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Abstract

The development of versatile scanning probe methods such
as atomic force microscopy (AFM) makes it today possible
to study bio-adhesion on a single molecule level. In this
paper, we present AFM-force-spectroscopy experiments on
complementary DNA strands. From such experiments,
intrinsic thermodynamical properties (energy landscape) of
these weak non covalent bonds can be determined.

Introduction
It has long been known that only molecules with an excess
of energy over the average energy of the population can
participate in chemical reactions. Accordingly, reactions
between ligands and receptors follow pathways (in a virtual
energy landscape) that involve the formation of some type
of high-energy transition states whose accessibility along a
reaction coordinate ultimately controls the rate of the
reaction. Until recently, chemists and biologists could only
act on molecules if these were present in large quantities.
Consequently, scientists could only access macroscopic
thermodynamical quantities, e.g. the free energy of complex
formation and/or dissociation.
Today, instruments offering a high spatial resolution and
a sensitivity down to the pico- or femto-Newton range allow
one to study the adhesion of molecular bonds [1-13]. In
particular, a novel type of force spectroscopy, dynamic force
microscopy (DFS), has been developed. In a DFS
experiment, the dependence of the rupture force on the
loading rate is investigated using an atomic force
microscope (AFM), a bio-membrane force probe (BFP), or
eventually an optical tweezers setup. For a typical DFS
experiment using an AFM, a ligand is immobilized on a
sharp tip attached to a micro-fabricated cantilever and the
receptor is immobilized on a surface. When approaching the
surface of the tip a bond may form between ligand and
receptor. The bond is then loaded with an increasing force
when retracting the surface from the tip. From these
measurements, the energy landscape of a single bond can
be mapped.
This paper is organized as follows: Part one introduces
theoretical models that describe a chemical reaction when
an external force is used to rupture a complex. Then, DFS
experiments on complementary DNA strands are presented
and illustrate the main ideas developed in part one.

©WILEY-VCH Verlag Berlin GmbH, 13086 Berlin, 2001 1438-5163/01/0207-0075 $ 17.50+.50/0

Single
Molecules

76

Single Mol. 2 (2001) 2

RESEARCH PAPER
Experimental

Theoretical Background
In this section, some thermodynamical models describing
the rupture of a single bond will be briefly presented. More
details can be found elsewhere [15-18].
Bell first stated that the bond lifetime τ of an energy
barrier reads:

τ ( F ) = τ 0 exp

[( E

0

− ∆xF ) / kBT

]

(1),

where T is the temperature, E0 represents the bond energy
(the height of the barrier), F is the external applied force per
bond, kB is the Boltzmann constant, ∆x is the distance
(projected along the direction of the applied force) between
the ground state and the energy barrier (with energy E0), and
τ0 is a pre-factor. Eq. (1) states that (i) a bond will rupture
after a certain amount of time thanks to thermal
fluctuations (ii) application of an external force dramatically
changes the time it takes to overcome the energy barrier.
Note finally that (1) can be re-written as:

koff ( F ) = koff exp ( F F 0 )

DFS measurements were performed using a commercial
AFM instrument (Nanoscope III, Digital Instruments, Santa
Barbara). The spring constants of all cantilevers (ranging
from 12 to 17 pN/nm) were calibrated by the thermal
fluctuation method [20] with an absolute uncertainty of
20 %. For the temperature measurements presented below,
the temperature was controlled using a home built cell
where the buffer solution that immersed both the probe
surface and the AFM cantilever was in contact with a Peltier
element (Melcor, Trenton, NJ), driven with a constant
current source. Measurements at different points of the cell
showed deviations of less than 2 °C.
All chemicals were purchased from Fluka unless noted
elsewhere. The preparation and immobilization of all
oligonucleotides follow the protocol described in ref. 11.

(2),

where koff is the thermal off-rate of the barrier, and F0 is a
force-scale factor (F0=kBT/∆x).
An important point is that the most probable force F*
needed to overcome an energy barrier should a priori
depend on the loading rate, i.e. the velocity in a typical DFS
experiment (typical values for velocities are in the range
between 10 nm/s and 5000 nm/s). Indeed, when the
loading rate decreases, F* should decreases because of
thermal fluctuations. In fact, a simple relation holds
between F* and the loading rate r (r=kν , where k is the
stiffness of the DFS force sensor and ν is the retraction
speed):

(

F * = F 0 ln r

F 0 koff

)

(3),

By plotting F* as a function of ln(r), one should therefore
find different linear regimes, each of them corresponding to
a specific region (a specific energy barrier) of the energy
landscape. According to Evans [17], the kinetics runs as
follows: application of an external force (i) selects a specific
path (a reaction coordinate) in the energy landscape (ii)
suppresses outer barriers (Eq. 1) and reveal inner barriers
which start to govern the process. For instance, recent BFP
and AFM experiments have revealed an intermediate state
for the streptavidin (or avidin)-biotin complex [10, 13].
However, since each energy barrier defines a time-scale (a
range of loading rate that has to be compatible with the
time-scale of the experiment) only a specific part of the
energy landscape can be mapped in a typical DFS
experiment [18 - 19].

Fig. 1. A typical probability distribution for the rupture force
(about 500 approach/retract cycles, retract velocity 100
nm/s) [11]. For this experiment, an oligomer a (see text)
was attached to the tip of the AFM-cantilever and its
complement b was immobilized on the surface
(complements were pulling apart at their opposite 5’-ends).
Gray rectangles (a against b), black rectangles (a against a).
To minimize unspecific interactions and multiple unbinding
events, 30-nm-long PEG linkers were attached to the 5’ends. Note that the scale-force F0 can be in principle
determined from the width of the distribution.
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Eq. 3. The ∆x distance was found to follow the linear
relation:

∆x ≈ [0.12 x n ] nm ,

Probability Distribution and Specificity of
Rupture Forces
Unbinding events are caused by thermal fluctuations rather
than by mechanical instability. Therefore unbinding forces
show a distribution whose width σ is mainly determined by
the force scale F0, i.e. σ=F0(∆x).
When approaching the tip to the surface, many nonspecific attachments may occur, even in the presence of
treated surfaces or pure polymer samples. Therefore, it is
imperative to test the specificity of the interaction (Fig. 1.).
Unspecific interactions can be minimized using linkers (e.g.
poly(ethylene)glycol (PEG) linkers) that shift the region where
unbinding takes place away from the surface.
Finally, to quantify the most probable value for the
unbinding force of a single complex, one has to work under
conditions in which the probability that two or more
duplexes are attached to the tip is low. These conditions
are fulfilled for a low concentration and when the linkers
have a length that is comparable to the diameter of the
AFM-tip (about 50 nm). In this case, it is very unlikely that
two or more linkers are extended to the same length when
stretched. However, subsequent rupture events may be
found. But still, the last rupture event will occur for an
applied force equal to F*.

where n is the number of base pairs. This increase of ∆x
with n clearly indicates cooperativity in the unbinding
process. Measurements of koff can be described by:
koff ≈ 10α - βn s-1 , where α = 3 ± 1 and β = 0.5 ± 0.1. The
obtained koff values are in good agreement with
thermodynamical data [21]. Let us finally point out that an
exponentional decrease of the thermal off-rate with the
number of base pairs is expected because of the increase
of the activation energy for dissociation (Eq. 1). However,
the pre-factor τ0 in Eq. 1 also strongly decreases with the
number of base pairs because of the increasing number of
degrees of freedom of the system.

Dynamic Measurements
Base Pair Dependence
We now present DFS measurements performed on
complementary DNA strands of different length [10, 20, and
30 base pairs (bp)] and pulled apart at their opposite 5’ends. The base sequences of the oligonucleotides were
designed to favor the binding to complementary
oligonucleotides in the ground state with respect to
intermediate duplexes in which the strand is shifted relative
to its complement. We have chosen the oligomer a (5’-G-GC-T-C-C-C-T-T-C-T-A-C-C-A-C-T-G-A-C-A-T-C-G-C-A-A-C-G-G-3’),
which contains 30 bases and in which every three base
motive occurs only once in the sequence. For this
sequence, self-complementarity is avoided because the
complement of each three-base motive is not contained in
the sequence. a was tested against its complement b (30
bp) and against truncated components c (20 bp) and d (10
bp), respectively.
As expected, a F* versus ln(ν) plot shows a linear
behavior for each duplex (Eq. 3, Fig. 2.). For each duplex,
the distance ∆x from the ground state to the energy barrier
and the thermal off rate koff were determined according to

Fig. 2. Velocity dependence of the most probable unbinding
force [11]. Back squares (a-tip/b-surface, 30 bp), empty
squares (a-tip/c-surface, 20 bp), circles (a-tip/d-surface, 10
bp). From a linear fit, both the force-scales F0= kBT/∆x and
thermal off-rates can be determined.

Temperature Dependence
In this section, preliminary temperature dependent DFS
measurements are briefly discussed. The sequence e (5’-TA-T-T-A-A-T-A-T-C-A-A-G-T-T-G-3’) [22] attached to the tip and
its complement f was immobilized on the surface. As
previously, PEG linkers were used and DNA strands were
pulled apart at their opposite 5’-ends. The specifity of the
interaction was comparable to the one obtained in base-pair
dependent measurements (Fig. 1.).
As seen in Fig. 3., the slope of the F * versus ln(r) plots
changes as a function of temperature, which provides
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evidence for a strong temperature dependence of ∆x. This
result emphasizes the fact that for the DNA-duplex, the
energy landscape is much more complicated than that of
ligand-receptor bonds. As a consequence, the unbinding
process may involve many different reaction paths. In this
case thermal fluctuations are expected to play a key role.

Fig. 3. The most probable unbinding force as a function the
loading rate (e-tip/f-surface, 16 bp) obtained at different
temperatures. Squares (11 °C), triangles (27 °C), circles
(36 °C).

Conclusion
Using DFS measurements, the energy landscape of
molecular bonds can be mapped. Moreover, relevant
parameters such as the location and height of the barriers
and the thermal off-rates can be determined. Our
measurements confirm that the most probable force for
unbinding scales as the logarithm of the loading rate. The
base pair dependent measurements indicate that unbinding
of DNA strands is a cooperative process. Temperature
dependent measurements provide evidence for a decrease
of ∆x as the temperature increases. Since the limited range
of loading rates available in an AFM experiment does not
allow one to map the whole energy landscape, such
experiments should be combined in the future with other
DFS setups such as bio-membrane force probe or optical
tweezers setups.
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