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Introduction

Aptamers are 20–60-nt single-stranded DNA or RNA mole-
cules isolated from synthetic nucleic acid libraries by in vitro
selection processes to bind to a variety of targets ranging
from metal ions, amino acids, peptides, and proteins to cells
and tissues.[1,2] The development and application of aptam-
ers that specifically recognize protein targets and modulate
their biological functions through binding with their func-
tional domains have attracted particular attention.[3,4] In
comparison with commonly used antibodies, aptamers have
many advantages, including simpler synthesis, easier storage,
faster tissue penetration, easier modification, and wider ap-
plicability. They are emerging as a new class of protein

probes that rival antibodies in both diagnostic and therapeu-
tic applications. For a better understanding of how aptamers
interact with their protein targets, several methods, such as
NMR and fluorescence spectroscopy and X-ray diffraction,
have been used to study the binding mechanism and proper-
ties of aptamer/protein complexes.[4,5]

Recently, we developed a new method of studying the in-
teraction between protein and aptamer by AFM at the
single-molecule level.[6,7] AFM has the capability to measure
the force governing biomolecular recognition under physio-
logical conditions with piconewton (pN) sensitivity.[8–11] The
single-molecule rupture force of immunoglobulin E (IgE)
and its 37-nt DNA aptamer has been obtained and com-
pared with that of IgE and its monoclonal antibody.[6,12] The
results revealed the high affinity of the aptamer toward the
protein, which could match or even surpass that of the anti-
body to the antigen.

Besides the measurement of rupture forces for noncova-
lent ligand–receptor bonds, AFM is also advantageous in of-
fering information on the prominent barriers traversed in
the energy landscape along their force-drive unbinding path-
ways.[13–18] Single-molecule dynamic force spectroscopy has
provided new insight into the complexity of macromolecular
noncovalent interaction. It has been applied to exploring the
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energy landscape of intermolecular bonds for small-mole-
cule ligand/protein,[13–16] antibody/antigen,[17] and other
ligand/receptor pairs.[18] Herein, we report the first attempt
at studying the energy landscape of aptamer/protein com-
plexes. The rupture forces of three aptamer/protein com-
plexes (two IgE aptamer/IgE complexes and one thrombin
aptamer/thrombin complex) were measured under different
AFM loading rates. The dynamic force spectra of the apta-
mer/protein complexes were compared with those of the an-
tibody/protein complexes. The results show that the unbind-
ing of the aptamer/protein complex undergoes multiple tran-
sition states and overcomes two activation barriers before
final separation. On the contrary, the unbinding of the anti-
body/protein complex has only one activation barrier in the
same loading-rate range. The results provide new informa-
tion for the understanding of the protein-binding nature of
aptamers.

Results and Discussion

Direct Single-molecular Force Measurement of IgE with Its
Two Aptamers

First, we carried out direct measurement of single-molecule
rupture force of the aptamer/IgE complex. The experiment
was performed with IgE-modified AFM tips and DNA apta-
mer modified silicon substrates (Figure 1).[6,7] The protein
was coupled to the AFM tip through a 20–40-nm long poly-
(ethylene glycol) (PEG) cross-linker to differentiate specific
from nonspecific force.[19–21] The low density of the immobi-
lized protein was used to ensure that only one aptamer/pro-
tein pair formed in the contact area of the tip and substrate.
Thus, rupture forces from single aptamer/protein pairs were
obtained. As shown in the typical force–distance curves in
Figure 2a, the randomly appearing first peaks were caused

by the nonspecific force between the tip and substrate,
whereas the second peaks, which appeared about 20–40 nm
away from the separation of the tip and substrate, represent
the specific force between the protein and aptamer.[8,21]

After injection of the solution of free protein ([IgE]=
5 mgmL�1) or free aptamer (1J10�7 molL�1) into the AFM
liquid cell, the first peaks did not change much, but the
second peaks disappeared (Figure 2b). This confirmed that
the second peaks were caused by the specific interaction of
the aptamer and protein; thus, they were counted for further
analysis.

The statistical distribution of the force values for IgE and
its 37-nt aptamer, AP1, is plotted in Figure 2c. The single-
molecular rupture force of AP1/IgE was determined to be
(104�0.6) pN at a loading rate of 1.9J105 pNs�1. The aver-
age rupture force of AP1/IgE from three independent ex-
periments was (103.8�2.5) pN. This value is lower than
what we reported before ((160�29) pN at a similar loading
rate).[6] In the previous work, the single-molecule force was
derived indirectly by Poisson statistical methods from the
measurement of the total forces of several pairs of aptamer/
protein molecules. Besides the difference in experimental
method, the uncalibrated spring constants of the tips used in
the previous work may also contribute to the difference in
the value of the single-molecule force.

We also measured the force between IgE and another 29-
nt IgE aptamer, AP2, which has a shorter sequence. The dis-
sociation constant of AP2/IgE (Kd=82 nm) is higher than
that of AP1/IgE (Kd=10 nm).[12] Figure 2d displays the force
histogram obtained by the same IgE-modified AFM tip and
AP2-modified substrate. Although the binding probability
of AP2/IgE was about the same as that of AP1/IgE
ACHTUNGTRENNUNG(�20%), the single-molecule rupture force of AP2/IgE was
lower (peak value at (98.9�0.9) pN in Figure 2d, average
single-molecule force was (96.5�2.1) pN at 1.9J105 pNs�1).
With a higher dissociation constant, AP2 should have a
weaker binding capability with IgE. As the single-molecule
forces of AP1/IgE and AP2/IgE were measured under the
same experimental conditions except for the different apta-
mer-modified substrates, the results show a lower rupture
force for the weaker binding of the aptamer/IgE complex.

Dependence of Single-Molecule Force between IgE and
Aptamer on Loading Rate

It is known that for a noncovalent bond, its strength and
lifetime measured by AFM are dynamic properties. They
are dependent on the force loading rate, which is deter-

Figure 1. Schematic structures of the samples immobilized on the AFM
tip and substrate.
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mined by the product of the cantilever force constant and
tip retraction velocity applied during the rupturing of a
bond.[22–25]

According to the Bell model,[26] if a force F is applied in
the direction favoring the unbinding of the aptamer/protein
complex, the activation energy for complex dissociation will
decrease and the dissociation off-rate will increase according
to Equations (1) and (2):

DE 6¼ðFÞ ¼ DE 6¼ �cb � F ð1Þ

koffðFÞ ¼ koffð0Þ � eF�xb=kBT ð2Þ

where DE¼6 and koffð0Þ are the activation energy and off-rate
constant of the aptamer/protein complex in the absence of
force, and DE¼6 (F) and koffðFÞ are the corresponding varia-
bles in the presence of applied force. cb is the difference in
separation of the ligand and receptor between the bound
and transition states along the direction of the applied force,
kB is the Boltzmann constant, and T is the absolute tempera-
ture. Therefore, if the pulling force is assumed to increase at
a constant rate r, the most-probable unbinding force F is
given by [Eq. (3)]:[22–25]

F ¼ kBT
cb

� ln
rcb

koffð0ÞkBT

� �
¼ kBT

cb
� ln r þ kBT

cb
� ln

cb
koffð0ÞkBT

� �

ð3Þ

Equation (3) predicts a linear relationship between the in-
dividual unbinding force F and ln r. From the slope and the
intercept in the plot of F versus ln r, information on the dis-
sociation of the complex (Bell model parameters), such as
cb, koff, and the binding lifetime t (=1/koff), can be derived.

We performed the dynamic force measurement for the
aptamer/protein complex at different loading rates of 1.2J
104–1.7J106 pNs�1. At each loading rate, the single-mole-
cule force was obtained by Gaussian fit of force histograms
from three independent experiments. The dynamic force
spectra of AP1/IgE and AP2/IgE are shown in Figure 3a.
With increasing loading rate, the rupture force of the apta-
mer/protein complex displayed an initial gradual increase
followed by a more-rapid increase at higher loading rates.
The two distinct linear regions indicate that the dissociation
of the aptamer/protein complex passed through at least two
energy barriers and two transition states.[15] As shown in
Table 1, the higher-force region (loading-rate range of 3.8J
105–1.7J106 pNs�1) defined the inner energy barriers at
0.91 M for AP1/IgE and 1.09 M for AP2/IgE. Their off-rate
constants and bond-survival times extrapolated to zero force
were 607 s�1 and 0.0016 s and 577 s�1 and 0.0017 s, respec-
tively. The lower-force region (loading-rate range of 1.2J
104–3.8J105 pNs�1) mapped the outer energy barriers at
2.54 M for AP1/IgE and 2.78 M for AP2/IgE. Their off-rate
constants and bond-survival times extrapolated to zero force
were 16.36 s�1 and 0.061 s and 18.92 s�1 and 0.053 s, respec-
tively.

According to transition-state theory, the dissociation rate
constant is a function of the activation energy DE
[Eq. (4)]:[13,15]

Figure 2. a) and b) Typical force–distance curves with IgE-modified AFM
tip and AP1-modified substrates (a) and after a solution of free IgE was
injected into the fluid cell to block the specific binding of AP1/IgE (b).
c) and d) Histograms of the single-molecule rupture forces of AP1/IgE
(c) and AP2/IgE (d) at a loading rate 1.9J105 pNs�1. &=experimental
data, c=Gaussian fit curve.
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koff / e
�DE
kBT ð4Þ

Therefore, the differences in activation energy (DDE=

DE ACHTUNGTRENNUNG(AP2)�DE ACHTUNGTRENNUNG(AP1)) of the two analogous systems, AP2/
IgE and AP1/IgE, can be derived by Equations (5)and (6):

koffðAP2Þ=koffðAP1Þ ¼ e
�DDE
kBT ð5Þ

DDE ¼ �kBT � lnðkoffðAP2Þ=koffðAP1ÞÞ ð6Þ

Thus, we calculated that the difference in energy barrier
between AP2/IgE and AP1/IgE is 0.051kBT for the inner
and �0.145kBT for the outer barrier. It is expected that the
lowering of the outer activation-energy barrier contributed
to the weaker IgE binding capability of AP2 relative to
AP1.

Dependence of Single-Molecule Force between IgE and Its
Antibody on Loading Rate

We were interested in probing the energy landscape of anti-
body/IgE unbinding with protein-modified tips and anti-
body-modified substrates under the same experimental con-
ditions. At each loading rate, the measured single-molecule
force of the antibody/IgE complex was smaller than that of
AP1/IgE, thus confirming the weaker affinity of the anti-
body/IgE complex as we previously reported.[6] Moreover,
there was a significant difference in the dependence of the
single-molecule force on loading rate between the antibody/
IgE and aptamer/IgE complexes. In the whole loading-rate
range, there was only one linear region in the plot of F
versus ln r (Figure 3b), which suggests the presence of one
activation barrier at 3.60 M along the reaction coordinate.
The dissociation rate constant and bond lifetime at zero
pulling force were calculated to be 46.1 s�1 and 0.022 s, re-
spectively (Table 1). These results indicate that the unbind-
ing process and dissociation behavior of the aptamer/protein
and antibody/protein complexes were different in the load-
ing-rate range studied.

Energy Landscapes of Aptamer/a-Thrombin and
Antibody/a-Thrombin Complexes

To examine if other aptamer/protein complexes have the
same characteristics in their energy landscapes, we studied
the unbinding dynamics of another aptamer/protein pair,
aptamer/a-thrombin, as well as antibody/a-thrombin in the
same loading-rate range.[27] Figure 4 shows that the plot of

Table 1. Bell model parameters from F versus ln r.

Ligand/Receptor Loading-rate
range [pNs�1]

cb
[M]

koff

ACHTUNGTRENNUNG[s�1]
t

[s]
DDE[a]

ACHTUNGTRENNUNG[kBT]

AP1/IgE 1.2J104–3.8J105 2.54 16.36 0.061
3.8J105–1.7J106 0.91 607 0.0016

AP2/IgE 1.2J104–3.8J105 2.78 18.92 0.053 �0.145
3.8J105–1.7J106 1.09 577 0.0017 0.051

antibody/IgE 1.2J104–1.7J106 3.60 46.1 0.022
aptamer/a-thrombin 1.2J104–2.0J105 3.20 2.06 0.49

2.0J105–1.7J106 0.67 517 0.0020
antibody/a-thrombin 1.2J104–1.7J106 2.51 8.57 0.12

[a] Relative to the AP1/IgE binding energy.

Figure 4. Most-probable individual rupture force of a) aptamer/a-throm-
bin and b) antibody/a-thrombin at different loading rates. Data are
shown as the mean and standard errors from three independent experi-
ments.

Figure 3. Most-probable individual rupture force (determined by a Gaus-
sian fit of force distribution such as that in Figure 2c or d) of a) AP1/IgE
and AP2/IgE and b) antibody/IgE at different loading rates. Data are
shown as the mean and standard errors from three independent experi-
ments.
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single-molecular force of aptamer/a-thrombin versus ln r
consists of two linear regions, but that of antibody/a-throm-
bin has only one. The Bell model parameters for both apta-
mer/a-thrombin and antibody/a-thrombin complexes are
listed in Table 1. As with AP1/IgE and AP2/IgE, the un-
binding of the aptamer/a-thrombin complex is not a simple
process from the bound state to the dissociated state, but
has one intermediate state and two activation barriers. How-
ever, the unbinding of the antibody/a-thrombin complex
only passes through one activation barrier from the bound
to the dissociated state.

In previous studies of the energy landscapes of protein
complexes, it was found that the unbinding of protein with a
small-molecule ligand, such as biotin/streptavidin and biotin/
avidin, usually contains two activation barriers, whereas
some antibody/antigen complexes have one.[13–18] On the
basis of the results from our three aptamer/protein com-
plexes, we suggest that the aptamer/protein complex may
undergo the unbinding process with more than one activa-
tion barrier, similar to proteins with a small-molecule
ligand. As the binding mechanism of the aptamer/protein
complex is largely unknown, whether this is a general rule
for aptamer/protein complexes, as well as the origin of the
activation barriers, remain a question. However, our results
demonstrate that in contrast to antibodies, the natural pro-
tein probes, man-made probe aptamers have different bind-
ing properties and dissociation pathways with their target
proteins.

Conclusions

We have measured individual rupture forces of three apta-
mer/protein complexes, AP1/IgE, AP2/IgE, and aptamer/a-
thrombin, under different loading rates. On the basis of the
experimental results, we propose that the unbinding of apta-
mer/protein complexes is not a direct process, but has at
least one intermediate state with two activation barriers to
overcome. In contrast, the dynamic force spectra of the cor-
responding antibody/protein complexes obtained under the
same loading-rate range as the aptamer/protein complexes
showed only one activation barrier for the unbinding pro-
cess. This indicates that although both aptamers and anti-
bodies can bind to proteins with high affinity and specificity,
the aptamer/protein complex undergoes a different dissocia-
tion process from the antibody/antigen complex.

Experimental Section

Materials

IgE, purified from human plasma, was purchased from Athens Research
& Technology Inc. (Athens, GA, USA). Antihuman IgE (e-chain specif-
ic), developed in goat-fractionated antiserum, was obtained from Sigma
(St. Louis, MO, USA). Human a-thrombin and anti-thrombin antibody
were purchased from Haematologic Technologies Inc. (Essex Junction,
VT, USA). Amine-modified IgE aptamer 1 (AP1; 5’-NH2-GGGGC
ACGTT TATCC GTCCC TCCTA GTGGC GTGCCCC-3’), amine-

modified IgE aptamer 2 (AP2; 5’-NH2-CACGT TTATC CGTCC CTCCT
AGTGG CGTG-3’), and amine-modified a-thrombin DNA aptamer (5’-
NH2-TTTTG GTTGG TGTGG TTGGTTT-3’) were all synthesized from
SBS Genetech Co. Ltd. (Beijing, China). w-N-hydroxysuccinimide ester–
poly(ethylene glycol)–a-maleimide (MW 3400) (NHS-PEG-MAL) was
obtained from Nektar Therapeutics (Huntsville, AL, USA). (3-Mercapto-
propyl)trimethoxysilane (MPTMS), 3-aminopropyltriethoxysilane
(APTES), and toluene (99.99%, HPLC grade) were obtained from
ACRO (USA). Other reagents used in all experiments were of analytical
grade. Milli-Q-purified water (18.2 MW) was used for all experiments.

Preparation and Modification of Silicon Substrates and AFM Tips

According to the previously reported procedures,[6] single-crystal silicon
wafers were cut into 1.5 cmJ1.5 cm squares and cleaned. The cleaned
wafers were transferred to a solution of APTES (1.0% v/v) in toluene
and incubated for 2 h at room temperature. The unbound silanes were
then washed away by extensive rinsing with toluene. The silanized wafers
were activated by incubation in a solution of glutaraldehyde (0.1% v/v)
in phosphate-buffered saline (PBS) buffer (10 mm Na2HPO4, 1.8 mm

KH2PO4, 2.7 mm KCl, 140 mm NaCl, pH 7.4) for the IgE system or Tris/
HCl buffer (20 mm Tris-HCl buffer with 140 mm NaCl, 5 mm KCl, 1 mm

CaCl2, 1 mm MgCl2, pH 7.4) for the a-thrombin system for 0.5 h at room
temperature and then rinsed with buffer. The activated wafers were im-
mersed in the solution of aptamer (1.0J10�7

m in buffer) at 4 8C for 10 h
or the solution of antibody (5 mgmL�1 in buffer) at 4 8C for 1 h to couple
the aptamer or antibody to the substrates.

Silicon nitride AFM tips (type: NP, Veeco, Santa Barbara, CA, USA)
were used in the experiments. The spring constants of the tips, calibrated
by the thermal fluctuation method,[28] fell in the range 0.040–0.065 Nm�1.
The tip-cleaning procedure was the same as that previously reported.[6]

The cleaned tips were transferred to a solution of MPTMS (1.0% v/v) in
toluene, incubated for 2 h at room temperature, and then rinsed thor-
oughly with toluene to remove any unbound silane. The silanized tips
were activated by incubation in NHS-PEG-MAL (1 mgmL�1) in dimeth-
yl sulfoxide for 3 h at room temperature,[29] and then rinsed extensively
with dimethyl sulfoxide to remove any unbound NHS-PEG-MAL. The
activated tips were immersed in a solution of protein (5 mgmL�1 IgE in
PBS buffer or 2 mgmL�1 a-thrombin in Tris/HCl buffer) and incubated at
room temperature for 0.5 h. After they were rinsed with buffer, the func-
tionalized tips were stored in the buffer at 4 8C until use.

AFM Force Spectroscopy Measurements

A Nano Scope IV atomic force microscope (Veeco, Santa Barbara, CA)
was used to carry out force measurements in a liquid cell filled with
freshly prepared buffer (PBS buffer for the IgE system and Tris/HCl
buffer for the a-thrombin system). Force measurements were performed
with protein-functionalized tips and aptamer- or antibody-modified sili-
con wafers. In the loading-rate-dependent force measurements, the load-
ing rate (pNs�1) was determined by multiplying the cantilever retraction
rate (nms�1) with the cantilever spring constant (pNnm�1), and loading
rates ranging from 1.20J104 to 1.7J106 pNs�1 were achieved by changing
the cantilever velocity.[8, 18, 21] The ramp delay was set to 500 ms. Force–dis-
tance curves were recorded and analyzed with the Nanoscope 5.30b4 soft-
ware (Veeco, Santa Barbara, CA). For each measurement, about 200
force values were used to construct a force histogram. The most-probable
single-molecular interaction force was determined by fitting a Gaussian
distribution to the force histogram.
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