Adhesion Forces Between Individual
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The adhesion force between the tip of an atomic force microscope cantilever derivatized
with avidin and agarose beads functionalized with biotin, desthiobiotin, or iminobiotin
was measured. Under conditions that allowed only a limited number of molecular pairs
to interact, the force required to separate tip and bead was found to be quantized in
integer multiples of 160 + 20 piconewtons for biotin and 85 + 15 piconewtons for
iminobiotin. The measured force quanta are interpreted as the unbinding forces of

individual molecular pairs.

Speciﬁc molecular interaction is a distin-
guishing aspect of the life sciences. Such
interactions, derived from multiple weak
bonds between geometrically complemen-
tary surfaces of recognition sites, are short-
range, noncovalent, and can be very
strong. Examples are molecular recognition
between receptor and ligand, antibody and
antigen, and complementary strands of
DNA. Artempts to investigate the forces
that characterize these interactions have
been limited by the lack of suitable tech-
niques to measure the forces between indi-
vidual molecules. Although the optical
trapping technique is very sensitive, its use
has been limited to certain samples and to
measurements of forces less than tens of
piconewtons and it is not suitable for stud-
ies where greater applied forces are needed
(I). Magnetic force experiments (2), pi-
pette suction experiments (3), and experi-
ments with the surface force apparatus (4)
are sensitive but lack spatial resolution.
With the development of the scanning
probe microscopes, particularly the atomic
force microscope (AFM), new instruments
and techniques have become available that
have the precision and sensitivity to probe
surfaces in physiological environments with
molecular resolution and at forces down to
the piconewton range (5).

Here we used an AFM to measure the
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specific interaction between biotin and avi-
din, a 67-kD protein with four identical sub-
units (6). We chose this ligand-receptor pair
as a model system because of its high affinity,
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Fig. 1. (A) Schematics of the avidin-functional-
ized AFM tip and the biotinylated agarose
bead, shown here partially blocked with avidin.
(B) Scanning electron micrograph of an AFM
cantilever on an agarose bead.
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the availability of thermodynamic and struc-
tural data on it (7), and its broad range of
applications. In view of further applications,
we used commercially available AFM tips
without modification and functionalized them
with avidin. For samples, we chose biotinyl-
ated agarose beads. The minuteness of the
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Fig. 2. Cantilever deflection curves on ap-
proach and retraction of an avidin tip on a
biotinylated agarose bead (A) before and (B)
after blockage with an excess of free avidin
(200 pg/ml). (C) Magnification of a force scan
on a biotinylated agarose bead approximately
95% blocked with free avidin. F_4 is the mea-
sured unbinding force plotted in Fig. 3, A
through C.

tip-sample interaction area in combination
with the polymeric nature of the sample great-
ly helped to reduce nonspecific binding (8)
and allowed us to resolve the forces between
individual molecular pairs.

Various strategies for the functionalization
of the AFM tip have been investigated in
previous studies (9). We have shown that
covalent immobilization of one of the binding
partners on the tip [such as through cross-
linkers (10, 11)] is not necessary and that a

sufficiently strong bond (Fig. 1) (12). For the
force measurements, the tips were mounted in
a scanned stylus AFM (13) and positioned on
top of the bead, guided by an epilight micro-
scope. In so-called force scans (14), the de-
flection of the cantilever was recorded on
approach to the bead and on retraction of the
cantilever from the bead (15) and was directly
converted into force by means of the mea-
sured spring constant of the cantilever (16).
A typical force scan taken with an avidin-
functionalized tip on a biotin bead is shown in
Fig. 2A. The adhesive force between tip and
bead results in a deflection of the cantilever
toward the bead on retraction of the cantile-
ver. With increasing bend of the cantilever,
the tension on the adhesive bonds between
tip and bead increases until the bonds yield.
In contrast to force scans on most rigid sur-
faces, where the tip abruptly dissociates, the
interaction between the AFM tip and the
bead involves as many as 100 biotin-avidin
pairs that typically break in multiple steps.
[The time dependence of this forced dissocia-
tion could supply much additional informa-
tion (3) but was not investigated here.] When

the tip again approaches the bead, the bonds
reform, which allows the force scans to be
repeated several hundred times before the
yield force gradually diminishes to half its
original value. The interaction shown in Fig.
2A is more than 95% blocked by an excess of
free avidin (Fig. 2B) or biotin but not by free
BSA (17), which confirms that the measured
adhesive bond is specific, dependent on the
presence of both biotin and avidin.

In order to detect single binding events,
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Retraction silicon nitride surface of the tip, results in a  the agarose bead with avidin. A represen-

tative force scan obtained under these con-
ditions is shown in Fig. 2C. Most force
scans displayed multiple stepwise breaking
processes. One feature of the scans is the
quantization of the adhesive force. A his-
togram derived from more than 300 force
measurements is plotted in Fig. 3A. In our
analysis, we considered only the last step of
the unbinding, because it is conceivable
that the other steps are a nonlinear convo-
lution of multiple unbinding processes. The
histogram shows five maxima highlighted
with arrows. The autocorrelation analysis of
the histogram is plotted in Fig. 3D. The
pronounced periodicity of the autocorrela-
tion function shows that the measured ad-
hesion forces are composed of integer mul-
tiples of an elementary force quantum of
160 = 20 pN (18). We attribute this force
quantum to the interaction of a single
biotin-avidin pair. As a confirmation of the
specificity of these measurements, the tip
was additionally blocked by the addition of
an excess of free biotin (19). This resulted
in a shift of the relative population of the
force quanta to lower values but did not
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Fig. 3. Histograms of the adhesion forces between an avidin tip and
agarose beads with (A) covalently bound biotin, (B) desthiobiotin, and (C)

iminobiotin after 95% blockage with free avidin. (D through F) Autocorre-
lation analyses of the histograms A through C, respectively (25).
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change the value of the adhesive force
quanta. We found that the frequency of the
nonbinding contacts was increased by a
factor of 2, from 30 to 60%, after the
addition of free biotin.

In comparable experiments carried out on
hard samples, such as silicon oxide, instead of
the agarose beads, we (9) and others (11, 20)
did not find quantized adhesion. A likely
explanation is that in a stiff geometry between
parallel binding sites, the yielding force is also
a function of their relative positions. The soft
agarose bead, however, allows the force on
parallel binding sites to be built up through
the tension of soft springs (agarose), so that
the sites’ relative positions are of negligible
importance. An additional advantage of the
agarose bead is that, by rolling, it may release
lateral stress that was built up by a lateral
displacement of the tip during the force scan.

Experiments with the surface force appara-
tus (21) and with pipette suction techniques
(3) have revealed that lipids can be pulled out
of a membrane by means of receptor-ligand
bonds. These studies provide a lower limit for
the biotin-avidin bond of 10 pN. As a crude
estimate, the adhesion force may be calculat-
ed from the gradient of the binding enthalpy.
With a binding enthalpy of 35 kT, our mea-
sured adhesion force translates into a charac-
teristic decay length of the bond of 9 A. This
value represents much more closely the over-
all depth of the binding pocket (7) than does
the typical decay length of the short-range
interactions (such as hydrogen bonds) that
constitute the adhesion. This finding supports
the idea that molecular recognition is a delo-
calized process in which, driven by thermal
fluctuations, the ligand-receptor complex
samples its conformation space (22). In this
scenario, the external force imposes a gradient
on the potential that favors steps toward
dissociation. A quantitative evaluation of the
mechanism, however, will require a detailed
analysis of the time and force dependence of
the unbinding process.

To further demonstrate the specificity of
the measured force quanta, we carried out
measurements with desthiobiotin and imino-
biotin. Both of these biotin analogs have
lower binding constants than does biotin (6).
We did the desthiobiotin experiment by sim-
ply repositioning the cantilever used in the
experiments in Fig. 3A over a desthiobiotin
bead that was placed on the same support used
for the biotin bead. The histogram from a
series of more than 200 force scans (Fig. 3B) is
clearly shifted to lower forces. The maximum
peaks at 125 = 20 pN (23). The peaks in the
autocorrelation function (Fig. 3E), however,
are not meaningful enough to allow us to
conclude that this is the value of the force
quantum. Force measurements carried out on
an iminobiotin bead that was approximately
95% blocked with avidin are summarized in
the histogram in Fig. 3C. Here we find a force

quantization of 85 = 15 pN, which is also
pronounced in the autocorrelation function
(Fig. 3F). The overall maximum of the histo-
gram is shifted to higher quantum numbers,
which indicates a larger number of interacting
pairs as compared to the previous experiment.
These lower values of the adhesion force for
the biotin analogs are consistent with the
significantly lower value of the binding en-
thalpy as compared to that of biotin.

Both control experiments demonstrate
the specificity of the measured interaction.
As we have reported previously, this exper-
imental approach can be applied to the
investigation of other ligand-receptor sys-
tems (9). In particular, surface epitopes on
soft samples such as living cells promise to
be ideal systems for this approach. The
theoretical limitation in sensitivity of this
kind of experiment is imposed only by
thermal fluctuations of the cantilever and is
well below typical adhesion forces between
biomolecules (24). The high force resolu-
tion of softer cantilevers will therefore al-
low not only the detection of weaker bonds
but also the investigation of unbinding
kinetics as a function of imposed force. A
more immediate limitation of these mea-
surements is the nonspecific interaction
between specimens and functionalized tips.
This effect can be minimized by decreasing
the tip size. Smaller tips will also help to
fully exploit the potential of this kind of
experiment for in situ or in vivo imaging of
cellular epitopes by means of specific mo-
lecular recognition mechanisms.
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