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The rupture forces between an aptamer (1)-functionalized
AFM tip and a thrombin-modified Au surface are analyzed.
The rupture force for a single aptamer/thrombin complex
is determined as ∼4.45 pN. The analysis of the system
reveals that the rupture forces correspond to the melting
of the G-quadruplex structure of the aptamer bound to
the thrombin. This melting of the G-quadruplex leads to
the dissociation of the aptamer/thrombin complex.

The study of force interactions between modified AFM tips
and functionalized surfaces is a common practice to characterize
surfaces and to probe interactions at the single-molecule level.1

Specifically, force interactions were used to follow specific bio-
molecular and molecular recognition processes. For example, the
rupture of biotin-avidin,2 antigen-antibody,3 or DNA duplexes4

was monitored and the separation of supramolecular complexes,
such as ferrocene-cyclodextrin host-guest structures,5 was
examined by force interactions. Also, the sequential “unzipping”
of double-stranded DNA was studied by force experiments.6

Aptamers are specific DNA or RNA strands selected from a
huge combinatorial library using the “systematic evolution of
ligands by exponential enrichment” (SELEX) procedure, and they
exhibit specific binding features toward molecular or biomolecular
entities.7 For example, aptamers for the inhibition of proteins8 and
for the separation of nucleotide bases via affinity chromatography9

have been developed. Aptamers exhibiting binding affinities to
two different domains of thrombin were synthesized,10 and the
folding motifs of the aptamers and their three-dimensional
structures that bind to thrombin were elucidated by spectroscopic
and NMR methods.11 A G-quadruplex structure composed of 15

bases was reported as the active aptamer configuration that binds
to thrombin. The aptamer/thrombin binding interactions were
employed to develop different biosensors for thrombin, based on
fluorescence,12 Love waves,13 and QCM as well as electrochem-
istry.14

Here we report on the analysis of the aptamer-thrombin
complex by following the force interactions between an aptamer-
modified tip and a thrombin-functionalized surface.

EXPERIMENTAL SECTION
Chemicals and Materials. Di(N-succinimidyl)-3,3′-dithio-

dipropionate (dithio-diNHS), the thiolated aptamer (HS-(CH2)6-
5′-GCCTTAACTGTAGTACTGGTGAAATTGCTGCCATTGG-
TTGGTGTGGTTGG-3′) (1), the foreign DNA (HS-(CH2)6-5′-
GTAACCGGAATTCCTTGGCGCGCCTTGTAG-3′) (2), thrombin
from human plasma, and all other chemicals used in the experi-
ments were purchased from Sigma and used as supplied. Ultra-
pure water from a NANOpure Diamond (Barnstead) source was
used throughout the experiments.

Composition of Binding Buffer. The binding buffer is made
up of 20 mM Tris-HCl (pH 7.4), 140 mM NaCl, 5 mM KCl, 1 mM
CaCl2, 1 mM MgCl2, and 5% glycerol (w/v) in water.

Cantilever Modification. The Au-coated cantilever was modi-
fied for 2 h with 200 µL of a 0.2 M phosphate buffer solution, pH
7.4, containing 0.5 OD of the thiolated aptamer 1, followed by
washing twice with the binding buffer. Modification of the
cantilever with the foreign DNA 2 was done according to the same
procedure.

Gold Slide Modification. The gold slide was cleaned by
piranha solution (70% H2SO4/30%H2O2) followed by washing with
water and boiling in ethanol for 30 min. Afterwards, the slide was
dried with nitrogen. The slide was then covered by a solution of
2.5 mg of dithio-diNHS in 1 mL of DMSO for 1 h. After multiple
washing with DMSO and a single washing with the binding buffer,
the slide was covered by a solution of 10 mM thrombin in binding
buffer for 1 h. Finally, the slide was washed several times with 10
mM phosphate buffer.

Force-Distance Measurements. Force measurements were
performed in the liquid cell of a PicoForce-AFM (Veeco-DI). A
cantilever with a nominal spring constant of 0.03 N/m (CSC12,
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MikroMash), modified with aptamer 1 or foreign DNA 2 accord-
ing to the above-mentioned procedure, was mounted in the liquid
cell, and the cell was filled with the respective solution (binding
buffer or 10 mM phosphate buffer). When changing the solvent,
the solution was taken out by a syringe, and the cell was flushed
and emptied several times with the new buffer solution and, finally,
filled with the new buffer. After each buffer change, the system
was let to equilibrate for 30 min.

Force curves were recorded at a velocity of 100 nm/s, keeping
the tip in contact with the sample for 10 s to allow the binding
process to occur. The resulting force curves were processed to
obtain the value of the individual steps in the retract curve.
Measurements were performed for aptamer and for foreign DNA
in binding buffer as well as in 10 mM phosphate buffer.

Scheme 1 outlines the configuration of the system for studying
the force interactions between thrombin and its aptamer. The
thrombin was linked covalently to a Au-coated glass slide. A Au-
coated AFM tip was modified with the thiolated nucleic acid, 1,
which folds in the binding buffer solution into the respective
G-quadruplex structure that specifically binds to the thrombin
binding domain. After these steps, the measurements were carried
out in a buffer solution.

Figure 1A shows a typical force curve for the interaction
between the aptamer-modified tip and the thrombin-functionalized
surface in the presence of the binding buffer. Several steps in the
retract curve are clearly detectable, and these are attributed to
the rupture of a discrete number of thrombin-aptamer complexes.

Figure 1B shows the histogram corresponding to the frequency
of the different forces observed upon the separation of the
thrombin-aptamer complex. The histogram consists of ∼100
force curves, most of which exhibit multiple steps correlated to
distinct rupture events. The arrows mark rupture forces that occur
more frequently; i.e., they show a higher count.

These force peaks seem to be separated by multiples of a
constant value. Thus, the difference between two peaks closest
one to another, marked by the two boldface arrows in Figure 1B,
was assumed to be the force quantum required to separate a single
aptamer-thrombin complex. Figure 2 shows the plot correspond-
ing to the force of the different peaks shown in the histogram,
Figure 1B, as a function of multiples of the force quantum. A linear
fit, passing through the point of origin, is obtained from the data,
exhibiting a slope of 4.45 pN, which is the force quantum
attributed to the separation of a single thrombin-aptamer
complex.

The Poisson distribution provides a tool to characterize the
probabilities of data sets with discrete numbers. If the histogram,
shown in Figure 1B, consists of quantized rupture forces, corre-
sponding to the separation of the aptamer-thrombin complexes,
then this histogram should follow the Poisson distribution, eq 1,

where p is the probability, µ is the average number of interactions,
and x is the specific number of interactions for which p is

Scheme 1. Basic Setup for the Force-Distance Measurementsa

a The Au-coated tip is modified with the thiolated aptamer, and the gold slide is modified with thrombin. The in-set shows the
G-quadruplex structure for the aptamer 1 in the binding buffer solution.

p ) e-µµx/x! (1)

Analytical Chemistry, Vol. 78, No. 11, June 1, 2006 3639



calculated. Figure 1B shows a good agreement between the
experimental data and the Poisson distribution, yielding an average
number of thrombin-aptamer complexes of 7.8 for each rupture
event.

A series of control experiments were performed in order to
characterize the aptamer-thrombin interactions. Figure 3A shows
the histogram of the force interactions between a nonaptamer,
foreign nucleic acid, 2, and the thrombin interface. No affinity
interactions are observed, and only some nonspecific background
interactions are detected. Figure 3B shows the histogram corre-
sponding to the force interactions between the aptamer-modified
tip and the thrombin interface in a 10 mM phosphate buffer

solution that does not favor the formation of the G-quadruplex
structure. In contrast to the force measurement performed in the
binding buffer solution, favoring formation of the G-quadruplex
structure, Figure 1, where each force curve revealed at least a
single force interaction, only ∼30% of the force curves in the latter
control system revealed force interactions and in all other cases
no affinity interactions were observed. These results clearly
indicate that the force interactions originate from specific interac-
tions between the G-quadruplex structure of the aptamer and
thrombin. The minute force interactions observed in the phos-
phate buffer solution that does not favor the G-quadruplex
formation may be attributed to a low content of G-quadruplex still
forming under these conditions, thus enabling interaction with
the thrombin.

To further understand the force interactions, resulting in the
rupture of the aptamer-thrombin complexes, we try to schemati-
cally analyze the geometrical relations between the aptamer-
modified tip and the thrombin-functionalized surface. By com-
parison of the force interactions characterizing different bio-
recognition complexes, we will attempt to understand the origin
of the observed force interactions. The relation between the
modified-tip and the thrombin interface is depicted in Scheme 2.
The length, d, of the aptamer molecules increases the tip radius,
r, to an effective curvature with a radius, R, given by eq 2.

Assuming a hard contact between the tip and the surface, the
effective contact area between the tip and the surface is defined
by the opening angle R. This angle is defined by the contact point
between the tip and the sample surface and is given by eq 3, and

Figure 1. Determination of the rupture force for thrombin-aptamer
complexes. (A) A single force curve showing four distinct steps caused
by four discrete rupture events. (B) The histogram of the rupture forces
for 100 data sets and the Poisson-fit. The arrows mark rupture forces
with higher probability, the two boldface arrows (a) and (b) mark the
minimum separation between two such rupture force peaks, which
is related to the force quantum. All data were obtained at a loading
velocity of 3000 pN/s.

Figure 2. Linear regression of the rupture force peaks from Figure
1 (B) as a function of the number of ruptured bonds.

Figure 3. Control experiments corresponding to the analysis of the
rupture forces. (A) The force distribution between a foreign DNA 2
and the thrombin in the binding buffer solution. (B) The force
distribution between the aptamer 1 and the thrombin in 10 mM
phosphate buffer. Both graphs show the rupture forces of 100 data
sets obtained at 3000 pN/s loading velocity.

R ) r + d (2)
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this is the critical parameter defining the active surface area of
the sample and of the tip.

The sample surface area, in contact with the tip, is of circular
shape, and is given by eq 4, where r° is given by eq 5.

The effective surface area of the tip is of a slightly more difficult
geometrical shape, being a calotte or spherical cap. Thus, the area
depends on the tip radius and also on the opening angle and is
given by eq 6.

The tip radius employed in our study is ∼30 nm. The aptamer
consists of 50 base pairs and a C6 spacer between the thiol group
and the aptamer. In the G-quadruplex configuration of the aptamer,
the free DNA (not used to generate the G-quadruplex), includes
35 bases. We assume that the G-quadruplex enters into the
binding site of thrombin, and thus, the length of the free DNA
(11 nm) and the C6 spacer (0.5 nm), yields a film thickness, d, of
∼11.5 nm.

This geometrical parameter allows us to calculate the active
surface area, ATh. As the diameter of thrombin is ∼3 nm, the
surface coverage of a theoretically dense monolayer of thrombin

will correspond to 1.1 × 1013 molecules‚cm-2, and a random
densely packed monolayer (∼60% of the theoretical dense con-
figuration) will be ΘTh ) 6.6 × 1012 molecules‚cm-2.

The surface coverage of the thiolated aptamer on a Au surface
was estimated by independent microgravimetric measurements15

to be 1 × 10-11 mol‚cm-2 that translates to a surface coverage of
ΘApt ) 6 × 1012 molecules‚cm-2. Thus, for the AFM tip with a
diameter of 30 nm we estimate that ∼100 aptamer molecules are
in contact with ∼170 thrombin molecules linked to the support.
Looking at the force curve in Figure 1A, we see 4 rupture events,
amounting to a total number of 62 ruptured bonds (19, 22, 10,
and 11 from left to right, using the force quantum value of 4.45
pN). Comparing this value to the ∼100 complexes that can be
formed, assuming that all aptamer molecules bind to thrombin, it
is evident that ∼60% of these complexes were formed in this
specific experiment. This value seems extraordinarily high, but
keeping in mind the dissociation constant of the thrombin-
aptamer complex, which is in the range of 200 nM,16 and the
proximity of the molecules, being only a few nanometers apart, it
can be deduced that a nearly quantititative formation of these
complexes can be expected.

The force of 4.45 pN measured for the separation of the
aptamer-thrombin complex, although clearly detectable, is close
to the instrumentational limits. In fact, the force values corre-
sponding to the separation of the aptamer-thrombin complex are
substantially lower than the forces detected for the separation of
other biorecognition complexes. Table 1 summarizes the force
strengths measured for different biorecognition or supramolecular
complexes. While the forces are not always comparable due to
different loading velocities, one may realize that the separation
of the biotin-avidin complex or the corresponding immunocom-
plexes reveal ∼10-fold higher forces than the value observed for
the thrombin-aptamer complex. Particularly striking is the force
required to separate the aptamer-IgE complex (150 pN at a 100-
fold higher loading velocity),20 which is, to our knowledge, the
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126, 11768-11769.
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Scheme 2. Geometrical Representation of the
Thrombin-Aptamer Interactions during the
Force Measurements

Table 1. Literature Values of Rupture Forces for
Different Bond-types

system force (pN) ref

biotin-avidin 70-80a 2
ferrocene-cyclodextrin 30a 5
12-bp DNA (30 H-bonds) 30 ( 3.5a 17
5-bp DNA (13 H-bonds) 0a 4
10-bp DNA (26 H-bonds) 34 ( 1.5a 4
20-bp DNA (51 H-bonds) 45 ( 2.5a 4
30-bp DNA (78 H-bonds) 49 ( 2.5a 4
aptamer-IgE 150b 18
antigen-scFv antibody 50c 3

a Value extracted for the same loading velocity as used in this work
(3000 pN/s). b Recorded at 100 times higher loading velocity. c Re-
corded at 10 times higher loading velocity.

R ) arc cos(r/R) (3)

ATh ) πr°2 (4)

r° ) R sin R ) r tan R (5)

AApt ) 2πr2(1 - cos R) (6)
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only reported value for the separation of an aptamer-protein
complex. The values for the separation forces of double-stranded
DNA are also summarized in the table, and their analysis might
lead to the understanding of the force recorded for the separation
of the aptamer-thrombin complex. One may realize that the
separation of 30 base pairs requires a ∼1.5-fold higher force than
the separation of a 10-base pair DNA duplex. The separation of a
five-base pair nucleotide H-bonded complex, already, does not
show any measurable force due to the thermal off-rate4 providing
a lower limit for the number of H-bonds necessary to form a stable
double-stranded DNA complex. To estimate the separation force
of a free G-quadruplex, we plot the values quoted in Table 1 as a
function of the number of H-bonds, Figure 4. A nonlinear, abrupt,
decrease in the separation force is observed for nucleic acid
structures with less than 30 H-bonds (equivalent to 12 base pairs
with 50% G-C). For H-bonded double-stranded DNA that consists
of 10 or less base pairs, the formation of a single double-helix
form is not feasible, and thus, the structures lack the extra
stabilization of helical DNA. The aptamer 1 forms 2 G-quadru-
plexes, equaling to 16 H-bonds. In the case of double-stranded
DNA, one would expect that its melting force will be ∼15 pN.
This is still three times higher than the separation force that we
measured. However, this can be explained by the geometrical
structure of the G-quadruplex motif. While in double-stranded
DNA all H-bonds are arranged in parallel, they contribute
simultaneously to the stability against force-induced melting. The
bases in the G-quadruplex formation, however, are not aligned in
parallel, causing the contribution of the H-bonds to the stability
against force-induced melting to be different for the different
bases, depending on their position relative to the force vector of
the cantilever.

Furthermore, the substantially lower stability of the G-quadru-
plex as compared to an analogous double-stranded helical 12-base
pair DNA (50% G-C, i.e., 30 H-bonds) is evident by comparing

the free energy and melting temperature of the G-quadruplex
(-1.19 kcal‚mol-1; 46.4 °C)19 to the respective values of the double-
stranded DNA (-14.5 kcal‚mol-1; 55-60 °C).17

This analysis allows us to explain the low forces required to
separate the aptamer-thrombin complex. The active aptamer
configuration that binds to the thrombin consists of a G-quadru-
plex structure.11 The separation force exerted on the aptamer-
thrombin complex perturbs the weakest bonds. These correspond
to the H-bonds formed by the G1 and G2 bases of the G-
quadruplex (see Scheme 1), tethered to the cantilever through
the nucleic acid chain. These bases can be pulled off by the
retraction of the cantilever, thus distorting and destabilizing the
G-quadruplex. This leads to the melting of the G-quadruplex
structure. Once the quadruplex is melted, the aptamer lacks
affinity for the thrombin binding site, as evidenced by the
measurements in phosphate buffer solution, and immediate
dissociation of the complex takes place. Thus, the separation
forces observed in the present study correspond to the melting
of the G-quadruplex structure.

This also allows us to explain the differences between the
presented data and the aptamer-IgE system. The force, reported
for the aptamer-IgE complex,18 is ∼30 times higher than the
forces measured for the aptamer-thrombin complex. The IgE
aptamer (D17.4) in use has a stem-loop structure20 with a 12-
base pair double-stranded stem and a 12-base loop. This aptamer
structure should show a much higher stability than the G-
quadruplex motif of the thrombin aptamer (see above for the
melting temperature and free enthalpy of the G-quadruplex as
compared to a 12-base pair double-stranded DNA). Furthermore,
the dissociation constant of the D17.4-IgE complex is 10 nM,20

which is another order of magnitude lower than the value reported
for the aptamer-thrombin complex.16 As our force value is limited
by the melting of the secondary structure of the aptamer, and
keeping in mind that we use a 100-fold lower loading velocity, a
substantially lower force for the aptamer-thrombin system is to
be expected.

CONCLUSIONS
The present study has characterized the formation and rupture

of the thrombin-aptamer complex by means of microscopic
measurements. These force measurements revealed a very low
separation value (4.45 pN) that is far from the characteristic
separation forces of other biomolecular recognition complex. This
low force value was attributed to the melting of the H-bonded
G-quadruplex. Once the G-quadruplex structure of the aptamer
is melted, it lacks affinity for the thrombin and the complex is
dissociated.

Received for review December 29, 2005. Accepted March
28, 2006.
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Figure 4. Dependence of the melting force of double-stranded DNA
as a function of the number of H-bonds for a 3000 pN/s loading
velocity as found in the literature (refs 4 and 17).
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