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ABSTRACT Single-molecule force spectroscopy makes it possible to measure the mechanical strength of single noncovalent
receptor-ligand-type bonds. A major challenge in this technique is to ensure that measurements reflect bonds between single
biomolecules because the molecules cannot be directly observed. This perspective evaluates different methodologies for iden-
tifying and reducing the contribution of multiple molecule interactions to single-molecule measurements to help the reader
design experiments or assess publications in the single-molecule force spectroscopy field. We apply our analysis to the large
body of literature that purports to measure the strength of single bonds between biotin and streptavidin as a demonstration
that measurements are only reproducible when the most reliable methods for ensuring single molecules are used.
INTRODUCTION
Single-molecule force spectroscopy (SMFS) has provided
the means to examine force-dependent properties of biomol-
ecular complexes. Applications include but are not limited
to the determination of the strength of receptor-ligand bonds
(1–3), viscoelastic properties of molecules such as protein
unfolding or polymer stretching (4,5), and the characteriza-
tion of force generation by molecular motors (6,7). A major
challenge for the reliability of these measurements is that
the molecules being tested cannot be seen directly, so it is
not directly evident if the strength of a single molecule or
multiple molecules is being measured. Early in the develop-
ment of SMFS, some investigators used a method we refer
to as ‘‘low-adhesion probability,’’ in which most of the tests
report no adhesive force, and therefore, no molecules being
tested, so statistical theory argues that the remaining mea-
surements should reflect mostly single molecules (1,8).
Others tried to extract parameters describing single mole-
cules from data on many molecules. It rapidly became clear
that the low-adhesion probability method was valid,
whereas extraction from multiple molecules was not (9).
In the decades since then, however, many additional
methods have been proposed to determine single-molecule
characteristics in SMFS. This review analyzes the reliability
of these methods when they are used to test the strength of
single receptor-ligand bonds. This should help researchers
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both plan their own SMFS experiments and critically eval-
uate publications.
Use of SMFS to measure bond strength

SMFS is usually performed with the atomic force micro-
scope (AFM), optical trap (OT), magnetic tweezer (MT),
or biomembrane force probe (BMFP). The first three of
these instruments have been well reviewed (10,11), and a
description of the BMFP can be found in Gourier et al
(12). Although these instruments have many differences in
form and operation, the procedures for gathering single-
bond measurements have common principles.

In general, a probe is coated with a biomolecule or recep-
tor, and a separate surface is coated with a complimentary
biomolecule or ligand. Ideally, the biomolecules will be
strongly attached to the probe or surface through a known
anchor point. Physical adsorption and covalent binding
through ubiquitous functional groups like free amines pro-
vide high mechanical strength but only provide a known an-
chor point if the structure of interest is part of a much larger
molecule or complex. Anchoring via noncovalent binding to
a specific epitope provides a known anchor point, but the an-
chor may break under the forces needed to test the biomol-
ecule of interest. Both strength and a known anchor point are
provided by genetic fusion of the protein of interest with
anchors such as cysteine, which covalently binds maleimide
(13), or proteins such as SNAP (14) or Halo (15) that
enzymatically attach themselves to a target. Regardless of
the method of attachment, nonspecific interactions must
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FIGURE 2 Energy landscapes for bond rupture, or other force-regulated

molecular transitions. In (A)–(D), the lines indicate the energy landscapes,

with the length of the bond indicated by the horizontal direction and the en-

ergy indicated by the vertical. The asterisks (*) indicate the bound state(s)

of the bond that are observed before the application of force. The dashed

arrows highlight the transitions that the bond can undergo with or without

force; transitions with arrows pointing to the right involve elongation and

are thus induced by force, whereas transitions toward the left are inhibited

by force. To see this figure in color, go online.
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be blocked (16), and negative controls should be performed
to demonstrate that interactions are specific to the immobi-
lized biomolecules.

In each force cycle, the probe is pressed to the surface to
allow bonds to form and then retracted until bond rupture
(Fig. 1). In dynamic force spectroscopy (DFS), the
measured force increases at a loading rate that depends
on the retraction velocity and the elastic properties of the
probe and molecules. In constant force spectroscopy
(CFS), a constant position or a force-feedback loop is
used to maintain a constant force. The AFM, OT, and
BMFP traditionally use DFS, in which the probe position
is controlled while the force on the probe is measured,
although a closed feedback loop can be used to control
force. In contrast, the MT uses a magnetic field to apply
a known force to magnetic beads (probes) that easily sup-
ports CFS and can support DFS if the magnetic field can be
dynamically changed.

Because single-molecule behaviors are intrinsically
stochastic, hundreds or even thousands of force cycles
must be analyzed at each condition of force or loading
rate to characterize the molecular response to force. Bio-
physical models are then fit to these large data sets to extract
a concise description of the properties of the single
biomolecules.

The simplest ‘‘one barrier’’ model for bond rupture as-
sumes that the bond must overcome a single energy barrier
to unbind (Fig. 2 A). The rate of transition over the energy
barrier is exponentially enhanced by force, and methods to
determine the parameters of the energy barrier from DFS
or CFS data are well described elsewhere (8,17,18). How-
ever, it has become clear that molecular bonds often have
more complex energy landscapes. Even molecules such as
biotin-streptavidin that are not regulated by force in vivo
may have a complex response to force (1) that can be ex-
plained by more than one energy barrier on the unbinding
pathway (1,19) (Fig. 2 B), whereas other molecules form
catch bonds that are activated by force and can have two un-
binding pathways (20,21) (Fig. 2 C), and proteins may
exhibit two slowly exchanging bound states because of allo-
stery (22,23) (Fig. 2 D). Indeed, even a single pathway may
be distorted by force in a way that provides complex me-
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FIGURE 1 (A) A conceptual illustration showing how single (A) or mul-

tiple (B) bonds might form when a probe touches a surface. To see this

figure in color, go online.
chanical responses (24). Similar complexities may also
occur for protein unfolding (25,26). Mathematical models
for these more complex energy landscapes include differen-
tial equations with terms representing force-dependent tran-
sitions for each energy barrier (27–29). Models for complex
landscapes often predict multiple force peaks in DFS or
multiple lifetimes in CFS (27–29). This complexity in the
data can complicate efforts to ensure that measurements
reflect single bonds. Indeed, we argue that if a method is
developed to reduce the effects of multiple bonds, assuming
a simple energy landscape such as that of Fig. 2 A, it cannot
be assumed to be valid for a new biomolecule with an un-
known energy landscape.
Low adhesion probabilities

The most commonly used method to ensure that measure-
ments reflect single bonds is to use conditions in which
the fraction of force cycles that result in measurable adhe-
sion, referred to as the adhesion probability, or Aw, is
much less than one. If each bond forms independently,
then Poisson statistics can be used to estimate P1, the prob-
ability of forming exactly one bond in any given force cycle,
i.e., the efficiency, from the measured adhesion probability
Aw (30):

P1 ¼ ðAw � 1Þlnð1� AwÞ: (1)
Biophysical Journal 114, 2032–2039, May 8, 2018 2033
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The error in these measurements is the probability of form-
ing multiple bonds in a force cycle, Pm:

Pm ¼ Aw � P1: (2)

The accuracy of the measurements is the fraction of

measured adhesive events that are actually single bonds,
or P1=Aw.

To evaluate or design SMFS experiments, it is useful to
consider how the efficiency ðP1Þ, the error ðPmÞ, and the ac-
curacy ðP1=AwÞ vary with the adhesion probability Aw. As
illustrated in Fig. 3, the peak efficiency is at an adhesion
probability of 63%, where 37% of force cycles result in sin-
gle bonds, but 26% result in multiple bonds, for an accuracy
of only 58%. It may be considered acceptable to reduce the
adhesion probability to 35%, where 28% of force cycles
form single bonds and only 7% form multiple bonds, for
an accuracy of 80%. More desirable would be an adhesion
probability of 20% such that single bonds represent 18%
of force cycles, and multiple bonds represent 2%, for an ac-
curacy of nearly 90%.

The key assumption in Poisson statistics is that bonds
form independently, meaning that the formation of one
bond does not increase the chance that a second will form.
This assumption can fail if low adhesion probabilities are
obtained by reducing the site density of multivalent biomol-
ecules. An implicit assumption is that all bonds result in a
measurable interaction. This can fail for weak bonds and,
in some force loading conditions, for bonds with complex
energy landscapes, like catch bonds (31). For this reason,
the prevalence of multiple bonds should be estimated by us-
ing the force-loading conditions that result in the highest
apparent adhesion probability. If these two concerns are ad-
dressed, low adhesion probabilities continue to provide a
simple and robust technique for SMFS.

However, the marginal 80–90% accuracy of the method
limits interpretation, especially with complex energy land-
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FIGURE 3 Prediction using Poisson statistics of the efficiency ðP1Þ, error
ðPmÞ, and accuracy ðP1=AwÞ of SMFS experiments as a function of adhe-

sion probability ðAwÞ.
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scapes. For example, the biphasic strength of bonds with
two states may be mistaken for the biphasic strength of sin-
gle versus multiple bonds or vice versa. Even if one is
willing to sacrifice efficiency, accuracy is limited by nonspe-
cific adhesion, which is not addressed in Fig. 3. That is,
when the adhesion probability is reduced to the level of
nonspecific adhesion, accuracy decreases again. For these
reasons, researchers and readers should ask whether the ex-
pected prevalence of multiple bonds might affect the con-
clusions drawn about single bonds.
Filtering using mechanical fingerprints

It would be clearly desirable to identify and filter out the
individual force cycles that result in multiple bonds. Some
investigators have filtered out the highest force ruptures
up to the number of multiple bonds predicted by Poisson
statistics (30). This may be valid for molecules with sim-
ple energy landscapes but would be inappropriate for mol-
ecules with two states because data reflecting the stronger
state would be filtered out. This method should therefore
not be used for molecules with unknown properties. A
better approach is to filter out force cycles with multiple
rupture events (3,32,33). However, this assumes that two
rupture events will be spatially separated, which often
fails when the molecules are short or when adhesion
probability is high (34,35). Nevertheless, this simple
filtering method can improve the accuracy of experiments
obtained with low adhesion probabilities, especially if the
fraction of data filtered out correspond with the statistical
predictions.

To provide a more distinct mechanical fingerprint to sepa-
rate single from multiple bonds, the biomolecule of interest
may be coupled to a marker molecule with a known force-
extension signature (36–39). Because the marker molecule
extends a relatively long distance, the biomolecule of inter-
est can bind far from the surface, which reduces or allows
identification of nonspecific interactions (40–42). Three
different configurations for using mechanical fingerprints
are discussed below.

In the simplest configuration (Fig. 4 A), a long, flexible
linker is used to covalently bind one molecule of interest
to the surface. Polyethylene glycol (43) and DNA (44) han-
dles are commonly used and commercially available with a
number of different functional groups at each end. Aworm-
like chain or freely-jointed chain model can then be fitted to
the force-position data to estimate the contour length and the
stiffness of the linker (38). Multiple molecules can be distin-
guished from one molecule by increased stiffness or by
spatial separation of multiple rupture events (42,43).

In a second configuration (Fig. 4 B), genetic engineering
is used to express the molecule of interest as a fusion protein
with a marker molecule that unfolds under a known force.
This configuration is very helpful for measuring protein un-
folding (38,45), but not for measuring unbinding because it
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FIGURE 4 Mechanical fingerprint configurations. (A) Using a long, flex-

ible linker such as polyethylene glycol is the simplest configuration. (B) A
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would filter out any bonds that rupture before the marker
molecule unfolds.

The third configuration is a looped linker (42,46–48) in
which two biomolecules of interest are attached via a molec-
ular tether (Fig. 4 C), effectively converting a bond rupture
event to an elongation event. This provides the unique op-
portunity of repeatedly testing the same biomolecular pair,
which can increase experimental throughput and allow the
study of heterogeneity in the bond population (47). The
linkers may even contain multiple loops to acquire multiple
unbinding measurements from a single force cycle (49,50).

The use of flexible and looped linkers will increase accu-
racy significantly by decreasing both nonspecific adhesion
and the percent of multiple bonds in the data set. However,
some multiple bonds will still rupture at the same length and
not be removed, especially if higher adhesion frequencies
are used. A major shortcoming is that long, flexible linkers
create nonlinear ramps in force that require corrections to
obtain accurate parameter estimates (51–53). These correc-
tions reduce the efficiency of the data analysis, and it re-
mains unclear whether they can be modified to analyze
bonds with complex energy landscapes.
FIGURE 5 Simulated probe-position data. (A) Probe-position fluctua-

tions due to thermal noise are reduced when the probe is tethered by a

bond. (B) After a bond forms, the probe position will fluctuate around the

attachment point of the bond (white dot), forming a circular position histo-

gram when viewed from the z-direction. (C) If multiple bonds have formed

(white points), the probe will fluctuate less along the axis between the

bonds, resulting in an elliptical histogram.
Filtering with probe-position fluctuations

Bartsch et al. (54) showed that the position fluctuation
pattern of the probe in an OT can be used to determine if
one or more bonds are anchoring the probe to the surface.
As long as the probe can be tracked with sufficient spatial
sensitivity, this method can also be used with the BMFP
and MT (55). In all cases, before the probe attaches to
the surface, thermal fluctuations will cause the probe to
fluctuate in a random pattern in three dimensions. How-
ever, once the probe forms a bond to the surface, the vari-
ation in position will be reduced (Fig. 5 A). If the probe is
tethered through a single location, then a histogram of the
probe position in the x-y plane (where z is normal to the
surface) will show a circular pattern around the tether
attachment point (Fig. 5 B). However, if two bonds form
between the probe and the surface, the movement of the
probe along the axis between the two attachment points
will be restricted, resulting in a histogram with an elliptical
pattern (Fig. 5 C).

This method assumes nothing about the energy land-
scapes but does require that the bonds are sufficiently
long-lived relative to the data acquisition rate to create accu-
rate histograms of probe position and that multiple bonds
are far enough apart relative to the spatial resolution to
discern the elliptical shape. These requirements greatly
restrict the use of this method but will not affect the validity
as long as the requirements are empirically analyzed.
Controlled molecular spacing

Regardless of how the data are filtered, the efficiency
remains less than 40% when biomolecules are placed
randomly on the surface (Fig. 3). If either the probe or sur-
face could be reliably functionalized with a single molecule
in the contact zone, then there would be no mechanism for
Biophysical Journal 114, 2032–2039, May 8, 2018 2035
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multiple bonds, ensuring 100% efficiency and accuracy.
However, there is currently no method to control probe or
surface functionalization at the nanoscale. Microcontact
printing is still limited to creating spots that are hundreds
of nanometers across. This has been used to increase the
multiplexing ability of MT by using arrays of small spots
to control microscale bead spacing, but it has not been
able to control nanoscale molecular spacing within each
spot, so it did not eliminate multiple bonds (56).

Other studies have functionalized probes with low
numbers of biomolecules and then counted the number of
molecules in the contact zone. For example, AFM cantilever
tips were functionalized with just a few biomolecules by
functionalizing the probe only in the contact zone through
contact-dependent chemistry (57,58). In one study, the num-
ber of fluorescent molecules on the probe was determined by
counting photobleaching events (57), but a few biomole-
cules were still observed in the contact zone.

The reliable use of molecular spacing requires no as-
sumptions about the energy landscapes, so it can be highly
robust; thus, these methods warrant continued development.
The unsuccessful approaches above have relied on random
immobilization of biomolecules within reduced contact
zones. An alternative would be the use of any type of nano-
structured material that spaces each functional group and
therefore biomolecule too far apart for the two to simulta-
neously bind the probe.
Analyzing high-adhesion probability data

Experiments will be even more efficient if single-molecule
characteristics can be extracted from force curves with mul-
tiple ruptures. Fig. 6 shows an example of a force cycle with
multiple bonds, in which each jump in force represents one
or more bond ruptures. Some studies have analyzed this
force data by only considering the last rupture event in the
force cycle (59,60), but this again assumes that two rupture
events must be spatially separated. This assumption fails
especially when there are many rupture events, resulting
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FIGURE 6 A typical force-displacement curve for an AFM. Each instan-

taneous change in force represents one or more bond ruptures.
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in hidden multiple interactions (34,35). Another short-
coming is that these methods assume prior knowledge about
the appearance of single molecule data and have not been
shown to be reliable for the complex energy landscapes
described above. These methods are therefore unreliable
for extracting single-molecule measurements from highly
multiple bond data as intended.

An alternative approach is to assume that the histograms
of the data set reflect mixtures of single and multiple bonds
and to extract single-bond properties from multiple bond
data. The method of autocorrelation of force histograms
(59,61) has been found to be inaccurate because the peaks
in the data are as likely to reflect noise as different numbers
of bonds, except when adhesion probabilities are low (9).
This approach would fail for two-state bonds even with
low-probability data because it assumes that all single bonds
rupture at similar forces. Fitting the data to models while
assuming mixtures of single and multiple bonds (62–64)
also fails at high adhesion probabilities, likely also because
of overfitting noisy data (9). Other methods have not been
empirically tested in comparison with single-molecule
data (65,66), so they should not be considered reliable at
this time.
Summary of methods to ensure single bonds

Here, we summarize what we learned about ensuring that
SMFS really measures single bonds:

1) Poisson statistics remains a critical technique for
measuring single bonds. All publications should report
adhesion probabilities and justify the use of Poisson sta-
tistics by clarifying how the experimental conditions
support the independence assumption, and by using
Poisson statistics to predict the expected prevalence of
multiple bonds.

2) When relying purely on low adhesion probabilities, the
adhesion probability should be below 20–35% (for 90–
80% accuracy by Poisson statistics). Because 10–20%
error does not meet the generally expected 95% level
of certainty, the discussion should address whether the
expected prevalence of multiple bonds might affect the
conclusions drawn about single bonds.

3) Accuracy can be greatly improved by filtering out most
multiple bonds. The filtering may be assessed in compar-
ison with the number of multiple bonds predicted by
Poisson statistics. However, filtering does not solve the
fundamental problem that efficiency increases only
incrementally above an adhesion probability of 35%
(Fig. 3) and that many multiple bonds will escape
filtering, so filtering should still be used with low adhe-
sion probabilities.

4) Extendable molecular markers have both advantages and
disadvantages. Extendable molecular markers increase
filtering accuracy and reduce nonspecific adhesion but
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also create nonlinear force ramps that require corrections
that may not be accurate for complex energy landscapes.
For these reasons, it should not be considered necessary
to use marker molecules.

5) Probe fluctuations are often not an option for measuring
bond strength. This method requires long-lived bonds
and high-frequency data acquisition.

6) Controlled molecular spacing is promising. However,
this approach requires more development to achieve sin-
gle-molecule contact zones.

7) Extracting single-bond properties from high-adhesion
probability data has never been demonstrated to be reli-
able. We propose that any method using high-adhesion
probabilities (including through the use of controlled
molecular spacing) should not be considered reliable un-
less it can be validated by comparison of high versus low
adhesion probability data on the same biomolecules.
Walton 2008 [33] Erdmann 2008 [65]
Pincet 2005 [73] Merkel 1999 [1]
Rico 2007 [76] Guo 2008 [74]
Taninaka 2010 [75]

FIGURE 7 Published studies examining the strength of the biotin-strep-

tavidin bond. The models used to fit the data are plotted instead of the raw

data to provide a more readable plot. Publications that did not use reliable

methodologies to ensure single bonds are shown as dashed lines. Publica-

tions that used reliable methodologies to ensure single bonds are shown

as solid lines. To see this figure in color, go online.
The biotin-streptavidin bond

Based on our analysis above, we analyzed the literature on
the strength of the biotin-streptavidin bond to determine
whether the inconsistencies reported for this bond are
greatly reduced when we only consider studies that met
our criteria for SMFS. Some argue convincingly that
biotin-streptavidin bonds strengthen over time by entering
a lower energy state with a large energy barrier (67).
Because this provides a valid reason for discrepancies in
measurements, we only considered experiments in which
newly formed bonds were tested. We then asked whether
they used conditions that support independence of bond for-
mation and resulted in adhesion probabilities below 35%.
We required this whether or not probe-position fluctuations
or mechanical fingerprints were used to eliminate multiple
bond data. We also require the description of negative con-
trols because these are standard requirements for any molec-
ular experiments. We found 15 publications discussing
the strength of newly formed streptavidin bonds using
DFS and a loading rate near 1000 pN/s. The mean rupture
force at 1000 pN/s within these publications ranges from
40 to 320 pN. The results from these publications are shown
in Fig. 7.

Two of these publications reported high-adhesion proba-
bilities (>50%) (67,68), and the results from these are
shown as dotted lines, as they are expected to be unreliable.
The results are shown as dashed lines when the reliability of
the study cannot be determined from the publication. Six
publications provided too little information to assess
adhesion probabilities (32,60,69–72). Three did not demon-
strate the specificity of their measured adhesions with a
negative control (33,65,73). In the four publications that
described low-adhesion probabilities (<35%) and negative
controls, the mean rupture force at 1000 pN/s ranged from
45 to 70 pN according to both raw data and models
(Fig. 7) (1,74,75). This small discrepancy might be ex-
plained by differences in instrument calibration or tempera-
ture (33,76). Similar forces were reported in the publications
that used low-adhesion probabilities but did not describe re-
sults of negative controls. In contrast, the four highest forces
were reported in the two studies with high-adhesion proba-
bilities and two of the six studies that did not report adhesion
probabilities (Fig. 7). Therefore, the body of work on biotin-
streptavidin bond measurements is reproducible when low
adhesion probabilities (<35%) are reported, but not when
they are not. This demonstrates that SMFS studies should
always include in the methods section a description of adhe-
sion probabilities.
Future directions

Our analysis demonstrates that it is still necessary to use
low-adhesion probabilities to obtain reliable data on single
bonds with SMFS. Therefore, SMFS has remained remark-
ably low throughput in an era of high-throughput experi-
mentation. Instead of developing methods to get reliable
measurements from increased adhesion probabilities, a bet-
ter approach is to obtain data more efficiently by using
methods such as MT (74) or centrifugal force microscopy
(77) that can perform SMFS on many molecules simulta-
neously. An even better approach may be to develop
methods to avoid SMFS altogether. Although most single-
Biophysical Journal 114, 2032–2039, May 8, 2018 2037
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molecule methods are used to identify population variations
in behavior, SMFS has been necessary simply to apply the
same conditions to all the molecules being tested. It would
be an enormous stride forward to have a method for quickly
obtaining average position data on many bonds or molecules
subjected to the same force or average force data on many
molecules stretched to the same length without the extra
effort needed to determine population variation.
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