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ABSTRACT Thrombin aptamer binding strength and stability is dependent on sterical parameters when used for atomic force
microscopy sensing applications. Sterical improvements on the linker chemistry were developed for high-affinity binding. For this
we applied single molecule force spectroscopy using two enhanced biotinylated thrombin aptamers, BFF and BFA immobilized
on the atomic force microscopy tip via streptavidin. BFF is a dimer composed of two single-stranded aptamers (aptabody)
connected to each other by a complementary sequence close to the biotinylated end. In contrast, BFA consists of a single
DNA strand and a complementary strand in the supporting biotinylated part. By varying the pulling velocity in force-distance
cycles the formed thrombin-aptamer complexes were ruptured at different force loadings allowing determination of the energy
landscape. As a result, BFA aptamer showed a higher binding force at the investigated loading rates and a significantly lower
dissociation rate constant, koff, compared to BFF. Moreover, the potential of the aptabody BFF to form a bivalent complex could
clearly be demonstrated.
INTRODUCTION
Noncovalent interactions are known to play a central role in
a lot of biological processes. Here, usually ligand-receptor
complexes of proteins (e.g., antibodies, enzymes) and/or
other organic biomolecules (e.g., vitamins, hormones) are
formed. Although the stability of these biomolecules is opti-
mized for its biological application, in vitro measurements
can be significantly limited by denaturation processes. In
the last decade a large number of DNA or RNA aptamers
has been developed showing a high affinity to a certain
number of biological binding partners. By using the sys-
tematic evolution of ligands by exponential enrichment
approach (1) the number of newly developed aptamers is
still growing. The aptamers are usually constructed of a
single-stranded nucleic acid chain forming a structure
perfectly fitting into the binding pocket of its corresponding
ligand. The very high stability of DNA in combination with
sufficient affinity allows the substitution of denaturable
proteins (e.g., antibodies), especially in applications where
long-term stability is needed. Since their discovery in
1989 (1) the aptamers are of increased interest as receptors
in affinity biosensors (2) or for targeted drug delivery and
therapy (3). Among DNA aptamers those sensitive to
thrombin are best investigated. Thrombin is a multifunc-
tional serine protease that plays an important role in procoa-
gulant and anticoagulant functions. Thrombin converts
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soluble fibrinogen to insoluble fibrin that forms the fibrin
gel, which is responsible either for a physiological plug or
for pathological thrombus (4). Therefore, the first DNA ap-
tamers selective to the fibrinogen binding site at thrombin
has been developed as an anticoagulant to prevent the
formation of thrombus (5). The structural motif of these
aptamers consists of 15 nucleotides that form a guanine
quadruplex (G-quadruplex) stabilized by intramolecular
hydrogen bonds (6). These aptamers have been used in
many studies as a receptor for recognition of thrombin
(see (7) for review). In addition to high stability the impor-
tant advantage of DNA aptamers is a relatively easy modi-
fiability by various chemical groups, such as biotin or
thiols, allowing them to be immobilized at various surfaces.
This makes aptamers promising candidates for biosensing
atomic force microscopy (AFM) techniques such as single
molecule force spectroscopy (SMFS) or recognition im-
aging. SMFS (8–12), enables the exploration of the energy
landscape on a molecular level. For this purpose, the AFM
tip has to be functionalized with a well-adjusted surface
density, resulting in statistically only one ligand at the outer
apex of the tip (10,13–15). This monomolecular biosensor
tip is then repeatedly brought into contact with a surface
containing its corresponding receptor. Since both, the teth-
ering of the ligand as well as the measurement itself usually
takes a couple of hours, the lifetime of the ligand can be
limiting for the whole process. The use of DNA aptamers
as a ligand substitute on the AFM tip overcomes this limita-
tion resulting in sensors stable for weeks or even longer.
First approaches using aptamer biosensor tips have shown
their potential in SMFS (16,17) as well as in recognition
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imaging (18). Earlier studies on DNA modified AFM tips
demonstrated the ability to measure single DNA-protein
interaction forces. In particular, Basnar et al. (16) used
thiolated DNA aptamers selective to the fibrinogen binding
site of thrombin at a gold-coated AFM tip and studied the
interaction of these aptamers with thrombin molecules
covalently attached to gold slides. They reported surpris-
ingly low rupture forces for a thrombin-aptamer complex
of ~4.45 pN, which are supposed to correspond to the
melting of G-quadruplexes. However, previous studies in
which the interaction between DNA-fragments and DNA-
binding peptides and proteins was investigated revealed at
least 10 times higher forces (19,20). Bartels et al. (21), for
example, measured rupture forces of 50–165 pN at loading
rates of 70–79 000 pN/s between an AFM tip coupled exp
promoter DNA fragment encoding proteins required for
generation of bacterial exopolysaccarides and its corre-
sponding transcriptional activator protein ExpG. Thus, it
might be that the dense coverage of the aptamers on the
AFM tip causes difficulties in optimal binding to the
thrombin. Therefore, the development of a more efficient
system based on single aptamer modification of the AFM
tip is required.

The sterical design of the AFM aptamer tips plays a crit-
ical role in the stability of the interaction. Using the same
ligand-receptor pair but with an inverted system Yu et al
(22) showed a significantly stronger complex formation
compared to Basnar et al. (16) by sensing a DNA aptamer
functionalized surface with a thrombin tethered on the tip.
The arrangement of Yu (22) avoids sterical problems and
results in optimal conditions for complex formation. Within
this study we show how to overcome the limitations when
using enhanced linker design for aptamer immobilization
design on the sensing tip. So far, mostly the conventional
single-stranded DNA aptamers were used in molecular
recognition studies. It has been shown, that the binding
affinity between aptamers and proteins can be substantially
increased by aptamer dimers formed either by linking two
single-stranded aptamers by ligase (23) or by hybridization
of aptamers supporting parts (24). The new term ‘‘apta-
body’’ has been introduced for aptamer dimers (24). The
potentiality of bivalent binding of aptabodies brings a
substantial advantage, because it can increase the binding
effectivity of the aptamer dimer to the corresponding ligand.
It has been shown that engineered aptamers like multivalent
circular constructs exhibit increased stability against cleav-
age by exonucleases and improved (2–3-fold) anticoagulant
activity in comparison with conventional single-stranded
aptamers (25). In recent experiments we were able to
show that aptamer homodimers selective to the fibrinogen
binding site of thrombin causes a twofold decrease of the
ability of thrombin to cleave fibrinogen (26). Thus, the apta-
body can serve as a more effective anticoagulant in compar-
ison with conventional single-stranded aptamers. Increased
inhibitory activity against HIV-1 reverse transcriptase has
Biophysical Journal 101(7) 1781–1787
also been shown for lately reported bimodular DNA ap-
tamers (27).

Recently, the detailed study of the binding affinity to
thrombin of DNA aptamers of various configurations has
been performed by the thickness shear mode acoustic
method (7) and by electrochemical impedance spectroscopy
(28). In addition to the conventional biotinylated single-
stranded DNA aptamers (BF), those containing a rigid sup-
porting part formed by a short DNA strand complementary
to the BF supporting part (BFA) and aptamer dimers (BFF)
were immobilized onto a surface of quartz crystal by the
neutravidin-biotin binding method (13) or to a surface of
multiwalled carbon nanotubes (28). It has been shown that
BFA aptamers revealed higher affinity to thrombin, whereas
those of BF and BFF were comparable. This has been
explained by improved orientation of BFA aptamers due
to the rigid supporting part. The lower binding affinity of
BFF in comparison with those of BFA has been elucidated
by lower surface concentration of BFF due to bulky sym-
metrical binding sites of the aptamer homodimer. To obtain
more information about the mechanisms of interaction
between the previously mentioned aptamers and thrombin,
we applied SMFS with the optimized immobilization
method allowing attachment of a single molecule at the
AFM tip.
MATERIALS AND METHODS

Thrombin from human plasma and all chemicals were purchased from

Sigma-Aldrich (Schnellendorf, Germany) of the highest purity available.

Acetal polyethylene glycol (PEG) linker as well as aldehyde-PEG-linker

was synthesized in our laboratory (29).

Thrombin aptamers were purchased from Thermo Fisher Scientific (Ulm,

Germany) being composed of the following oligonucleotide sequences:

BFA consists of 50-GGT TGG TGT GGT TGG (A)9(T)18-3
0-BIOTIN (first

strand) and 50-(A)18-30 (second strand), and BFF consists of 50-GGT TGG

TGT GGT TGG (A)9(T)18-3
0-BIOTIN (first strand) and 50-(A)27 GGT TGG

TGT GGT TGG-30 (second strand). The adenine sequence (A)9 in both

strands of BFF is necessary to provide certain conformational freedom

for G-quadruplexes.
Tip functionalization

Silicon nitride tips (MSCT, Veeco Instruments, Dourdan, France) were pre-

cleaned by washing thoroughly in chloroform and drying in a gentle stream

of nitrogen gas immediately before derivatization. The tips were amino-

functionalized using aminopropyltrioxysilane coating according to Ebner

et al. (30). A polyethylene glycol (PEG) linker (either NHS-PEG18-alde-

hyde (31) or NHS-PEG18-acetal (29)) was attached by incubating the tip

for 2 h in 3.3 mg/ml (aldehyde) or 1 mg/ml (acetal) PEG linker in chloro-

form containing 0.5% (v/v) of triethylamine as catalyst. To remove the

excess of unbound linker molecules, the tips were washed three times

with chloroform and dried in a gentle nitrogen gas stream. In case of

NHS-PEG18-acetal the acetal group was inverted into an aldehyde residue

by incubation of the tip in 1% v/v citric acid (10 min) followed by washing

in water (3 � 5 min). Streptavidin was coupled to the aldehyde residue of

the PEG linker by immersing the tips in 0.15 mg/ml streptavidin solution

containing 20 mM NaCNBH3 for 1 h. 10 min before the reaction was

stopped 5 mM ethanolamine were added to saturate free amino groups.
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Afterward, the tips were washed three times in phosphate buffered saline

buffer (150 mM NaCl, 5 mM NaH2PO4, pH ¼ 7.4) and incubated in

1 mM thrombin-aptamer solution (BFA, BFF) for 1 h at room temperature

(RT) (~22�C). Finally, the cantilevers were washed with working buffer

(140 mM NaCl, 5 mM KCl, 1 mM CaCl2 2H2O, 1 mM MgCl2 6H2O,

20 mM TRIS, pH ¼ 7.4) and stored in this buffer at 4�C.
Surface preparation

Thrombin was either directly adhered to freshly cleaved mica or coupled

via ethylene glycol-bis(succinic acid N-hydroxysuccinimide) ester. Using

the latter, aminopropyltrioxysilane-coated mica sheets were incubated in

ethylene glycol-bis(succinic acid N-hydroxysuccinimide) ester (1 mg/ml

chloroform) containing 0.5% (v/v) triethylamine for 2 h and extensively

washed with chloroform in close analogy to Kamruzzahan et al. (32). For

both surface functionalization methods, the thrombin was coupled via incu-

bation of 500 ml 900 nM thrombin solution over night at 4�C until further

use. For a surface with a significantly lower thrombin density, 500 ml of

9 nM thrombin solution was incubated over night at 4�C on a cleaved

mica surface.
AFM measurements

All AFM measurements were performed in a working buffer using a

PicoSPM II setup (Agilent Technologies, Tempe, AZ). Magnetically coated

silicon nitride AFM cantilevers (Type VI MACLevers, Agilent Technolo-

gies) with a nominal spring constant of 0.292 N/m were used for MAC

mode imaging of the thrombin surface. The imaging scan speed was

adjusted to 1 line/s at 512 data points/line.

The interaction between certain thrombin aptamers (BFA, BFF) and

thrombin was studied by SMFS. Force-distance cycles were recorded at

RT using either BFA or BFF functionalized cantilevers (MSCT, Veeco

Instruments,) with 0.01 to 0.03 N/m nominal spring constants in the conven-

tional contact force spectroscopy mode. At a fixed lateral position the modi-

fied cantilever was approached (trace) toward the thrombin surface and

subsequently retracted. The deflection (Dz) of the cantilever from which

the force can be directly calculated according to Hook’s law (f ¼ kDz, k

being the cantilever spring constant) was permanently monitored and

plotted versus tip-surface separation (i.e., distance). Upon trace, the canti-

lever bending remained zero. When the aptamer on the tip had bound to

a thrombin molecule on the surface, an attractive force developed upon

withdrawal causing the cantilever to bend downward. At a critical force,

the unbinding force (fu), the aptamer on the tip was detached from thrombin

and the cantilever jumped back to its neutral position.

Dynamic force spectroscopy measurements in which the loading rate r

being the product of the pulling velocity v times the effective spring

constant keff was varied and provided insights into the energy landscape

of the binding pocket. Thereto, the sweep range was set between 100 and

500 nm with a sweep rate of 0.25–2 Hz, resulting in loading rates from

400 to 40,000 pNs�1. Typically, up to 1000 force-distance cycles were per-

formed for one cantilever carrying a certain thrombin aptamer at a particular

loading rate. The spring constants were determined using the thermal noise

method to gain a valid force value (33,34). For both aptamer molecules

(BFA and BFF) specificity proved experiments were performed by incu-

bating the modified tips with 100 ml 1 mM thrombin for 1–2 h at RT.
Data evaluation

For every individual pulling rate single unbinding events were collected

from force-distance cycles. From such unbinding events the rupture force

and effective spring constant (slope at rupture) were extracted (35). Empir-

ical probability density functions (pdfs) of the rupture forces were con-

structed according to Baumgartner et al. (36), allowing to extract the most
probable unbinding force (fu) (35) as a function of the loading rate r. All force

distributions of BFF and BFAwere fitted against a sum of Gaussians (35):
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mined by multiplying the pulling speed with the mean effective spring
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where kBT is the thermal energy, xb is the width of the prominent energy

barrier from the energy minimum to the energy maximum in the direction

of the pulling force, and koff is the dissociation rate constant. The parameters

xb and koff were extracted by fitting Eq. 2 to the experimental data using

a generalized least square fitting procedure, which accounts for errors in

determining fu and r (39,40). Our fit procedure used Marquardt’s algorithm

(41) to solve this problem. The uncertainties in determining the most

probable unbinding force was calculated by dividing the standard deviation

by the square root of the number of unbinding events and the uncertainties

for the loading rate was the pulling rate times the standard deviation of

the measured effective spring constants. The uncertainties of the estimated

parameters were calculated from the covariance matrix as defined in

Jefferys (39).

The loading rate dependence of the second peak of BFF force distribution

was described by a Markovian binding model (42,43):
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where koff and xb are the above acquired parameters, NB (¼ 2) is the number

of bindings, and F* is the most probable unbinding force.

The kinetic off rate constant for contemporaneous rupture of both BFF

binding sites was determined to be koff ;NB
¼ koff ½

PNB

l¼1ð1=lÞ��1using the

framework of the Markovian binding model (36). All calculations have

been done using MATLAB (The MathWorks, Natick, MA).
RESULTS AND DISCUSSION

Immobilization of thrombin and aptamers

DNA aptamers are expected to have a great potential for
sensing applications (e.g., AFM force spectroscopy). The
sterical conditions for the complex formation are a critical
parameter. To obtain the strongest possible complex forma-
tion a good orientation and optimal adjusted aptamer density
is needed. Different approaches are available to immobilize
an aptamer onto an AFM tip (13). Here, we focused on the
generation of real single molecule biosensing tips in contrast
to previous studies (16,44) where densely packed thiolated
aptamers were used yielding weaker interaction forces as
a result of sterical hindrance. In addition, we tried to opti-
mize the coupling protocol in points of reproducibility and
adaptability. Finally, we want to investigate the ability of
Biophysical Journal 101(7) 1781–1787
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bivalent binding using DNA aptabodies. Tip chemistry
based on silanization and pegylation using heterobifunc-
tional cross-linkers was performed to couple a single
streptavidin molecule to the outer tip apex. This enables an
easy one step binding of all kinds of biotinylated ligands
because streptavidin and biotin are known to form a very
stable complex. This is especially true if the interaction
time exceeds a certain period known to form a tighter inter-
action between streptavidin and biotin (known as streptavi-
din-biotin paradox (45)). In this study, we compared two
kinds of biotinylated aptamers (see Fig. 1 B). BFA (Fig. 1
B, left panel) contains only one thrombin binding sequence
but is equipped with an improved linker part, which is ex-
pected to have an enhanced binding behavior toward
thrombin compared to conventional single-stranded BF
(7,28). As a second type of ligand, BFF (Fig. 1 B, right
panel), a kind of homodimeric double-stranded aptamer,
also called aptabody (24), was used. The structure of BFF
FIGURE 1 Thrombin immobilization. (A) Topographical MAC mode

image of a dense thrombin monolayer. Image size is 2.0 � 2.0 mm2. A

significantly increased indentation force was applied to remove thrombin

molecules from the surface with a square of 500 � 500 nm2. The overlaid

cross-section profiles show a layer height of 2–3 nm. Scale bar length is

500 nm. (B) Schematic representation of thrombin aptamers (BFA and

BFF) sensitive to fibrinogen binding site of thrombin (see Experimental

section).
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is expected to perform bivalent binding. Both biotinylated
aptamers, BFA and BFF were able to form a tight and
long-term stable bond with streptavidin that is tethered to
the AFM tip.

Thrombin has been bound either covalently or via physi-
sorption to a flat solid support of freshly cleaved mica as
described in the Materials and Methods. Although the
immobilization method does not allow a site-directed
coupling, a statistically dense layer can be generated
assuring a sufficient binding probability in SMFS experi-
ments. To prove the quality and density of the thrombin
layer, the surface was imaged in dynamic force mode
(MAC mode) with low forces. After increasing the force
~5-fold a smaller area of 500 � 500 nm was scanned with
lowered feedback gains. Thereby the protein was scratched
away. After increasing the scan area to 1 mm2 a scratched
hole with a lack of thrombin molecules could clearly be
observed (Fig. 1 A). The generated height difference of
2.3 nm reflects the height of the protein layer, which is in
accordance with the expected thrombin height (46).
Single molecule force spectroscopy

In so-called force-distance cycles the cantilever containing
the generated single molecule biosensing tip (Fig. 2 A)
approaches the surface until a preset deflection force is
reached (gray line in Fig. 2 B). In the time of contact the
tip tethered aptamer ligand can form a complex with the
surface bound thrombin. In the retraction period (black
line in Fig. 2 B) a formed ligand-receptor complex becomes
ruptured again due to the increasing pulling force. This is
observable in the force-distance cycles as an additional
(downward) change of the deflection whereby the parabolic
shape is a result of the nonlinear spring constant of the
linker-ligand/receptor complex. The height of the jump to
the resting position directly reflects the unbinding force at
a given force loading rate (as described in detail in Materials
and Methods). As an outcome, the maximum of the
Gaussian peak in the calculated pdf (Fig. 2 C) reflects the
most probable unbinding force with a higher accuracy
compared to a conventional histogram. In the exemplified
pdf in Fig. 2 C the force pdf of a BFF functionalized tip
on a thrombin layer investigated at a loading rate of 1300
pN/s is shown. To distinguish specific aptamer-thrombin
interactions from nonspecific adhesion specificity proof
experiments are required. For this purpose a so-called tip
block experiment was performed. After collecting a set of
force-distance cycles with an active biosensor tip, free
thrombin molecules are added to the measuring cell result-
ing in a tip-aptamer-thrombin complex. The sensing tip is
thereby inactivated so that no specific complex with the
blocked sensor-tip and surface bound thrombin can be
formed. This tip block resulted in a significant decrease of
the binding probability from 33% (solid line in Fig. 2 C)
to 3.8% (dashed line in Fig. 2 C) and thereby positively



FIGURE 2 Single molecule force spectroscopy experiments. (A) The

heterobifunctional cross-linker NHS-PEG18-acetal (or NHS-PEG18-alde-

hyde) was covalently bound to the aminopropyltrioxysilane-coated AFM

tip through its NHS-ester function. Streptavidin was attached to the free

aldehyde residue (after deprotection of the acetal group). Finally, the

biotinylated thrombin-aptamer BFA or BFF was coupled to streptavidin.

(B) Typical force-distance cycle for the specific interaction between

a thrombin-aptamer on the tip and a thrombin molecule on the surface.

The parabolic-like shape of the retrace curve (black line) corresponds to

the dissociation of the bond between thrombin and the BFF aptamer. The

specific unbinding events vanished after blocking the aptamer tip by adding

free thrombin (insert). (C) Typical pdf profile of the most probable

unbinding force observed for BFF in absence (solid line) and presence

(dashed line) of free thrombin. The highest peak of the Gaussian fit for

unblocked condition is found at ~77 pN at a loading rate of 1440 pN/s.

(D) Binding probability of BFA and BFF before and after tip block with

thrombin shown for one representative tip for each aptamer. The number

of unbinding events was quite comparable for BFA and BFF.
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proved the specificity of the interaction. Although the data
shown in Fig. 2, B and C, are only collected from BFF ap-
tamer, it was proven by the same tip block experiments
that all data collected with BFA functionalized tips are
also highly specific (Fig. 2 D).

By varying the pulling velocity the most probable
unbinding forces were measured at different loading rates.
For both ligands, BFA and BFF, the most probable
unbinding force is increased with an increase of the force
loading rate (Fig. 3 A). However, fitting of the force distri-
butions of BFF and BFA against a sum of Gaussians (see
Materials and Methods) revealed a multimodal binding
behavior only in the case of homodimeric BFF (Fig. 3 B).
In particular, two distinct populations of forces (Fig. 3 B,
right panel) with the second one being a roughly doubled
unbinding force were found. The first peak of the BFF force
pdf resulted from single binding of one aptamer binding
epitope (single binding) with thrombin, whereas the second
peak showed the force needed for disrupting the simulta-
neous binding of both aptamer arms (double binding) to
two thrombin molecules. To prove this assumption, we
repeated the experiment with a BFF sensor tip on with
a significantly reduced surface density of thrombin (Fig. 3
C, left) to sterically avoid bivalent bindings. As a result,
the probability of doubled forces was reduced significantly
from 51% on a dense layer to 15% on a layer with low
thrombin density. Thus, these results clearly demonstrated
that the second force peak of the Gaussian distribution orig-
inates from the simultaneous rupture of the two binding
epitops of BFF. To explore the energy landscape of the
receptor-ligand complex the most probable unbinding force
of BFA and BFF was plotted against the logarithm of the
loading rate and fitted according to Eq. 2. For double
binding of BFF the experimentally obtained data were in
good agreement with the expectations of a Markovian
binding model (Eq. 3). In particular, the slopes of the partial
regression lines in the loading rate dependences of the
unbinding forces reflected the energy barrier xb (Fig. 3 A).
The resultant xb values were quite similar for BFA (xb:
1.73 5 0.50 Å) and BFF (xb: 2.21 5 0.88 Å). However,
BFA (koff: 2.84 5 2.55 s�1) dissociated from thrombin
significantly (p-value < 0.05) slower compared to single
epitope binding of BFF (koff: 6.61 5 3.37 s�1), indicating
a more proper fitting compared to homodimeric BFF. The
dissociation rate, koff, of the contemporaneous rupture of
both BFF binding sites determined using the framework
of the Markovian binding model (see Materials and
Methods) (koff: 4.41 5 2.25 s�1) was between the BFA
and single BFF binding. This outcome is in good agreement
with earlier studies on BFA, BFF, and the single-stranded
DNA aptamer BF using the thickness shear mode and elec-
trochemical impedance spectroscopy methods (7,28). Due
to a successful reduction of sterical hindrance, BFF and
BFA show a significantly stronger binding force (up to
20-fold higher) compared to a dense BF functionalized
AFM sensor tip (14). The higher rupture force for BFA
compared to BFF can be explained by the optimized ap-
tamer orientation due to its rigid supporting part. In addi-
tion, BFF measurements showed a second peak in the
force pdf at roughly doubled unbinding forces (Fig. 3 C,
right panel) because BFF is an aptabody build up by two
thrombin binding DNA sequences. This directly proves,
despite certain sterical hindrance, that the second binding
site of aptamer dimer (aptabody) is active and binds to the
adjacent thrombin molecule. These results are also sup-
ported by our recent work on increased anticoagulant
activity of BFF dimers in comparison with conventional
BF aptamers (26). Moreover, the observed values of the
aptamers investigated in this study are nicely comparable
to earlier force spectroscopy studies (xb: 3.2 Å; koff:
2.06 s�1) of Yu et al. (22) working with the same quadru-
plex DNA structure, but with tetra-thymine on the 50 and
the 30 end. There they are used as an inverted alignment
of ligand and receptor avoiding sterical limitation of an
aptamer functionalized tip.
Biophysical Journal 101(7) 1781–1787



FIGURE 3 Dynamic force spectroscopy measurements. (A) Comparison

of the dynamic force spectra of BFA and BFF. The most probable unbinding

forces were plotted against the logarithm of the loading rate. The lowest

forces were found for single binding interaction of BFF (solid green

squares). The forces of stabilized thrombin-aptamer BFA (solid orange

squares) were slightly higher compared to those found for double binding

of BFF (open green triangles). Dynamic force spectroscopy data from

BFA and single binding BFF were fitted against Eq. 2. The solid lines repre-

sent the acquired fit functions, respectively. Double binding BFF data (open

green triangles) were in good agreement with the expectations of

a Markovian binding model (Eq. 3). BFA revealed the lowest value for

dissociation indicating a more proper fitting compared to homodimeric

BFF. (B) Pdfs of the most probable unbinding forces expressed by

a Gaussian fit supplemented with a force histogram for BFA and BFF at

comparable loading rates, i.e., ~8900 pN/s for BFA and 14,800 pN/s for

BFF (pdfs correspond to the circled data points in (A)). The solid line plots

in both panels indicate the pdfs built up by the sum of Gaussian fits over all

forces. The dashed line plots represent the contributions of the single and

double bindings to the distribution fitted by a simple Gaussian function.

A prominent second force peak was only obtained in the case of BFF

(dashed lines). (C) Validation of BFF double binding. The left panel shows

a representative image of a surface with lower thrombin molecule density

that was used to evaluate BFF binding characteristics; scale bar of

300 nm. By applying a higher indentation force the molecules were

removed to the outer edges of the scratching area. BFF double binding,

which was observed with a high probability on a dense thrombin layer

(upper part in right panel), was significantly reduced when single thrombin

molecules were probed (lower part in right panel). The Gaussian fitting
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CONCLUSION

In conclusion, within this study we could clearly demon-
strate a simple but effective strategy to bind biotinylated ap-
tamers to previously PEG-streptavidin functionalized tips in
a one step reaction. Changes in the sterical behavior of the
linker part of the thrombin aptamer increases the aptamer
thrombin complex stability, resulting in a lower koff value.
This allows use of the full potential of DNA aptamers for bi-
osensing techniques such as molecular recognition force
spectroscopy and recognition imaging. In addition, we
demonstrated the high efficiency of bivalent binding of
DNA aptabodies. Because the use of DNA aptamers is
increasing significantly, this outcome will help to enhance
the potential of aptamers and to simplify the characteriza-
tion on the real single molecule level.
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