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ABSTRACT Atomic force microscopy is one of the few techniques that allow analysis of biological recognition processes
at the single-molecule level. A major limitation of this approach is the nonspecific interaction between the force sensor and
substrate. We have modeled the nonspecific interaction by looking at the interaction potential between a conical Si;N,, tip with
a spherical end face and a mica surface in solution, using DLVO (Derjaguin, Landau, Verwey, Overbeek) theory and numerical
calculations. Insertion of the tip-sample potential in a simulation of an approach-retract cycle of the cantilever gives the
well-known force-distance curve. Simulating a force-distance curve at low salt concentration predicts a discrete hopping of
the tip, caused by thermal fluctuations. This hopping behavior was observed experimentally and gave rise to a novel approach
to making measurements in adhesion mode that essentially works in the repulsive regime. The distance between tip and
sample will still be small enough to allow spacer-involved specific interactions, and the percentage of nonspecific interactions
of the bare tip with the mica is minimized. We have validated this physical model by imaging intercellular adhesion molecule
1 (ICAM-1) antigen with a tip functionalized with anti-ICAM-1 antibody. The measurement demonstrated that a significant
decrease in the number of nonspecific interactions was realized, and the topographical image quality and the specific bonding
capability of the tip were not affected.

INTRODUCTION

The atomic force microscope (AFM) (Binnig et al., 1986) is  The force-distance curve came to be of special interest in
able to image biological objects at nanometer resolution irbiophysical studies when it was used to measure the recog-
aqueous solutions. The contact mode can reveal submolecuition between biomolecular pairs. Florin (Florin et al.,
lar structures of crystallized proteins, but is too invasive t01994) and Lee (Lee et al., 1994) first demonstrated quan-
image individual molecules on a routine basis. The tappingized adhesion forces between biotin and avidin. Subse-
mode in liquid (Hansma et al., 1994; Putman et al., 1994Quently, various groups (Dammer et al., 1996; Hinterdorfer
circumvents this problem by oscillating a cantilever perpen-et al., 1996; Allen et al., 1997) demonstrated recognition
dicular to the sample, so that the lateral forces are minievents between individual antibody-antigen pairs.

mized. The disadvantage of both modes, mentioned above, So far, all studies are hampered by the lack of topograph_
is that they only provide topographical information. All jca| information, a most powerful parameter in conventional
other surface properties mainly give rise to artifacts (vanaEm. To construct a topographical image in adhesion
Noort et al., 1997; Mler and Engel, 1997). The most mode, a force-distance curve for every pixel of an image is
suitable mode in which to independently measure OtheFequired. Because one scan requires at least 10000
surface properties like elasticity (Radmacher et al., 1994)pixe|s, and a tip should be loaded with only one active

electrostatic repulsion, and adhesion (van der Werf et alyecognition molecule, there is a large probability that the tip
1994) is the so-called force-distance mode AFM. In thisy |ose its molecular specificity during a single image.

mode a force-distance curve is generated f_or every pixel OIBrevioust we have modified our AFM tip in such a way
the scan, and from this curve the physical parameter§ya it ajiowed stable imaging of individual ICAM-1 mole-

mentloned_ above, are deduced. This mformatlpn can then b&;les with single molecular resolution in both topography
used to simultaneously construct an adhesion and topgy,y ;gpegion (Willemsen et al., 1998). The modification of

grap_hlcal image. A dlsadvantag_e of this mode is that it IShe tip was accomplished via a polyethylene glycol spacer
relatively slow compared to tapping mode (van Noort et al"éHaseIg'r'Lh)ler et al., 1995; Hinterdorfer et al., 1996), co-

1998), but previous studies (Willemsen et al., 1998) Showevalently coupling an antibody to the tip and providing

that pixel rates of 25 Hz are attainable. flexibility to allow binding to the antigen on the substrate.

Topographical and simultaneously recorded adhesion im-
ages demonstrated spatially resolved single-molecule rec-
Received for publication 27 July 1998 and in ﬁ”a'hfo"_” lr? N_OVTmber: 1998 hgnition between anti-intercellular adhesion molecule 1 (anti-
Group, Universy of Twento, P.0. Box 217, 7500 AE Ensahede, thel CAM-L) antibody and ICAM-L antigen. One of the

Netherlands. Tel.. 31-53-480-3157; Fax: 31-53-489-1105; E-mail:limitations we faced was the nonspecific interaction be-
b.g.degrooth@tn.utwente.nl. tween the bare silicon nitride tip and the mica substrate.
© 1999 by the Biophysical Society Although we were able to distinguish between the specific
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(Hinterdorfer et al., 1996), imaging the adhesion of theConditions for the simulations
surface typically became more difficult after three consec-

. . The simulation was based on the DLVO (Derjaguin, Landau, Verwey,
utive scans {: 30,000 force Curves)' We observed an in- Overbeek) theory (Israelachvili, 1991), applied to a spherical tip in the

creasing affinity of the tip for the mica surface that coin- vicinity of a mica surface (Fig. &). The total interaction energy between

cided with a reduced quality of the adhesion image. the two bodies is given by
In the present study we have modeled the nonspecific 6
interaction of the tip with mica with three terms: Born =3 '\7.0r " 2B (1)

repulsion, van der Waals attraction, and electrostatic repul-
sion. We demonstrate that the new model qualitativelyin which H is the Hamaker constant for the silicon nitride-water-mica
explains the observed force-distance curves and that thgystem € 3.1x 10~ Israelachvili, 1991)Ris the tip radiusr, is used
calculated adhesion force is in good agreement with expert9 include the Pauli exclusion force and is taken to b, *° m (Rotsch
imental observations. Calculations of the interaction at low

salt concentration gives further insight into the nonspecific

adhesive bond formation. With the new information we Cantilever a)

were able to propose a novel approach that can decrease the Basa AUV

number of nonspecific interactions: by imaging essentially position :: 8 'cantilever
(&

in the repulsive regime, the probability of nonspecific ad-
hesion can be minimized.

MATERIALS AND METHODS

A home-built AFM (van der Werf et al., 1993) was modified for sensitive
force-distance measurements (Willemsen et al., 1998). All force experi- Tip
ments were carried out with silicon nitride cantilevers (Microlevers, can-
tilever B; Park Scientific Instruments, Sunnyvale, CA). The spring constant v
of the cantilever for the simulation was taken from the data sheet, and the :
cantilever of the recognition experiment was calibrated, using the thermal mica t
noise method (Hutter and Bechhoefer, 1993; Florin et al., 1995; Butt and
Jaschke, 1995). The calculated value was 14 pN/nm, which is in reasonable [ b)
agreement with the data sheet (20 pN/nm). To minimize drifts in our AFM 4OE-AQF [T T T m e
that were caused by thermal gradients, all experiments were carried out in
an airtight container. After the AFM was covered, it was allowed to
thermalize for at least 20 min. All adhesion-mode images were taken at a
pixel frequency of 25 Hz and contained 180100 pixels. This resulted in
a measurement time of 8 min/image. The cantilever was moved up and
down with an amplitude of 90 nm. -2.0E-19 }
Force-distance curves were recorded by sampling the deflection signal . i ; \ i ;
with 1000 points per approach-retract cycle. For the direct observation of 0 200 400 600 800 1000 1200
thermal hopping, the AFM was left alone for an hour to thermalize. Tip-sample distance (pm)
Thermal drifts in thez direction were now reduced to 4 nm/min. The tip
displacement was measured by sampling the deflection signal at 2.5 kHz 4.0E-19 C)
with a digital oscilloscope (Handyscope; TiePie Engineering, Sneek, The S
Netherlands) over a total measurement time of 400 ms. This means that the
total drift in thez direction was 27 pm. The tip was brought within reach
of the piezo tube (Stavely Sensors, East Hartford, CT) with a piezo spindle
(Picomotor; New Focus, Santa Clara, CA) with an accuracy of 2 nm/step, 0.0E+00
after which the final approach was performed by putting a bias voltage on
the tube.
. . . -2.0E-19 . L . a
Samples were prepared for the adhesion mode images in phosphate- 0 2000 4000 6000 8000 10000
buffered saline (PBS) (140 mM monovalent salt; Gibco, Life Technologies Tip sample distance (pm)
B.V., Breda, The Netherlands) by adsorbing ICAM-1 to freshly cleaved

mica as described elsewhere (Willemsen et al., 1998). The thermal hoppingiGURE 1  System for the calculation of force-distance curves. A coni-
experiment was carried out on freshly cleaved misaai 3 mM KCl cal tip with a spherical end face of silicon nitride is placed in the vicinity
solution (pH 6). At this buffer concentration we verified the expected of 4 mica surface in aqueous solutics).(The salt concentration of the
Debye decay length of 5.5 nm. This verification also gave us the force akolution determines the amount of electrostatic energy. The tip is sus-
zero distancé, (see Eg. 3) of 80 pN. Tips were functionalized with F10.2 pended from a cantilever that is modeled as a harmonic spring. The
antibody, which is directed against ICAM-1, using a 8-nm heterobifunc- cantilever base position determines the rest position of the free cantilever.
tional PEG spacer, as described before (Hasblgriet al., 1995; Hinter-  (b) Energy contributions to the tip-sample interaction potential. ——, Born
dorfer et al., 1996; Willemsen et al., 1998). The tip preparation procedurgepulsion;+, van der Waals attractior- — —, electrostatic repulsion for 3
provided us with tips containing, on average, 0.7 active antibodies, whichmM monovalent salt.d) Tip-sample interaction potential with (- - —) and
were used for specific recognition. without (——) electrostatic repulsion.
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and Radmacher, 1997), ardl is the distance between the tip and the on the order of the spacer length. In contrast with this, nonspecific tip-

surface. The first term on the right-hand side of Eq. 1 is the repulsive ternsample adhesions occur at a rupture length of zero.

caused by the overlap between the electron orbitals of tip and mica (Born We have now written an algorithm that automatically classifies the

repulsion), and the second term is the van der Waals attraction. To accounbserved interactions into three categories: no interaction (adhesion force

for the fact that the shape of the tip is not a sphere, but a cone with @maller than 30 pN), spacer-involved interaction (rupture length larger than

spherical end face, we modified the long-range van der Waals attractio8.5 nm), and nonspecific interaction.

term. Butt (1991a) numerically calculated a van der Waals energy varying

with D~°“*for a cone with a 90° top angle and a spherical end face with a

radius of 10 nm. Therefore we replaced the second term of Eq. 1 accordRESULTS

ingly to give

H-R (8 1 Description of the model

=3 \7.p 1 106'@ (2)  The purpose of the present study is to find out whether we
can minimize nonspecific interactions in molecular recog-

We used a tip radiusR) of 10 nm. The calculated values of the repulsive nition experiments. To this end, we have created a physical

(solid line) and van der Waals contributioddtted ling are shown in Fig. model that describes the well-known force-distance curve.

1b. e . . o .
When the tip and mica are submersed in aqueous solution, the electro- NonSpeCIﬂC adhesions between a silicon nitride tip and

static energyU,, has to be taken into account. Butt (1991b) derived and @l infinite mica surface are usually depicted in force-dis-
experimentally verified the following relation: tance curves. A force-distance curve is generated by moving

Us — Fo v 1. - g-Dlo 3 the free cantilever toward the surface. First, the tip will snap
o= o"Ap€ ©) into “adhesive” contact. Then it is pressed onto the surface
where F, is the force at zero displacement ang is the Debye decay UNtil a preset maximum force, the SO'Ca”eq force_ set point,
length. In the equation it was taken into account that for the 3 mM Kclhas been reached. Subsequently, the cantilever is retracted.
solution, both tip and sample become negatively charged and the decay [gsually the curve is represented by plotting the deflection of

described by the full Debye length. The Debye length for monovalent Sa"the cantilever against the position of the cantilever base (see
at 22°C is given by (Israelachvili, 1991)

Fig. 1 a).
0.304 For simplicity we first simulated the force-distance curve
Ap = T (nm) (4)  without electrostatic repulsion and thermal fluctuations of
\/

the cantilever, so only the Born repulsion, van der Waals
in which C is the concentration of monovalent salt.rfm 3 mM KCI  attraction (Eq. 2 and Fig. By andc; see also Materials and
solution we obtain a decay length of 5.5 nm. The electrostatic contributiorMethods), and cantilever energy (Eq. 5) are considered. The
is shown in Fig. 1b (dashed ling s location of the minimum in the cantilever potential depends
Both contributions, as described in Eg. 2 and plotted in Fify, &are on the position of the cantilever base (see Fi ) Movin
added, and the result is plotted in Figc {solid lin€). This curve shows the p_ . 9)- . g
interaction potential between the tip without cantilever and the micathe_Cant'leveH' tip toward th? surface means a shift of the
substrate. For the model calculations at low salt concentration we also neegring potential to the left in the energy plot. We have
the electrostatic repulsion. Therefore we added the electrostatic contribizalculated the total energy of the system, mentioned above,
tion (Eqg. 3) to the tip-sample interaction potential. The result is also showqcor the equilibrium position of the free cantilever, located at
in Fig. 1 c (dashed ling
The cantilever was modeled as a harmonic spring with potential energ)ﬁ's’ 3, 2,’ 1.3, anq—z ,nm' The total energy of the system at
4.5 nm is shown in Fig. 2. The total energy curve has only

Ucan.
t 5 one minimum, located at 4.45 nm. The distance this mini-
Ucant= 0.5" Keant X (5)  mum is shifted with respect to the original position of the
wherek,.is the spring constant of the cantilever (20 pN/nm) anslthe undlsturped cantilevedashed Ilnglea}ds to a deflection of .
displacement from the equilibrium positior (deflection). the cantilever. Because the shift is almost zero at this

cantilever rest position, it is clear that the interaction of the

surface with the tip is too weak to cause any deflection. In
Software analysis of force-distance curves the second point of the simulation, the cantilever was moved
An adhesion mode analysis package was written in Interactive Data Lan:—l"s nm toward th? sur'face. The toFaI energy CU!’VE has been
guage (RSI). This package simultaneously displays a topographical imagelotted as before in Fig. B. The shift of the cantilever has
and concomitant adhesion image, and on every pixel the acquired forcBOW created two local minimums, i.e., two stable energy
curve could be evaluated. Force curves were obtained by calibrating thgtgtes. Because the simulation has been started with the free
deflection voltage in nanometers. For the calibration, the slope of a forc%ant"ever, the pOSitiOI’l of the tip is in the right well. The
curve, displaying a high nonspecific adhesion, was evaluated. The hori- . . . . .
zontal axis in a force curve is determined by the voltage on the caIibrate(POSI_t!onl of the m!nlmum has been Shlﬂed with respect.to the
piezo tube, so if the tip is in contact with the sample, the deflection has t€quilibrium position of the free cantilever, so the cantilever
follow the tube, giving a slope of 1. The deflection was multiplied by the is deflected negatively. The third point of the simulation is
spring constant to provide us with the correct forces. generated by moving the cantilever 1 nm further toward the

Because adhesion events involving the spacer have a disruption behag-urface; the total energy curve is plotted in Figc.2|t is

ior different from that of nonspecific interactions (Hinterdorfer et al., 1996, . . . .
1997; Willemsen et al., 1998), we can distinguish between both interac;Clear that the deflection has increased, but that the tipis still

tions by analysis of the force-distance curve. This is based on the fact thdf the right potential well. Now the_ Cant"eve'r is moved 0.7
spacer-involved adhesions occur at tip-sample distances (rupture lengthgim further, and the energy curve is plotted in Figd. ’he
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FIGURE 2 Total energy curves, consisting of the cantilever potential and the tip-sample interaction potential without electrostatic corthie s
position of the cantilever is chosen such that the center position of the unperturbed canti¢eshesd(linesn a—¢ is located at 4.5d), 3 (b), 2 (c), 1.3

(d) and—2 nm (). (f) Calculated force-distance curve. The calculated values &epare indicated by asterisks, squares, diamonds, triangles, and dots,
respectively. Closed symbols are chosen for the approach and open symbols for the retraction ef daatifever. Fomr, d, ande the symbols of approach

and retraction overlap.

movement of the cantilever has resulted in a disappearanagith snap into contact point, constant slope representing the

of the right potential, so suddenly the only stable statespring constant, and the adhesion dip. The adhesion force

possible is located at 0.14 nm; the tip snaps into adhesivior this typical tip sample configuration is 80 pN.

contact. If the cantilever is moved further toward the sur-

face, the minimum of the total energy curve hardly shifts

further, as shqwn in Fig. 2 .In 'FhIS case the deflection has Adding electrostatic repulsion and thermal

become positive, so the tip is pressed onto the Surfac?luctuations- double well potential

When we now reverse the movement of the cantilever base, ) P

the tip remains in the left potential well. Moving the canti- Because all molecular recognition experiments are carried

lever base from the surface apparently results in a deflectionut in buffers with salt concentrations relevant to the mol-

different from that resulting from moving toward the sur- ecules involved, we have to take into account the electro-

face (see Fig. 2). This hysteresis in deflection is generally static repulsion. Therefore, we repeated the simulation for

called the adhesion of the tip with the sample. the same system, but now with the electrostatic repulsion for
Using the above procedure, we calculated the deflectiotow (3 mM) and high (140 mM) salt concentrations. We

of the cantilever as a function of cantilever base positiommow use the electrostatic interaction potential as described

(Fig. 2f). The points, corresponding to the situations in Fig.by Egs. 3 and 4. The simulated force-distance curve at low

2, a—e are indicated by asterisks, squares, diamonds, triarsalt concentration is shown in Figa3and the curve at high

gles, and dots, respectively. The open symbols are used fealt concentration is shown in Figad We first focus on the

the approach and the closed symbols for the retraction. Weurve with low salt concentration. The electrostatic repul-

can now clearly recognize the familiar force-distance curvesion causes the cantilever to deflect positively, before it
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100¢ a) cantilever will induce a spontaneous jump to the left well.
a0l 3 mM KClI When the jump is made, it is highly unlikely to stay there,
= _ ) because in this well the energy barrier is onlT1This
S 60 Repulsive regime means that we expect to see a hopping behavior of the tip
fg a0t ’\\ position, jumping back and forth between the two wells.
oR ool When the cantilever base is moved toward the surface (see
Fig. 3b), the situation has changed; the probability of being
o in the left well increases at the expense of being in the right
6 4 2 0 2 4 6 well. Thus we can expect a similar type of hopping behavior
Cantilever base-sample distance (nm) with an increased probability of being in adhesive contact
6.0E-20 (= the left well). Because the distance between the wells
 5.0E-20 has decreased by 05 nm, thg tip will make smaller jumps.
:: aok.20l To test the prediction of this model, we have measured
o i the tip displacement when it was brought close to the
5 3.0E-20¢ surface. A time trace was recorded and is plotted in Fig. 3
2.0E-20 c. The lower trace represents the trace, which corresponds to
1.0E-20} the lower potential curve in Fig. B. Indeed, we observed
0 . e hopping behavior as predicted. The probability that the tip is
0 500 1000 1500 2000 2500 3000 located in the right well€ the state with high deflection) is
Tip-sample distance (pm) indeed higher than the probability that it is in the left well.
C) When the cantilever was moved toward the sample, the
3t % upper trace was recorded. The probability of being in the
£ 2} M right well has clearly decreased. The distance the tip jumps
E 1 _“‘M W WWWMWWWWM has decreased by 0.5 nm, which shows that the cantilever
2, has drifted for~0.5 nm toward the mica. This observation
3 demonstrates that by varying the distance between cantile-
T -1 o
0_2 ver base and surface, we can modulate the probability of
. . . \ snapping into adhesive contact (in the left well).
0.0 0.1 0.2 0.3 0.4

Time (s)
Modulating the percentage of

FIGURE 3 ) Calculated force-distance curve that corresponds to thenonspecific interactions

system of Fig. la, submersed in 3 mM KCIb) Detailed view of the total . .
energy curve when the rest position of the free cantilever is located & The observation Qf thermal hopping SUggest_S a nove! ap-
(lower curve and —1.8 nm @pper curvg. Both curves show a double proach to decreasing the number of nonspecific interactions.

potential well with energy barriers on the order of K5the thermal At the low salt concentration (3 mM) the interaction energy
energy of a tip+ cantilever. ¢) Measured position of a tip in the vicinity ¢ tip and sample (Fig. &, dashed ling has an energy

of a mica surface. The upper trace corresponds to the upper cubvanof - . - . . .
the lower trace to the lower curve bf The spring constant of the right well barrier, which results in a repuIS|ve regime in the force

is calculated from the lower trace. It is indicated by a dashed liieThe ~ distance curve. By setting the force set point sufficiently
upper trace has been raised by 3.3 nm for clarity. low that essentially we work in the repulsive regime (see
Fig. 3 @), we could prevent the tip from snapping into
adhesive contact. Thus in the energy curve of Fid.\8e
snaps into adhesive contact. We call this region the repulremain in the right potential well. It should be noted how-
sive regime. The snap into contact is somewhat smaller thaever, that because of Brownian motion, there is always a
in the situation without electrostatic repulsion, and clearlychance that the tip will jump to the left well. The probability
the adhesion dip is reduced to 50 pN. of a jump is strongly dependent on the force set-point value,
When we consider the potential energy-ét.3 and—1.8 as indicated by the previous experiment. Therefore the
nm (= center position of the free cantilever potential), we percentage of nonspecific adhesive contacts in an image is
have two energy curves that are plotted in Figo.3Both  predicted to be dependent on the force set point used. At
curves show a double well potential, with a separation of 1.gphysiological salt concentration (140 mM), however, the
and 1.5 nm, respectively. Although at a cantilever restepulsive regime is less pronounced (see Fig).4Already
position of —1.3 nm the minimum on the right is energet- at very low repulsive forces (20—50 pN) the tip snaps into
ically more favorable than the one on the left, the energyadhesive contact, and because in a typical adhesion mode
barrier to jumping to the left well is onlyK, in whichkis  experiment the set point is set at 100 pN at minimum, every
the Boltzmann constant aridis the temperature. When we force curve would result in an adhesive “hit.” However,
take into account that the average kinetic energy of a-tip only if we use a very low force set point-@0 pN) do we
cantilever is 0.5T, according to the equipartition theorem expect to see the dependency on the force set point, as
(Reif, 1965), it is likely that thermal fluctuations of the mentioned above. This was indeed observed in Fig.ahdc.
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FIGURE 4 @) Calculated force-distance curve that corresponds to the system of Rg.sbmersed in 140 mM monovalent salb &nd c)
Simultaneously recorded topograpliny &nd adhesion image)(of ICAM-1 molecules on a mica substrate. The images are acquired in adhesion-mode AFM
with a tip that is functionalized with anti-ICAM-1 antibody via a spacer of 8 nm length. During the image scan the set point on maximum force is changed
from 60 pN (line 1) to 80 pN (line 50) and from 80 to 40 pN (line 75). The image size i$42@0 nm. For the topography image) the height range

is 0—9 nm. For the adhesion imag® the force range is 0—-300 pN. The height image is line-subtracted and median filtered by three g)ixedfiesion

image €) after analysis of the force-distance curve taken on each pixel. Pixels, corresponding to curves without adhesion dips, are colored blafi&, nonspeci
interactions are colored blue, and specific interactions are colored yelpWing traces ofc at a force set point of 8Qupper tracé and 40 pN lower

trace). The upper trace has been raised by 300 pN for claffixyl {ree force-distance curves, selected from imagehe force curves are acquired on top

of mica (Upper and lower curvgsand ICAM-1 antigen rhiddle curvg with a force set point of 60 pN. The approach distances are chosen negatively for
separation of approach and retraction. The middle and upper curves have been raised by 75 and 150 pN, respectively.

Fig. 4,b andc, shows, respectively, the topographical andneously from 60 to 80 pN. On line 75 it was decreased to 40
adhesion images of a sample of ICAM-1 adsorbed to micapN. Whereas variation in the force set point did not change
The topographical image shows individual ICAM-1 mole- the imaging capability, as shown in the topographical image
cules lying on the flat mica background. During imaging of (Fig. 4 b), the effect on the adhesion image is remarkable.
this surface in adhesion mode, the force set point on max¥Vhen the force set point is raised, we see a substantial
imum force was changed. The image consists of 100 linesncrease (25%) in the number of bright pixels, indicating
and on line 50 the force set point was increased instantethat the probability of reaching adhesive contact has in-
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creased. As expected, lowering the force set point decreasesntact before maximum adhesion has been reached and
the percentage of high adhesion forces, even below ththerefore result in a smaller detected adhesion force. How-
percentage at the beginning of the measurement (by a factewver, during a series of images (1 image10,000 force
of 4). To show the magnitude of the adhesion force, the linecurves) we always observe an irreversible increase in these
traces at force set points of 80 and 40 are plotted in Fig. 4orces up to 250 pN. An increase in the van der Waals
e. At a high force set point, 85% of the times that a tip is attraction is only possible if the tip is changed, but because
brought near the mica surface, an adhesive contact iwe did not observe a change in the topographical image, we
formed, resulting in a high adhesion force o250 pN. can rule out this reason. To find the reason for the increase,
When the tip does not come into adhesive contact, it hardlyurther investigation is required.
shows any adhesion at all. This discrete behavior strongly Model calculations using a low salt concentration re-
supports the idea that there is either nonspecific adhesion aulted in the force-distance curve of Fig.a3 The most
no adhesive contact at all. This observation is supported bygioticeable features are the repulsive regime before snapping
the obtained force-distance curves. Figf 4hows three into adhesive contact and the relatively small adhesion
adhesion curves, acquired with a force set point of 60 pNforce. In this case the model predicts the occurrence of
The upper and lower curves were obtained on the micgotential curves with double wells having barrier energies
substrate, and the middle curve was obtained on top of an the order okT. Although the distance between the two
molecule. The approach sections of the force-distancevells is only~1.5 nm, we were able to observe the thermal
curves are shown with negative distances for clarity. Théhopping between these energy states (Fig).3Both the
upper curve is a force curve that exhibits neither a detectdistance between the “stable” positions and the probability
able adhesion nor a snap into contact. In contrast to this, inf being either in the left or the right well show the pre-
the lower curve the tip has obviously snapped into contactdicted dependency of the distance between sample and
and retracting the cantilever and tip results in a nonspecificantilever base (Fig. 3 andc). Furthermore, the thermal
adhesion. fluctuations in the right well are higher than those in the left
Although using a low force set point substantially reduceswell. The increase in the fluctuations is expected, because
the number of nonspecific adhesive contacts, the distandde right well is broader than the left well (see Figh)3and
between tip and sample (1-2 nm) is still small enough toBrownian motion would thus result in different amplitudes
allow specific bonding between anti-ICAM-1 antibodies for the two wells. From the observed fluctuations in the
and ICAM-1. Because of the spacers used to couple antiight potential well we calculated the effective harmonic
bodies to the tips, we can bridge 8 nm (the spacer length ipotential. The result is shown in Fig.Il8(dashed ling and
8 nm). Indeed, the data of Fig. B;-d were obtained with it shows that the model is in good agreement with the
a tip functionalized with anti-ICAM-1 antibodies. By using experiment. The expected amplitude of the Brownian mo-
the curve analysis method described in Materials and Methtion in the left well (0.1 nm) is smaller than the sensitivity
ods, we can discriminate between nonspecific interactionsf our beam deflection system (limited by the beam pointing
of the bare tip and interactions involving the spacer mole-stability of the laser diode).
cules. In Fig. 4d only the spacer-involved interactions are A similar discrete hopping of the tip in the vicinity of a
plotted in yellow, and nonspecific interactions are plotted insample has been reported earlier by Cleveland and co-
blue. The image shows that the specific interactions arsvorkers (Cleveland et al., 1995), who observed a triple
mainly observed when the tip is located on an ICAM-1 potential well in the vicinity of a calcite surface. Hydration
molecule, whereas nonspecific interactions are exclusiveljorces, which could be due to layering of solvent molecules,
observed when the bare tip is on the mica. An example ofvere responsible for the formation of the multiple potential
such a specific interaction curve is shown in Fid.(shiddle  wells. Because we used a low salt concentration, these
curve. hydration forces cannot be present in our case (Butt, 1991b).
The direct observation of the detailed tip movement in the
vicinity of the surface allows one, in principle, to determine
DISCUSSION AND CONCLUSIONS the complete potentia! curve, including all relevant param-
eters, such as activation energy, attempt frequency (Zang-
We have modeled the interaction between a silicon nitridewill, 1988), and well distance.
tip and a mica surface in solution, using DLVO theory, Both modeling of the nonspecific interaction and exper-
which was modified for a conical tip with a spherical end imental verification of the model by means of the observa-
face of 10 nm (Butt, 1991a). tion of thermal hopping of the cantilever have led to the
At physiological conditions the simulated force-distanceproposal of a new method to reduce nonspecific adhesion
curve of Fig. 4a shows an adhesion dip of 30 pN, which between tip and sample. We have shown that by using the
corresponds perfectly to the experimentally observed adheepulsive force regime due to the electrostatic interaction at
sion forces of 20—50 pN for freshly prepared tips on mica.physiological salt concentration, we can minimize the prob-
It should be noted that the force-distance curve was simuability of nonspecific adhesive contact (see Figc)4This
lated without considering the thermal fluctuations of theconcept has been used before to minimize tip-sample forces
cantilever. These fluctuations cause the tip to snap out oh the contact mode (Manne et al., 1994; Senden et al.,
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