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Single-molecule force spectroscopy: a method for 
quantitative analysis of ligand–receptor interactions

The investigation of the kinetics of ligand–
receptor complexes is usually carried out in 
ensemble methods such as surface plasmon 
resonance (SPR). However, this technique is 
inaccurate for very low-affinity interactions [1], 
and is also unable to identify different binding 
modes of subpopulations and multivalent energy 
landscapes. With the advent of mechanical and 
optical single-molecule technologies, several 
techniques are available to manipulate and 
characterize biomolecules on the level of indi-
vidual molecules (for reviews about the different 
techniques see [2–4]). Among these methods, the 
most prominent mechanical approach for the 
analysis of ligand–receptor interactions is based 
on atomic force microscopy (AFM) [5]. 

In an atomic force microscope, a tiny tip 
attached to a microfabricated cantilever can be 
moved in three dimensions with subnanometer 
accuracy. The tip is brought near the surface of 
the sample of interest and forces acting on the 
tip cause the cantilever to bend. To measure the 
forces, a laser beam is aimed at the top of the 
cantilever and reflected onto a photodiode [6]. 
When the cantilever bends, the beam is deflected 
and the signal from the photodetector changes 
accordingly. Calibrating the system facilitates 
pN-resolution measurements (Figure 1A) [7]. 

By attaching molecules of one kind to the 
AFM tip and another kind to the surface probed 
by the tip, the molecular binding forces of inter-
est can be quantified. In single-molecule force 
spectroscopy (SMFS) experiments, the binding 
partners are immobilized on the tip and surface, 

respectively, and the force acting on the tip is 
measured as it is cycled up and down relative 
to the surface. At the time the tip is close or in 
contact with the surface, the interacting partners 
can bind; retracting the tip increases the force 
acting on the complex, until the molecules dis-
sociate (Figure 1B). The small radius of the AFM 
tip (~10 nm) and a careful covalent immobi-
lization of the binding partners in very low 
surface densities make it possible to restrict the 
interactions to single molecules. Furthermore, 
the immobilization protocol must prevent 
receptor clustering. 

Beginning with the pioneering work on 
complementary DNA strands [8], biotin–strep-
tavidin [9,10] and cell adhesion proteoglycans [11], 
this method has been applied to a wide range of 
interactions: from complex biological ones such 
as antibody–antigen [12–14], protein–nucleic 
acid [15–19], quadruplex nucleic acids [20], enzyme–
inhibitor [21] and cell adhesion molecules [22–24], 
to synthetic biology [25] and supramolecular 
examples [26]. The results of these experiments 
demonstrate that the technique can be applied 
to ligand–receptor interactions with dissociation 
constants, K

D
, ranging from fM to µM with 

point mutant sensitivity. Several publications 
demonstrated the potential of this technique 
for affinity ranking applications [14,25,27]. With 
SMFS, the rate of dissociation, k

off
, can be deter-

mined without the influence of rebinding events. 
Furthermore, parameters related to the binding 
potential are accessible, yielding information 
about the molecular binding mechanisms. 

The quantitative analysis of molecular interactions is of high interest in medical research. Most methods 
for the investigation of ligand–receptor complexes deal with huge ensembles of biomolecules, but often 
neglect interactions with low affinity or small subpopulations with different binding properties. Single-
molecule force spectroscopy offers fascinating possibilities for the quantitative analysis of ligand–receptor 
interactions in a wide affinity range and the sensitivity to detect point mutations. Furthermore, this 
technique allows one to address questions about the related binding energy landscape. In this article, we 
introduce single-molecule force spectroscopy with a focus on novel developments in both data analysis 
and theoretical models for the technique. We also demonstrate two examples of the capabilities of 
this method.
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Single-molecule force 
spectroscopy experiments
The immobilization of the ligand and receptor 
molecules on the AFM tip and sample surface, 
respectively, are crucial for the success of the 
experiments. Among the research groups per-
forming these experiments, it is standard to use 
covalent chemistry to attach the molecules [28]. 
This ensures that the only rupture events mea-
sured are those between the receptor and the 
ligand, by allowing events only within the length 
range of the used linkers for the statistical ana
lysis. Another important general rule is to attach 
the molecules to the tip and surface, respec-
tively, using linker molecules, such as hetero
bifunctional poly(ethylene) glycols (PEG) with 
lengths between 10 and 40 nm. A typical immo-
bilization set-up can be seen in Figure 2. Attaching 
each binding partner to the tip or surface with 
flexible linkers is crucial for three reasons: it 
enables the molecules to rotate freely and, thus, 
makes the binding site accessible; it increases the 
distance between the tip and surface and, thus, 
mitigates direct tip–surface interactions such as 

electrostatics, which would otherwise influence 
the ligand–receptor rupture force; and it enables 
the discrimination of single-molecule events. 

In force spectroscopy experiments, the can-
tilever is cycled down to the surface and then 
retracted. If the binding partners build a complex 
when the cantilever is cycled down, the cantile-
ver bends towards the surface during retraction 
after the tip leaves the surface. The molecules are 
stretched, and the force acting on the complex 
increases until the bond between the ligand and 
receptor breaks and the cantilever jumps back 
to normal position. Figure 1B shows three typical 
force–distance curves (only the retracting part is 
shown) using different linker lengths observed 
in SMFS experiments. Curve 1 is acquired in an 
experiment using approximately 30‑nm linkers 
on both ligand and receptor. This is an exam-
ple of a curve that can be assumed to show the 
unbinding of a single ligand–receptor pair: there 
is only one rupture at a distance corresponding 
to the length of the two linkers. However, many 
curves observed in SMFS are difficult to analyze, 
such as 2 and 3. Curve 2 shows a double rupture 
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Figure 1. Typical single-molecule force spectroscopy set-up and typical force–distance 
curves. (A) Typical single-molecule force spectroscopy set-up. The atomic force microscopy tip can 
be moved relative to the surface with sub-nanometer precision, while forces in the pico–micro 
Newton range can be determined by the deflection of the cantilever. The molecules are immobilized 
via a linker on the tip and surface, respectively. (B) Typical force distance curves (only the retracting 
part) showing rupture and adhesion events. (1) A typical specific rupture force event of molecules 
connected via two 30‑nm poly(ethylene) glycol linkers. After accounting for the movement of the 
cantilever due to the bending, the rupture length is 58 nm. (2) A double rupture event. Although this 
last event might be a single-molecule event, it should not be counted for single-molecule analysis, 
since the distance-dependent force is not known and cannot be reconstructed. (3) A system with a 
30‑nm linker on the cantilever and a 2‑nm linker on the surface.
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event. Such events occur when two molecules 
are pulled simultaneously. Although the second 
rupture event on the curve might correspond to 
the dissociation of a single complex, these data are 
critical because the force–extension characteristic 
is altered by the first rupture event. In curve 3, a 
ligand is attached to the tip via a 30‑nm linker, 
while the receptor is immobilized on the sample 
surface by a linker only 2 nm long. The curve 
shows high adhesion (direct tip–surface interac-
tion), which commonly occurs in SMFS experi-
ments. Adhesion also alters the force–extension 
characteristic and, thus, these data cannot be ana-
lyzed in accordance with the theoretical models 
(see later). These examples demonstrate that link-
ers are crucial for successful SMFS experiments.

In order to gain quantitative information 
about the dissociation rate, it is necessary to 
vary the loading rate by varying the pulling velo
city [29]. At very low pulling velocities, the ther-
mal drift of the cantilever causes deviations in 
the determination of the forces, while at higher 
pulling velocities the hydrodynamic drag of 
the cantilever and increased noise causes devia-
tions. Recommended pulling speeds should not 
exceed a few µm/s for standard sized cantilevers, 
otherwise the deviation of the deflection is too 
high and would require a correction in the ana
lysis [30]. Instead of probing the sample with con-
stant pulling velocities, it is possible to estimate 
the rate of dissociation and the reaction length 
by probing with constant pulling forces (after a 
certain trigger force is reached) [31]. However, 
this is not a common approach for AFM-based 
receptor–ligand experiments. 

The robust detection and characterization 
of rupture events in the acquired force distance 
curves is still challenging. There are few reports 
that describe how (semi-)automatic software can 
detect such events [32–34]. Other software focuses 
mainly on the detection and characterization of 
protein unfolding events or multiple ruptures in 
general [35–37]. 

Theory behind single-molecule 
force spectroscopy
The analysis and interpretation of the acquired 
force–distance curves is still challenging. 
Information regarding the strength of the 
molecular bond can be quantified in terms of 
the dissociation rate k

off
 and the reaction length 

x
b
 (i.e., the distance between potential minimum 

and maximum along the direction of pulling). 
In a breakthrough paper [29], Evans and Ritchie 
pioneered an analysis method based on a model 
by Bell [38]. The main idea is that the applied 

Figure 2. Single-molecule force spectroscopy on antibody–antigen 
interactions. (A) Experimental set-up of [53]. The antibody fragments are 
immobilized onto an amino-functionalized glass slide using a heterobifunctional PEG 
linker. The same procedure is used to immobilize the short antigen peptides on the 
cantilever. N, M and C correspond to different linker attachment configurations. In N, 
a cysteine and three glycine residues were attached to the N-terminus of the peptide. 
In M, alanine on position 8 of the peptide sequence was exchanged for cysteine. In C, 
three glycine residues followed by a cysteine were attached to the C-terminus of the 
peptide. While these changes do not affect the equilibrium dissociation rates (i.e., 
without external force), they change the direction of pulling. (B) The most probable 
rupture force plotted (semi-logarithmically) against the corresponding loading rate for 
all three configurations of N, M and C. By using the standard theory (see theory 
section) one can gain the corresponding reaction length from the slope of the fitted 
line and the dissociation rate from the intersection of the fitted line with the y-axis.  
NHS: N-hydroxysuccinimide; PEG: Poly(ethylene) glycol.
Adapted from [53] with permission from Elsevier © (2008).
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external force lowers the free activation barrier, 
increasing the probability for a thermally acti-
vated dissociation and, therefore, the dissociation 
rate of the complex. Figure 3A is an example of an 
energy landscape and its change under a constant 
external force. Evans and Ritchie assume a piece-
wise linear potential (Figure 3B, solid line) and a 
constant loading rate (i.e., pulling velocity × slope 
of rupture curve) at each pulling velocity. The 
result is a convenient method to calculate k

off
 and 

x
b
. This consists of obtaining the most probable 

rupture force for various pulling velocities, plot-
ting them on a semilogarithmic scale against the 
loading rate and fitting a straight line to the data 
points (Figure 2). The reaction length and the ther-
mal off-rate can then be inferred from the slope 
and the axis intercept. In this article, this will be 
referred to as ‘the standard model’. 

The standard model fails to explain some 
of the experimental data acquired in recent 
years. Several of the model’s assumptions are 
challenged by the data. One such assumption 
is that the loading rate is constant with respect 
to pulling velocity. Since most commonly used 
linker molecules show a nonlinear force–exten-
sion characteristic and might also have a signifi-
cant distribution in length, the model requires 
a correction [34,39–41]. This correction improves 
predictions of k

off
 by a factor of up to 8 [39]. The 

standard model also implies that the natural log-
arithm of the survival probability of the bonds, 
n(f

v
), is inversely proportional to the pulling 

velocity v, such that -v × ln(n(f
v
)) is indepen-

dent of v [42]. This means that in a plot such as 
Figure 4B all points should be independent from 
the pulling velocity v (i.e., should collapse to a 
single master curve). To the authors’ best knowl-
edge, there is no SMFS ligand–receptor experi-
ment validating this prediction; in fact, experi-
ments rather invalidate it [42,43]. Furthermore, 
the model does not accurately describe the width 
of the experimental force histograms: the dis-
tribution of the data is much wider than the 
theoretical model predicts (Figure 4A). 

Hypotheses have been proposed to explain 
the deviations between standard model predic-
tions and experimental results. One possibility 
is that the incorrect analysis of multiple rup-
ture events mistakenly identified as single rup-
ture events significantly distorts experimental 
results. This explanation is partly confirmed in 
detailed investigations of the influence of multi-
ple rupture events [44,45]. Nevertheless, due to the 
experimental set-up it could not be shown clearly 
that multiple rupture events are the main rea-
son for the deviation from the standard theory. 

Figure 3. Potential barriers under the influence of external force, as 
assumed by the various theoretical models. The potential barriers are 
aligned at the potential minima. Thus, (A, C & D) appear to be shifted to the left 
under the external force. (A) Shape of an example potential (solid line) under 
influence of externally applied force (wide dashed red line). The resulting 
potential is tilted and shows a lower potential barrier (dashed line). (B) Shows 
the standard model (solid line) and heterogenous bond model (dashed line) 
under the influence of an external force. The potential barrier without external 
force is not shown. In the standard model by Evans and Ritchie the potential 
barrier is assumed to be linear (solid line). In this model, the external force lowers 
the energy barrier but does not affect the reaction length. This would correspond 
to n = 1. The potential barrier in the heterogeneous bond model (dashed lines) 
has a Gaussian-distributed reaction length. The external force does not affect the 
mean value of this length. (C) Cusp model of the potential, corresponding to 
n = 1/2 (solid line). The external force lowers the potential wall and shifts it to 
smaller values (dashed line). (D) Cubic model corresponding to a factor 
n = 2/3.
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Interestingly, investigations of the high force 
regime (>200 pN) indicate that multiple rup-
tures can be distinguished from single ruptures 
in this regime, due to significant differences in 
their force–extension characteristics [46]. 

Another hypothesis, termed the ‘hetero
geneity of chemical bonds’ model, attributes the 
variations in the measured dissociation rate to a 
number of physical fluctuations. Among these 
fluctuations are changes in the local chemical 
environment, the orientation and structure of 
the molecules, multiple rupture events and non-
specific binding, all of which may give rise to 
variations in the reaction lengths (x

b
) (compare 

Figure 3B, small dashed lines) [47]. Variations in 
experimental measurements of x

b
 are in good 

agreement with this model, especially after 

an enhanced force curve analysis method 
(Figure 4) [34]. It should be noted that due to the 
rather small number of events at the lower pull-
ing velocities (especially at 200 nm/s), deviations 
due to random fluctuations increase. 

The previously mentioned models rely on 
Bell’s assumption that the (mean) reaction 
length does not depend on the external force. But 
for each realistic potential this is only true for 
small forces. In general, the distance between the 
potential minimum and maximum, and hence 
the dissociation length, decreases with increas-
ing force (Figure 3). In more realistic models this 
effect should be taken into account. However, 
since the shape of the potential is crucial for this 
force–reaction length dependence, but on the 
other hand unknown, assumptions about the 

0.02

0.015

0.01

0.005

0

v = 1000.0 nm/s

v = 200.0 nm/s [64]

[82]

[92]

p
(f

) 
(p

N
-1
)

0.02

0.015

0.01

0.005

0

p
(f

) 
(p

N
-1
)

0.02

0.015

0.01

0.005

0

p
(f

) 
(p

N
-1
)

0 50 100 150 200

Force f (pN)

0 50 100 150 200

Force f (pN)

0 50 100 150 200

Force f (pN)

v = 3000.0 nm/s

104

103

102

101

50 100 150 200 250

Force f (pN)

-v
 In

 n
v(

f)
 (

n
m

/s
)

500 nm/s
3000 nm/s
2000 nm/s
1000 nm/s
500 nm/s
200 nm/s

Figure 4. Analysis of single-molecule force spectroscopy data. (A) Rupture force histograms of selected pulling velocities of 
DNA–protein interactions from [15]. The number of rupture forces is indicated in brackets. Solid lines: maximum likelihood fit for the 
heterogeneous bond model. Dashed lines: theoretical distributions for the standard model rescaled by a factor of one-third.  
The distributions have been calculated by using the standard method. (B) The functions -v × ln(n(f

v
)) of the experimental rupture force 

data [15] for all pulling velocities. Each point corresponds to one observed rupture event. Solid lines: theoretical functions -v × ln(n(f
v
)) for 

the heterogeneous bond model.  
Adapted from [34] with permission from the American Physical Society © (2008).
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shape have to be made [48]. For potential barriers 
high enough under external force that Kramer’s 
theory is still applicable (this is a crucial assump-
tion of the model that cannot be checked), the 
force-dependent dissociation rate can be written 
in terms of x

b
, k

off
, a fixed exponent n and an 

additional fit parameter (i.e., the free activation 
barrier height). This model will be referred to as 
the ‘extended Bell model’. The exponent n ������deter-
mines the shape of the potential barrier and its 
behavior under the influence of an external force 
(Figure 3C & 3D). n cannot be used as a fit param-
eter but significantly influences the estimated 
free activation barrier height. Thus, one will be 
unsure about the true shape of the energy barrier. 
It should be mentioned that this extended Bell 
model also implies the collapse of all data points 
in the plot of Figure 4 to a single curve, such that 
-v × ln(n(f

v
)) is independent of v.

The works discussed mainly focus on the the-
ory of SMFS experiments. Researchers are left 
with the problem of how best to extract quantita-
tive results from the acquired data. Accordingly, 
there are several works that focus on methods 
of finding the parameters relevant to the vari-
ous models [31,39,49,50]. Getfert et al. came to the 
conclusion that a maximum likelihood estimate 
yields significant improvements, regardless of 
which model is used [51]. The advantage is that 
the estimation of the model parameters is much 
more accurate. Furthermore, fitting the single 
rupture forces instead of analyzing the gained 
rupture force distributions (histograms), allows 
one to check that the theoretical composed dis-
tributions, which are based on the extracted 
parameters in the maximum likelihood estimate, 
are consistent with the force distributions of the 
experimental data. A very important finding con-
cerning the choice of the right theoretical model 
and estimation method was made by the same 
group in [50]; the statistical uncertainties of the 
maximum likelihood fit are much smaller than 
the systematic error generated in models where 
the consistency check mentioned previously fails. 

Exemplary experiments
Antibodies are of great medical interest with 
respect to diagnostic and therapeutic applications. 
In recent years, several groups have investigated 
antibody–antigen interactions using AFM-based 
SMFS [12–14,27,52–54]. Morfill et al. investigated 
the interaction between recombinant single-
chain Fv antibody fragments and a truncated 
antigen (12 amino acids long) using AFM-based 
force spectroscopy, SPR and steered molecular 
dynamics [53]. For the SMFS experiments, the 

single-chain Fv antibody fragment was immo-
bilized on the sample surface covalently via an 
approximately 45‑nm PEG linker. A similar 
linker attached to the tip was bound to the anti-
gen in three different configurations, termed 
N-, M- and C-configurations, corresponding 
to attachment points on the N‑terminus, in the 
middle and on the C-terminus of the antigen 
(Figure 2). While SPR shows that in the absence of 
external force these variations do not change the 
dissociation rate, they do change the direction of 
AFM-applied forces (Figure 2), thus yielding sig-
nificantly different dissociation rates and reaction 
lengths. AFM cannot explain these differences, 
but steered molecular dynamics is able to pre-
dict the shape of the energy barrier and specify 
individual bond ruptures. While all configura-
tions bind in the same way, the complex is forced 
to dissociate via a different pathway due to the 
external force. 

While the dissociation rate from the AFM 
measurement of configuration C (x

b
  =  1.10 

± 0.01 nm; k
off

 = 1.3 [± 0.2] × 10-3s-1) is close 
to the one obtained in equilibrium by SPR 
(k

off
 = 0.9 [± 0.2] × 10-3s-1), the rate for configu-

ration N is much higher (x
b
 = 0.82 ± 0.01 nm; 

k
off

  =  16.9  [±  1.3] × 10-3s-1) than the value 
obtained by SPR (k

off
= 1.5 [± 0.6] × 10-3s-1). The 

errors are calculated based on a cantilever cali-
bration error of 10% and an injected noise and 
oscillation of ± 0.2 pN in the measured rupture 
forces. The main bond of both configurations 
is the same hydrogen bond. However, if exter-
nal force is applied, potential walls with greater 
reaction length are more tilted than those with 
shorter lengths, thus becoming less important. 
Due to the difference in pulling direction, N and 
C are forced to dissociate via different pathways, 
each with different bonds breaking before the 
main hydrogen bond. This shows that the mul-
tidimensional character of the potential barrier is 
much more complex, as in the models of Figure 3. 
Furthermore, it demonstrates how sensitive to 
the immobilization process of the molecules the 
quantitative results can be, especially for small 
molecules; for large molecules, the binding site 
is relatively far away from the attachment point 
of the linker and so should have less deviation.

Single-molecule force spectroscopy allows 
for the discrimination and quantitative char-
acterization of different binding modes and 
sites between two distinct interacting partners. 
Fuhrmann et al. demonstrated the potential of 
SMFS in this regard by means of a protein–RNA 
interaction related to post-transcriptional regu-
lation [19]. In this experiment, the RNA target 
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fragment was attached via a PEG linker to the 
AFM tip and the protein was coupled cova-
lently to the surface (Figure  5A). The authors 
analyzed the data in accordance with the study 
by Fuhrmann et al.  [34]. Figure 5C shows a 2D 
histogram combining rupture forces and rigid-
ity (i.e., the slope before the point of dissocia-
tion in the force–distance plot, Figure 5B). The 
complex distribution with multiple peaks indi-
cates different binding modes or sites for the 
two molecules involved. This was analyzed in 

detail in experiments applying different dwell 
times (i.e., the time the AFM tip rests on the 
sample surface) and in competition experi-
ments. While the distribution in Figure 5C shows 
a broad, multimodal distribution of forces, the 
dwell time analysis reveals two distinct peaks. 
For short dwell times (<210 ms), the analysis 
results in one peak with a maximum at 60 pN 
and approximately 6 pN/nm (Figure 6A). A sec-
ond peak at higher force and rigidity (~100 pN 
and 8 pN/nm) appears (Figure 6B). Extending 

Figure 5. Protein–RNA interaction. (A) Schematic illustration of the immobilization of the RNA 
binding protein and the RNA oligonucleotide. (B) Typical force–distance curve (only the retracting 
part of the complete force–distance cycle is shown). The nonlinear part of the force–distance curve 
that precedes the abrupt dissociation event can be fitted by a second degree polynomial (red line). 
The slope of this polynomial at the point of dissociation is termed rigidity. (C) Data from individual 
dissociation events (dissociation force, rigidity) of the investigated RNA–protein interaction at a 
pulling velocity of 5000 nm/s are plotted in a 2D-probability histogram (red: high frequency,  
blue: low frequency). Projections of the cumulated distributions of the dissociation force and of the 
rigidity are shown as additional 1D graphs above and left of the 2D-histogram. The white line 
indicates the corresponding values of rigidity for the master curve and the dashed white lines 
correspond to the maximum allowed deviation of the rigidity.  
AFM: Atomic force microscopy; PEG: Poly(ethylene) glycol. 
Adapted from [19] with permission from Elsevier © (2009).
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the dwell time further (>330 ms) results in the 
low force peak nearly disappearing and the high 
force peak increasing significantly (Figure 6C). 

In order to prove that this effect is due to dif-
ferent binding modes or sites, as opposed to an 
increase of multirupture probability caused by 
increased dwell times, the authors investigated 
the influence of competition with free RNA 
target molecules. It was found that adding the 
agent results in the disappearance of the peak at 
higher forces, while the low force peak remains 
unchanged; similar results were found for the 
intermediate dwell times where both peaks appear. 
This indicates that the protein has multiple bind-
ing sites with various binding specificities. The 
application of an improved analysis treatment [34] 
results in short lifetimes for the nonspecific inter-
actions of approximately 0.5 s and lifetimes of 
approximately 200 s for the specific interactions. 

At short dwell times, the RNA is more likely to 
bind to the rather nonspecific binding sites, while 
at long dwell times, this low affinity bond can 
break and the RNA can diffuse and thus find the 
specific binding site, resulting in a much longer 
lifetime than the dwell time. It is suggested that 
this nonspecific binding might also mediate as 
an intermediated potential barrier, enabling the 
system to go into the deeper binding by unfolding 
the RNA loop. In addition, the SMFS experi-
ments give insights into the energy landscape of 
the interaction between the protein and the cor-
responding RNA target sequence, resulting in a 
potential with at least two barriers. The reaction 
lengths are 0.55 and 0.28 nm for the specific and 
nonspecific interactions, respectively.

Conclusion & future perspective
Over the last 15 years, SMFS has been success-
fully applied to a broad range of ligand–recep-
tor interactions. The sensitivity and the address-
able range of affinity constants, along with the 
advantages of observing the interactions with-
out ensemble averaging, and the low amount 
of required ligand–receptor molecules for the 
experiments, together make SMFS a very com-
petitive tool in ligand–receptor research. The 
reliability and applicability of immobilization 
procedures of molecules on AFM tips and sam-
ple surfaces were significantly improved in recent 
years and the commercial availability of turnkey 
AFM systems with force spectroscopy function-
ality increases research opportunities in the field. 
These two advances offer biologically and medi-
cally oriented laboratories new ways to research 
ligand–receptor complexes using SMFS. 

The analysis of SMFS data sets is still a chal-
lenge. At present, significant progress has been 
made in the automation of the data analysis. In 
addition, several promising theoretical models 
were proposed in order to improve the descrip-
tion of the experimental data and to get deeper 
insights into ligand–receptor interactions. 
Nevertheless, there is ample room for future 
improvements. We discussed an example where 
two different binding modes/sites with different 
specificity and affinity could be distinguished. 
This very promising result suggests the applica-
tion of SMFS to weak multivalent interactions. 
From a technical point of view, the promise of 
small cantilevers in commercial atomic force 
microscopes, and therewith providing a wider 
dynamic range in SMFS experiments, are finally 
at hand. Furthermore, several groups are success-
fully working on the combination of AFM-based 
SMFS with optical single-molecule fluorescence 

Figure 6. Dwell time-dependent 2D 
histograms of the RNA and protein 
interaction measured at an experimental 
velocity of 5000 nm/s. (A) 2D histogram for 
dwell times of 0.10–0.21 s. (B) 2D histogram 
for dwell times of 0.22–0.32 s. (C) 2D 
histogram for dwell times of 0.33–0.60 s. 
Adapted from [19] with permission from Elsevier 
© (2009).
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spectroscopy techniques, which will facilitate the 
simultaneous observation of molecular confor-
mational dynamics and ligand–receptor binding 
processes in future experiments. 
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