measured simultaneously with the topography is caused by recognition
between individual antibody-antigen pairs. By comparing the high-resolution height image with the adhesion image, it is
possible to show that specific molecular recognition is highly correlated with topography. The stability of the improved
microscope enabled imaging with forces as low as 100 pN and ultrafast scan speed of 22 force curves per second. The

analysis of force curves showed that reproducible unbinding events on subsequent scan lines could be measured.

INTRODUCTION

The invention of the scanning probe microscopes (Binnig et
al., 1983; 1986) has stimulated the study of objects on a
nanometer scale. The atomic force microscope (AFM) has
become the most popular and suitable one in life science
since Marti and co-workers (1987) demonstrated the oper-
ation in liquid. This paved the way for measurements on a
variety of biological samples, ranging from living cells
(Henderson et al., 1992; Putman et al., 1994) to the activity
of single molecules (Radmacher et al., 1994a; Kasas et al.,
1997). The potential of AFM to measure intermolecular
forces down to the pN range was first shown by Hoh and
co-workers (1992). In addition, this force sensitivity was
used to quantify the unbinding forces of individual ligand-
receptor pairs (Florin et al., 1994; Lee et al., 1994a, b; Moy
et al.,, 1994; Dammer et al., 1995) applying the so-called
force-distance mode. This method was extended by Rief and
co-workers (1997a, b) who could demonstrate the repetitive
conformational changes of individual molecules by stretch-
ing individual titin molecules while maintaining the binding
between tip and molecule. Also, measurement of antibody-
antigen interactions came within range with either the an-
tigen (Dammer et al., 1996; Allen et al., 1997) or the
antibody on the tip (Hinterdorfer et al., 1996; Hinterdorfer
et al., 1998). The latter approach significantly benefited
from the application of spacer technology that enhanced
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motility and flexibility of the antibodies and enabled dis-
crimination between specific and nonspecific unbinding
events (Hinterdorfer et al., 1996).

The simultaneous image formation and force measure-
ment (Radmacher et al., 1994b; van der Werf et al., 1994;
Berger et al., 1995) is called adhesion mode AFM and it is
a new promising tool to map binding sites of molecules. A
first attempt in single molecular force mapping was carried
out by Hinterdorfer and co-workers (1996), who mapped the
interaction probability of an antibody-antigen pair as a
function of lateral distance and determined the position of
the antigens with 1.5-nm accuracy. Another promising ap-
proach (Ludwig et al., 1997) simultaneously maps the
height and adhesion of a photographically patterned surface
of streptavidin and gold.

In this paper we have studied the adhesion molecule
ICAM-1, a ligand of the adhesion receptor leukocyte func-
tion-associated antigen-1 (LFA-1). Both molecules play an
important role in mediating cell adhesion of cells of the
immune system (Figdor et al., 1990). We and others have
found that these adhesion interactions are tightly controlled
by the cell, among others by conformational changes result-
ing in affinity alterations (Diamond and Springer, 1994;
Hynes, 1992; Lub et al., 1995). To get a better understand-
ing of the dynamics of LFA-1-ICAM-1 interactions we have
chosen to use AFM to investigate isolated ICAM-1 and
LFA-1 molecules. Here we studied the distribution of iso-
lated ICAM-1 molecules on a mica surface and the capacity
of anti-ICAM-1 antibodies on tips to detect individual
ICAM-1 molecules on surfaces. The AFM was modified
such that it, for the first time, allowed on-line mapping of
the height of single ICAM-1 molecules simultaneously with
the adhesion image. The contrast in the adhesion image is
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attributed to the single molecular recognition between
ICAM-1 and the anti-ICAM-1 antibody and was signifi-
cantly enhanced by the use of spacer technology, developed
earlier (Hinterdorfer et al., 1996). In addition, recording of
the force curve facilitated the discrimination between spe-
cific and nonspecific recognition events.

MATERIALS AND METHODS
Substrate and tip preparation

In this study a soluble fragment of ICAM-1 is used to prepare substrates.
This sSICAM-1 possesses essentially the entire five extracellular domains of
the transmembrane ICAM-1 molecule. Human sICAM-1 was purified from
tissue culture supernatant of transfected Chinese hamster ovary-K1 cells by
immunoaffinity chromatography, as described (Binnerts, manuscript in
preparation). The purity of the SICAM-1 preparation was confirmed using
SDS-polyacrylamide gel electrophoresis (data not shown). The concentra-
tion of the sSICAM-1 preparation was determined in a sandwich ELISA
using the anti-ICAM-1 antibody, F10.2.

Substrates were prepared by adsorption of SICAM-1 from either a 0.3
mg/ml solution (for high surface concentration) or a 0.06 mg/ml solution
(for low surface concentration) to freshly cleaved mica. After incubation
for 10 min at room temperature, the mica substrate was rinsed extensively
with phosphate buffered saline (PBS; Gibco, Life Technologies B.V.,
Breda, The Netherlands) to remove any loosely bound protein. The PBS
consisted of 137 mM NaCl, 2.7 mM KCIl, 8.1 mM Na,HPO,, 1.5 mM
KH,PO,, and 0.5 mM MgCl,, pH 7.3.

For the preparation of the sample suitable for adhesion mode imaging at
low surface concentration, freshly cleaved mica was functionalized with
amine-containing groups as described (Hinterdorfer et al., 1996). All
subsequent steps were performed in the dark. The amine-functionalized
mica was incubated for 16 h in a solution of 0.75 mM N-5-azido-2-
nitrobenzoyloxysuccimide (ANB-NOS, a photoreactive linker) and 120
mM triethylamine in dimethylformamide (DMF). After the incubation the
mica was washed with DMF, DMF:CHCI, (1:1), and CHCI, to remove the
excess ANB-NOS. sICAM-1 was coupled to the modified mica by adsorp-
tion for 10 min from a 0.3 mg/ml solution at room temperature followed by
irradiation of the substrate with a 100 W mercury high-pressure lamp
equipped with a UG11 filter for 10 min. The intensity at the irradiated spot
was determined to be 1 X 10> W/m?. To prevent protein damage by short
wavelength UV radiation the substrate was covered with glass. Loosely
bound protein was removed by shaking the substrate for 16 h in 1%
SDS/PBS and by extensive rinsing with PBS. Substrates were kept under
buffer.

The purified anti-ICAM-1 mouse monoclonal antibody, F10.2 (Bloe-
men et al., 1992) was covalently attached to silicon nitride tips (Park
Scientific Instruments, Sunnyvale, CA) via a spacer, i.e., an §-nm-long
polyethylene glycol derivative with an amine-reactive end and a thiol-
reactive end, essentially as described previously (Haselgriibler et al., 1995;
Hinterdorfer et al., 1996). This protocol allows detection of single anti-
body-antigen recognition events, because the antibody concentration on the
tips is chosen such that on average only one antibody on the tip has access
to the antigen on the surface. The functionalized tips were stored in PBS
containing 0.01% sodium azide at 4°C. The density of antibodies coupled
to the tips was determined from topographical images (tapping mode) of
flat Si;N, substrates functionalized simultaneously (in the same prepara-
tion) with the tips, yielding 250-375 antibodies per um?. These values
correspond to 0.5-0.75 antibodies per area of the tip end (2000 nm?, as
estimated from the nominal tip radius of 20 nm and from the length of the
spacer-antibody complex of 15 nm). This value agrees very well with the
antibody density, previously obtained via high-resolution fluorescence
microscopy (Hinterdorfer et al., 1996; Schmidt et al., 1996).

To show the specificity of the antibody-antigen interactions, measure-
ments were carried out with tips to which an irrelevant antibody, TS2/4,
was attached by the spacer. The mouse monoclonal antibody TS2/4, which
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recognizes LFA-1 (Sanchez-Madrid et al., 1982), was purified from the
tissue culture supernatant by protein A affinity chromatography. The
antibody-antigen interactions were specifically blocked with a solution of
F10.2-antibody at a final concentration of 17.5 ug/ml. In one case, before
the specific blocking a “nonspecific blocking” step was applied with a
solution of the irrelevant TS2/4-antibody at a final concentration of 17.5
ng/ml. After the addition of the antibodies F10.2 or TS2/4 the solution was
incubated for at least 10 min before AFM measurements were carried out.

Use of adhesion imaging techniques for
specific interactions

Our stand-alone AFM (van der Werf et al., 1993) was optimized for the
measurements of single molecular interactions. The lateral displacement
spindles were removed and the size of the piezo tube (Stavely Sensors, East
Hartford, CT) was decreased for better mechanical and thermal stability.
For the measurements on fragile biomolecules in liquid two modes of
operation were used.

Tapping mode (Zhong et al., 1993; Hansma et al., 1994; Putman et al.,
1994) was used for high-resolution imaging the topography of proteins in
buffer. V-shaped cantilevers (MICROLEVERS, tip F, Park Scientific In-
struments, Sunnyvale, CA) with a spring constant of 500 pN/nm were
operated at frequencies between 18 and 24 kHz. For the low concentration
image an e-beam deposited (EBD) tip was grown on top of the original tip
for higher aspect ratio and less adhesion (Keller and Chic-Chung, 1992; de
Grooth and Putman, 1992). Damping was minimized to 5% to avoid
damage of the sample. Images contain 300 X 300 pixels and were recorded
at a line frequency of 4 Hz.

For simultaneous measurements of topography and adhesion the force-
distance mode was used. To get a low and stable applied force, a modified
version of the original force-distance module (van der Werf et al., 1994)
was used. In the design of the hardware electronics a piezo actuator was
ramped up and down. When the surface was reached the cantilever de-
flected until a preset deflection set-point was reached. The set-point was set
relative to the electronic ground level in the original design, and thermal
drifts in the deflection signal resulted in variations of both the applied force
and measured adhesion. In our improved design the thermal drift of the
deflection signal was removed by storing a low-pass filtered (9 Hz)
deflection signal in a sample/hold circuit at the beginning of a force-
distance curve measurement. This value was then subtracted from the raw
deflection signal to give a drift-compensated signal. The resulting signal
was fed into two circuits. The first one has a peak detector for adhesion
recording, while the second one is a low-pass filter with a bandwidth of 250
Hz, which is still fast enough to follow the relatively slow force-distance
measurements. In this way imaging with stable maximal applied forces as
small as 100 pN was accomplished. A high-pass filter of 1 Hz was used to
eliminate the 1/f noise in the height measurement. For single molecular
height resolution further reduction of the 1/f noise was needed. The main
contribution of the 1/f noise was the thermal expansion of the complete
AFM head, caused by the airflow near the head. By covering the AFM
head with an airtight container and waiting for 15 min to reach thermal
equilibrium, high-pass filtering with only 0.1 Hz resulted in a height
stability of 0.2 nm rms. For on-line analysis both height and adhesion
images were recorded. In addition, the dynamic process of adhesion was
analyzed by recording the whole force-distance curve for every pixel of the
scan. This was done by sampling the deflection signal with 1000 points per
force-distance curve, leading to a sampling rate of 13 kHz. These data were
used for off-line analysis of individual force-distance curves on specific
sites.

All adhesion measurements were done with a rectangular cantilever
(MICROLEVERS, tip B, Park Scientific Instruments, Sunnyvale, CA). The
force constant was determined with the thermal noise method (Florin et al.,
1995; Butt and Jaschke, 1995). Values ranged from 13 to 46 pN/nm. The
piezo tube was ramped up and down with an amplitude of 180 nm and a
frequency of 13 Hz. The height stabilization by reducing the airflow
allowed a further reduction of the amplitude to 120 nm and an increase of
the pixel frequency to 22 Hz, a factor of eight higher than in any previous
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antibody-antigen experiment. The frequency was limited by the viscous
drag of the cantilever in buffer. For a 100 X 100 pixel scan this resulted in
a measurement time of 14 min per image for Fig. 2, a—h, and 8 min for Fig.
2,iand .

RESULTS
Imaging of single ICAM-1 molecules

Fig. 1 shows ICAM-1 molecules on a mica substrate imaged
in tapping mode at low (@) and high (b) concentration. The
low concentration image shows randomly distributed
ICAM-1 molecules with a surface density of ~300 mole-
cules/um?®. As shown in the line trace, single ICAM-1
molecules appear to have a height of 3.6 = 0.7 nm and
lateral dimension of 20 nm, due to tip broadening (Keller,
1991). To enhance the probability of detecting specific
molecular interactions the ICAM-1 concentration in the
adsorption process was increased, as is shown in Fig. 1 b.
The tapping mode image clearly shows that the surface
concentration was increased to such an extent (1000—1500
molecules/um?) that most of the single molecules could not
be imaged separately, even when it is taken into account that
this image has been taken with a normal Si;N, tip, so the tip
broadening is larger than with an EBD tip. The aggregates
observed are interpreted as clusters of only a few molecules
that have the same height as in Fig. 1 a. Also, stacks of
molecules can be observed, as can be seen from the line
trace. Similar images were obtained with high damping
forces of typically 50% (data not shown), indicating that the
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FIGURE 1
nm. Traces show the line-plots denoted by the arrows.
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molecules are strongly adsorbed to the mica. Apparently
adsorption of ICAM-1 to mica provides us with a stable
sample, suitable for molecular recognition.

Simultaneous imaging of height and adhesion

Fig. 2 shows the simultaneous imaging of both topography
(a, ¢, e, g i) and adhesion (b, d, f, h, j) of ICAM-1
molecules, recorded with functionalized tips.

Fig. 2, a and b were recorded with a tip that was func-
tionalized with the specific antibody F10.2, which recog-
nizes the most distal extracellular domain of ICAM-1. Al-
though lateral and height resolution were not high enough to
resolve individual molecules, the topographical image (Fig.
2 a) shows surface distribution similar to the tapping mode
image at high concentration (Fig. 1 b). The clusters of
molecules can be discriminated from the mica substrate and
also the brighter spots are interpreted as stacks of two
molecules, as in Fig. 1 . Heavy low-pass filtering, neces-
sary to improve the signal-to-noise ratio, causes the image
to be differentiated and it can thus not be used for absolute
height information. In the corresponding adhesion image
(Fig. 2 D) bright pixels are observed, indicating very high
adhesion between tip and sample. Many of the bright pixels
correspond with the clusters of molecules in the topograph-
ical image, indicating spatially resolved molecular recogni-
tion of antibody-antigen interaction. Because correlation
between height (Fig. 2 @) and adhesion (Fig. 2 b) image is

I 1

0 40 80 120
Distance (nm)

ICAM-1 adsorbed to mica, imaged in tapping mode in PBS at low (a) and high (b) concentration. Image size 400 X 400 nm, z-range 0—8



Willemsen et al.

F10.2 tip
on ICAM-1
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on ICAM-1
+ F10.2

F10.2 tip
on ICAM-1
+ TS2/4
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on ICAM-1

F10.2 tip
on linked
ICAM-1

FIGURE 2 Simultaneously measured height (g, ¢, e, g) and adhesion (b,
d, f, g) images of ICAM-1, adsorbed to mica, recorded in PBS with a
functionalized tip. (a and ) F10.2 tip (anti-ICAM-1 tip). (¢ and d) F10.2
tip + F10.2 added (specific blocking step). (e and f) F10.2 tip + TS2/4
added (“nonspecific” blocking step). (g and /) TS2/4 tip (irrelevant anti-
body tip). Image size 400 X 400 nm, z-range 0—5 nm. Images (/) and ()
are simultaneously recorded height and adhesion image with an F10.2 tip
on a modified mica substrate with low surface concentration ICAM-1.
Image size is 250 X 200 nm, z-range 0—5 nm.

not clear, a high-resolution adhesion mode scan was taken
on a sample of ICAM-1, bound to modified mica (see
Materials and Methods). Fig. 2, i and j show the height and
adhesion image of single ICAM-1 molecules with a scan
size of 250 X 200 nm. The height image shows four
individual ICAM-1 molecules of 20 nm on a flat substrate.
The molecules have a height of 3—4 nm, which is the same
as measured in Fig. 1, @ and b, indicating that the newly
developed force-distance mode is equally gentle to the
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molecules as the tapping mode. The adhesion image shows
several bright pixels that match perfectly with the topo-
graphical image, gaining proof for the spatially resolved
recognition process. In order to demonstrate that the bright
spots were indeed mainly caused by specific interactions,
we performed a number of control experiments.

In Fig. 2, c—h the control experiments to demonstrate the
specificity of the antibody (F10.2)-antigen (ICAM-1) rec-
ognition are shown.

Fig. 2, ¢ and d were recorded on the same position on the
sample and with the same tip as Fig. 2, a and b, after
addition of free F10.2 antibody to the solution. This should
block the available binding sites on the adsorbed ICAM-1
molecules. The adhesion image (d) clearly shows that the
number of adhesion peaks has decreased, indicating that the
specific recognition is blocked by the antibodies in solution,
while the topographical image (¢) remains unchanged. Re-
maining bright pixels are attributed to nonspecific adhesion
between tip and sample. The loss of specific adhesion
events was not due to tip damage, as was checked by
repeating the specific experiment on a fresh ICAM-1 sam-
ple, using the same tip. This was reproduced for several tips
(data not shown).

Fig. 2, e and f'are recorded with a tip, functionalized with
the specific antibody F10.2, and the irrelevant antibody
TS2/4 in solution during the measurement. This was done to
show that the addition of an antibody in solution does not
prevent the detection of recognition events. The topograph-
ical image shows surface distribution similar to the other
experiments. The corresponding adhesion image shows that
the number of adhesion peaks is lower than Fig. 2 b, which
is attributed to the fact that this measurement is done with a
new tip (b) that showed different nonspecific and specific
adhesion from tip a. Table 1, however, indicates that the
addition of TS2/4 to solution does not affect the molecular
recognition process and that most of the bright pixels of Fig.
2 f'indicate specific interactions.

Fig. 2, g and / are recorded with a tip, functionalized with
the irrelevant antibody TS2/4 and an ICAM-1 sample. The
topographical image shows a similar surface distribution as
in the previous adhesion experiments. The adhesion image
shows that almost no adhesion peaks appear, which agrees
very well with the fact that the TS2/4 antibody cannot
recognize ICAM-1. Because in addition to the height and
adhesion image the total force-distance curve was recorded
for every pixel, we can now analyze the force curves in
detail.

Analysis of adhesion images

Fig. 3 shows typical force curves recorded with a function-
alized tip at the ICAM-1 molecules under the various con-
ditions described above.

Fig. 3, a and b show retraction curves from the force
volume data, recorded simultaneously with Fig. 2, a and b.
As expected, most of the curves did not show a detectable
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TABLE 1 Interaction probabilities for all experiments
Tip/Substrate Specific (%) Nonspecific (%) None (%) Number of Curves

F10.2(a)/ICAM-1 10 10 80 2495
F10.2(a)/ICAM-1 + F10.2 3 5 92 2511
F10.2(b)/ICAM-1 6 12 82 2499
F10.2(b)/ICAM-1 + TS2/4 5 4 91 2501
F10.2(b)/ICAM-1 + TS2/4 + F10.2 1 24 75 2503
TS2/ 4 /ICAM-1 1 2 97 2501

unbinding force (see Fig. 3 a), due to the submonolayer
surface coverage of ICAM-1. However, under conditions
that specific interactions would be expected, 40% of the
curves that were taken on top of the molecules (topograph-
ical images), look like Fig. 3 b. Finally, under all conditions
curves that looked like Fig. 3 ¢ are observed. The high-
resolution adhesion image (Fig. 2 j) showed the same typ-
ical curves as shown in Fig. 3 b. It should be noted that no
multiple unbinding events were observed during the curve
analysis of this image, as can be expected from the inter-
action from a single antibody-antigen pair.

The difference between the curves of Fig. 3, b and ¢ is
that Fig. 3 b shows a change in slope during the retraction
process, which is due to a decrease in effective spring
constant. This change indicates that in the beginning of the
retraction process, the cantilever is relaxed, while during
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further retraction, the complex of cantilever, spacer, F10.2,
and ICAM-1 becomes stretched. In contrast to this, the
curve of Fig. 3 ¢ retains the same slope during the process
of retraction. We attribute this to a nonspecific interaction
between tip and substrate without the involvement of spac-
ers, so only the cantilever is bent. In agreement with this
explanation, these nonspecific interaction peaks account for
the bright pixels in the adhesion images of the blocking
experiments (Fig. 2, d and /), while they also account for a
part of the bright pixels in Fig. 2, b and f.

The average value of the unbinding force of the specific
interactions was 100 = 50 pN. This value lies well within
the range of binding strengths of other antibody-antigen
interactions measured previously (Dammer et al., 1996;
Hinterdorfer et al., 1996; Allen et al., 1997). From the
unbinding curves a distribution of rupture lengths, as de-
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FIGURE 3 Typical retraction curves recorded simultaneously with Fig. 2, a and b. Trace (a) shows a curve without any detectable adhesion force, trace
(b) shows a typical specific interaction, and trace (c) shows a typical nonspecific interaction. (b) shows a characteristic change in slope, due to stretching
of the spacer-antibody-antigen complex; (d) shows four retraction curves, recorded at the position, indicated by the arrow in Fig. 2, a and b.
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scribed earlier (Hinterdorfer et al., 1996), was calculated.
The rupture length is defined as the distance between the
end of the tip and the surface at disruption, and the distri-
bution of these rupture lengths can be expected to have two
maximums when the antibody is bound asymmetrically to
the tip. The maximums represent the two Fab fragments of
the F10.2 antibody that bind separately to ICAM-1. The
distribution for the measurements of Fig. 2, a and b showed
maximums at 11 and 16 nm, while other tips showed
different rupture lengths (data not shown). This observation
implies that in most of the specific curves only one Fab
fragment of the complete antibody has recognized a single
ICAM-1 molecule and that the rupture force measured,
represents indeed the single molecular binding strength.

The arrow in Fig. 2, a and b points to a region of the
sample where the four curves, depicted in Fig. 3 d, were
taken. The four curves correspond to a square of four pixels
in the adhesion image. These curves were taken on two
subsequent scan lines and the time lapse between the first
and fourth force curve is 8.5 s. It shows that our stand-alone
head is stable enough to return to the same area of 64 nm?
to measure a very similar unbinding process. Note that the
area indicated in the adhesion image (Fig. 2 b) correlates
with a cluster of ICAM-1 molecules in the topographical
image (Fig. 2 a). The unbinding curves show that quantita-
tive analysis is only possible with recording of the whole
force-distance curve. All four curves show two unbinding
processes. The first unbinding process (point 1 to 2) is
caused by the same nonspecific interaction, as described
above, while the second unbinding process (point 3 to 4) is
caused by the stretching of the spacer-Ab-ICAM-1 com-
plex, followed by the unbinding of F10.2 and ICAM-1
(point 4 to 5).

In Table 1 the unbinding process is quantified using the
criteria mentioned above for selecting curves as specific,
nonspecific, and no unbinding process. The binding proba-
bility is 10% (6% with tip b) for the specific interaction and
goes down to 3% when F10.2 is added as a blocking agent.
These two experiments were done with F10.2 tip a, while
the nonspecific blocking by TS2/4 was carried out with
F10.2 tip b. As can be seen from Table 1 this tip was also
used for the original experiment to confirm specificity, after
which TS2/4 was added for nonspecific blocking. From the
table it can be seen that the interaction probability is not
significantly affected by the presence of TS2/4.

DISCUSSION AND CONCLUSIONS

For the first time topography and adhesion are measured
simultaneously with a resolution of 20 and 5 nm, respec-
tively. Taking into account that the ICAM-1 molecules are
only 18.7 nm long (Staunton et al., 1990), the resolution
obtained in the height image is only limited by the convo-
lution between the tip and molecule and thus allows single
molecular height resolution. All experiments provide evi-
dence that the force peaks in the adhesion image are mainly
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caused by single molecular interactions. This was enabled
by combining the usage of a highly stable home-built AFM
in adhesion mode (Van der Werf et al., 1994), together with
a recently developed spacer technology, suitable for detect-
ing single antibody-antigen recognition events (Hinterdorfer
et al,, 1996). The high-resolution height image showed
individual ICAM-1 molecules that corresponded very well
to bright adhesion pixels, thus indicating spatially resolved
specific molecular recognition. The topographical image
taken at a high surface concentration showed the contrast
between clusters of ICAM-1 and the mica substrate, while the
adhesion image shows many bright pixels on top of clusters of
molecules, giving evidence to the molecular recognition pro-
cess between individual ICAM-1 molecules and the antibody
F10.2. Addition of blocking antibodies immediately causes a
reduction of the number of specific interactions by 70%, while
the surface distribution remains similar. All control experi-
ments support the idea that single molecular interactions
between ICAM-1 and F10.2 are measured.

It is still conceivable that the adhesion of Fig. 2 j is due
to nonspecific interaction between the tip and the substrate.
Analysis of the force curves of Fig. 2, i and j show that the
spacer-antibody complex is clearly involved in the adhesion
on the molecules. In principle it could still be a nonspecific
interaction between the F10.2 antibody and the ICAM-1
antigen. However, the blocking experiment of Fig. 2 d
makes this highly unlikely. Since the orientation of the
ICAM-1 molecules is not altered by the photolinking step,
which only fixes adsorbed molecules, we strongly believe
that the control experiments shown in Fig. 2 also hold for
the photolinked substrate.

EM images (Staunton et al., 1990) show sICAM-1 as a
bent rod, 18.7 nm long, containing five immunoglobulin-
like domains of 4 X 2.5 X 2.5 nm. The tapping mode image
with the low surface concentration (Fig. 1 @) and the adhe-
sion mode topographical image (Fig. 2 i) show ICAM-1 as
a round molecule of 3.5 nm height and a radius of 20 nm.
Due to tip broadening, sample softness, and thermal move-
ment of the ICAM-1 molecule it is impossible to resolve
molecular substructure, as mentioned above, in physiolog-
ical buffer (Hansma et al., 1995; Zhang et al., 1996).

When the topography images (Fig. 2, a and i) are com-
pared to the adhesion images (Fig. 2, b and j), we note that
the ICAM-1 molecules appear at least 400 nm?® wide in
topography, while they show an adhesion peak on typically
three consecutive pixels, corresponding to 50 nm?. Appar-
ently successful binding does not occur every time the tip
touches a molecule (40%). We attribute this to three effects.
First of all, the F10.2 antibody has only a few milliseconds
to find the ICAM-1 before it becomes retracted. During this
period the antibody may not find the right orientation for the
recognition process to occur, even when it is taken into
account that the motility of the antibody is hardly restricted
by the attachment to the spacer (Wong et al., 1997). Second,
the adsorbed ICAM-1 can be oriented in such a way that the
binding site is not accessible for the antibody. The third
effect is illustrated by Fig. 4. When the tip, coated with
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FIGURE 4 Schematic representation of the geometrical situation at
height (a) and adhesion (b) measurement, which explains the tip and spacer
convolution, respectively.

spacer and antibody, is pressed onto the surface, the tip
surface touches the mica substrate or the ICAM-1. The
topography (Fig. 4 a) is measured at maximal applied load,
so the profile measured is a convolution between tip and
ICAM-1, just as measured with a noncoated tip. Adhesion is
measured (Fig. 4 b) by the interaction of the antigen of the
surface with the antibody bound to the tip via a flexible
cross-linker, so it does not involve the bare tip surface. The
complex on the tip has the flexibility to reach the binding
site on the surface within a lateral distance, equal to the
dynamical reach of the spacer (Hinterdorfer et al., 1996;
Hinterdorfer et al., 1998), which is in our case smaller (~6
nm) than the tip radius (~20 nm), so we might say that the
adhesion image has a spacer convolution.

The force curves of specific interactions (Fig. 3, b and d)
represent recognition events between individual antibody-
antigen pairs. There are three reasons for this observation.
First of all the mica substrate has been covered by a sub-
monolayer of ICAM-1, as is shown in the tapping mode
image (Fig. 1 b). This coverage minimizes the probability of
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antibodies on the tip to find several ICAM-1 molecules.
Second, only 1% of the unbinding curves of Fig. 2 b shows
two unbinding events, as might be expected from the fact
that one particular antibody can bind to at most two mole-
cules, while all other unbinding curves show single events.
Moreover, all unbinding events taken on the low concen-
tration sample exhibited only one unbinding event with the
same rupture force, giving evidence that the measured force
is indeed caused by a monovalent interaction. The double
interactions can be separated from the monovalent interac-
tions because both Fab fragments exhibit a different rupture
length, being 5 nm apart for F10.2 tip (a). The double
interactions might be caused by interaction of a single
antibody with an ICAM-1 dimer. The sSICAM-1, as used in
this study, most likely is monomeric at the concentrations
used for adsorption (Staunton et al., 1990; Miller et al.,
1995). However, because of insufficient lateral resolution
we cannot exclude the possibility that it forms dimers when
adsorbing a high concentration to a surface. Finally, the
surface coverage of F10.2 antibody on the tip is so low that
the number of antibodies available for interactions with the
ICAM-1 is 0.75 per tip. This estimated calculation agrees
very well with the fact that not all modified tips showed the
desired specificity. Moreover, the comparison between the
two modified tips a and b in Table 1 shows that the inter-
action probability in the recognition experiment is not the
same. If the number of available antibodies per tip is indeed
lower than one on average, clearly not every spacer is
attached to the tip at a geometrical equally favorable place,
so not every antibody has the same chance to find its
antigen. This low surface concentration makes it very un-
likely to have more than one antibody on the tip, and is thus
in agreement with the fact that single molecular interactions
are observed.

In Fig. 3 d it is shown that it is possible to access the same
molecule from four different positions, 6 nm apart. When
the experiment is repeated for a number of times on the
same position, one could calculate the spatial binding proba-
bility. In this way it is possible to determine the most probable
location of the binding site of a molecule, as already shown in
linear scans (Hinterdorfer et al., 1996). This, in combination
with topography imaging, is a powerful tool for cell biological
research. At present much effort is spent to improve the sta-
bility of the set-up so that it allows imaging the same molecule
for several consecutive images.

Analysis of the force curves (Fig. 3, Table 1) indicates
that the adhesion images have a certain background level of
nonspecific interaction between sample and tip. This can be
detected by the simultaneous force curve recording, which
enables us to spatially separate the specific and nonspecific
interactions (see Fig. 3 d). Discrimination between specific
and nonspecific interactions is possible due to the use of
spacer technology. We observed that a freshly modified tip
showed an increase in the number of nonspecific interac-
tions after typically 20,000 force curves, making the tip
useless as an imaging tool, although it was still biochemi-
cally intact. This observation is illustrated in Table 1, in
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which the third experiment with tip b (F10.2(b)/ICAM-1 +
TS2/4 + F10.2) exhibits an increase in the number of
nonspecific interactions. Also, different batches of tips
showed a different number of nonspecific interactions. We
found that the number of nonspecific interactions could be
modulated by the applied force. This can be explained by
the Hertz model (Israelachvili, 1991), which states that the
contact area between tip and sample depends on the force by
a power of %4, so an increase in the force will increase the
probability of nonspecific interactions. However, at forces
below 100 pN the topographical image quality decreased
dramatically. By working with sharp, chemically well-de-
fined tips and ultralow forces, the background of nonspe-
cific interactions could be reduced to such an extent that the
on-line adhesion imaging would provide us with direct and
fast information on the location of the specific adhesive
sites on, for instance, a cell surface.
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