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Comparison of three competing dynamic force
spectroscopy models to study binding forces of
amyloid-b (1–42)†

F. T. Hane,a S. J. Attwoodb and Z. Leonenko*ab

We performed single molecule dynamic force spectroscopy experiments to study the dimerization of two

amyloid-b (1–42) peptides and compared three different theoretical models used to fit experimental data:

Bell–Evans, Dudko–Hummer–Szabo, and Friddle–De Yoreo. Using these models we extracted values of

the dissociation rate at zero force, k0, and height and the width of the energy barrier, DG and xb. We

show the importance of including the effect of the linker molecule. All three models corrected for the

linker effect give comparable results for xb and show more discrepancy for k0 and DG values, DG

parameter correlates well between Dudko–Hummer–Szabo and Friddle–De Yoreo models but differs for

the Bell–Evans model.
Introduction

Single molecule force spectroscopy (SMFS) is a nanoscale
biophysical technique used to probe the unbinding of indi-
vidual molecules or the unfolding of a polymer such as a
protein1,2 or nucleic acid.3 By varying the loading rate, “dynamic
force spectroscopy” (DFS) experiments can be conducted to
extract thermodynamic and kinetic parameters.2 A number of
competing analytical models have been developed to extract the
kinetic parameters such as the dissociation rate at zero force
(also called the off rate), k0,4 and the thermodynamic parame-
ters, xb and DG, which are the width and height of the energy
barrier, respectively.4 These parameters are fundamental to the
understanding of the kinetics and thermodynamics of the
interaction of a pair of molecules and allow the comparison of
kinetics between different systems and factors which may affect
the affinity of two molecules. k0 is a rate constant which is the
inverse of the bond lifetime, s0, and measures the rate at which
two molecules dissociate at zero force. The kinetic association
rate (also referred to as the on rate), kon, is the rate at which two
molecules associate. By relating these two rates, the dissocia-
tion constant kD, can be dened as kD ¼ koff/kon.4 In this work,
we present comparative analysis of the application of three
different analytical models used to t the same SMFS experi-
mental data sets in an attempt to provide some standardization
to the analysis of force spectroscopy experiments.
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In a SFMS experiment, a molecule of interest is attached to a
substrate via a heterobifunctional cross-linker molecule such
as N-hydroxysuccinimide-polyethylene glycol-maleimide (NHS-
PEG-MAL).5 A complementary molecule is bound to the canti-
lever tip of the atomic force microscope (or to a bead in optical
tweezers). The tip is brought in close proximity to the substrate
allowing the two molecules to interact. The tip is retracted and
the deection of the AFM cantilever is measured as a function of
the distance from the substrate. At rupture, the cantilever
returns back to its original position and the rupture (or
unbinding) force can be measured as a function of the canti-
lever deection.

This technique has been used to probe the kinetics of
unbinding for a diverse set of molecules from avidin–biotin
interactions2,4,6 to hydrocarbons.7 A number of notable results
have emerged from this technique: the force required to “unzip”
the two complementary strands of DNA8,9 and the reversible
stretching and unfolding of a titin protein.10
Analytical models

To extract kinetic data from the unbinding experiments, a
number of analytical models have been proposed to t the
experimental data. While the Bell–Evans model11 is the oldest
and most highly cited model, an argument can now be made
questioning the interpretation of some experimental results
which have utilized this model.12
Bell–Evans model

The Bell–Evans model was the result of Evans' adaptation of the
work introduced by Bell in 197813 and adapted for atomic force
spectroscopy (AFS).11,14 This model posited that the rupture
This journal is © The Royal Society of Chemistry 2014
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force between two cells was proportional to the natural loga-
rithm of the loading rate during retraction. During a dynamic
force spectroscopy (DFS) experiment, unbinding events are
collected over a range of retraction velocities, and hence loading
rates. These loading rates (the rate at which force is applied to
the system) usually vary between 1000 and 100 000 pN s�1.
When the most probable unbinding force is determined from
plotting all unbinding events at a given loading rate on a
histogram, and the most probable unbinding force is plotted
against the loading rate on a log scale, a straight line results, the
slope of which is the location of the transition barrier and the y-
intercept being the height of the energy barrier.14 Using Bell–
Evans equation (eqn (1)),11,14

FðrÞ ¼
�
kBT

xb

�
ln

r xb

k0 kBT
(1)

where F(r) is the most probable rupture force, kB, Boltzmann's
constant, T, temperature in Kelvin, xb, the location of the energy
barrier, r, the loading rate, and k0 the off rate constant at zero
force. Once k0 is determined, DG can be calculated using
following equation (eqn (2)).11

�DG ¼ kBT ln
k0h

kBT
(2)

where h is Plank's constant.
Dudko–Hummer–Szabo model

Szabo and colleagues reduced the Bell–Evans model to its
approximate limit using a stochastic model of a spring15 and
used Kramers' theory of diffusion16 to determine kinetic
constants. Szabo and colleagues later updated this model by
adding an exponential constant of 1/2 to create a “cusp-like”
model to better approximate kinetic parameters such as the
kinetic off rate and location of the energy barrier.17

The Bell–Evans model assumes that koff(F) scales linearly
with exp(Fxb), so k(F) ¼ k0exp(Fxb). However, this assumption
has been shown to be an oversimplication:17 this phenome-
nological approximation holds as DG / N, but with DG of
realistic values the unbinding process can be better modeled
using Kramer's theory of diffusive barrier crossing. The Dudko–
Hummer–Szabo model modies the Bell–Evans model above
and applied Kramer's theory to extract more rigorous kinetic
and thermodynamic parameters.15,17,18 In addition, Dudko
showed that the molecular linker can be incorporated into the
loading rate calculation.18 The loading rate during a rupture
event has been estimated as r ¼ kcv where r is the loading rate
(N s�1), kc the cantilever spring constant (N m�1) and v the
retract velocity (m s�1).

Modifying the Bell–Evans model above, Szabo and
colleagues determined an arbitrary exponential scaling
constant to obtain the equation (eqn (3)),17

sðFÞ ¼ s0

�
1� aFxb

DG

�1�1=a

e

DG 1� 1�
aFxb

DG

� �1=a
" #

(3)
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where s is the bond lifetime, a is a power scaling factor corre-
sponding to 1/2 for a cusp-like barrier, 3/2 for a “linear-cubic
barrier”, and 1 for a recovery of the Bell–Evans model.

Dudko and colleagues showed that the loading rate of two
molecules connected by a linker following worm like chain
(WLC) dynamics can be modelled by eqn (4):

rðFÞ ¼ v

"
1

kc
þ 2bLclp

�
1þ bFlp

�
3þ 5bFlp þ 8

�
bFlp

�5=2
#�1

(4)

where v is the retraction velocity, Lc is the contour length, b is
kBT

�1, and lp is the persistence length of the system consisting
of the linker and peptide. The persistence length is the length at
which, when greater, the system deforms in a classical manner.
The rst term within the brackets represents the cantilever's
contribution to the loading rate and the second term represents
the molecular linker's contribution to the loading rate. The
addition of the two terms is multiplied by the retraction
velocity.

The bond lifetime, s(F), is approximated by the eqn (5):

sðFÞy

�
p

2

��
F 2
	� hFi2


�1=2
rðFÞ (5)

where hF2i is the mean squared rupture force at a given loading
rate r(F).

Oen DFS experiments result in apparent multiple slopes in
the unbinding force/loading rate plots.19 Given early avidin–
biotin experiments and their known multiple unbinding prop-
erties, experiments on simpler systems have also interpreted
these non-linearity's as complex systems with multiple kinetic
barriers with some barriers widths occurring at impossible
distances of signicantly less than 1 Å.20
Friddle–De Yoreo reversible binding model

Recently De Yoreo and colleagues challenged the assumption
made by these earlier models that no reversible binding occurs
during force experiments.12 By challenging this assumption, De
Yoreo was able to explain away some of the more peculiar
conclusions reached by previous groups such as the complexity
of very simple system and energy barriers of orders of magni-
tude less than 1 Å. As De Yoreo so aptly stated, “If tting is the
only criterion, then the multi-barrier hypothesis can never be
rejected, because this segmented approach can be tailored to t any
force spectrum”.

In the Friddle–De Yoreo interpretation, a system of two
bodies being pulled apart passes through two phases: an equi-
librium phase at lower pulling velocities where the molecules
can rebind, and a kinetic phase at higher loading rates where
molecules unbind irreversibly. The equilibrium phase is asso-
ciated with a shallow slope and the kinetic phase, a steeper
slope.

The force at which the dissociation rate and the association
rate cross is given by the equilibrium equation,

feq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kcDG

p
(6)
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where kc is the spring constant of the cantilever and DG the
height of the activation barrier.

The unbinding force, F(r), is approximated by the equation,

FðrÞy feq þ fb ln

 
1þ re�g

koff
�
feq
�
fb

!
(7)

where g is Euler's constant, 0.577. The thermal force scale, fb is
given by the expression fb¼ kBT/xb. koff( feq) is the dissociation rate
at the equilibrium force, feq, the force at which the system transi-
tions from the equilibrium regime to the kinetic regime. F(r) is the
mean rupture force as a function of the loading rate, r, corrected
for the effect of the PEG linkers as demonstrated in ref. 18.

From fb, the width of the energy barrier, xb, can be calculated
as,

xb ¼ kBT

fb
(8)

The dissociation rate at force F, koff (F) is given by the
function,

koff(F ) ¼ k0 exp[b(Fxb � 1/2kcxb
2)] (9)

The association rate (on-rate), kon(F), is given by the function,

konðFÞ ¼ konð0Þexp
"
� bkc

2

�
F

kc
� xb

�2
#

konðFÞ ¼ k0 exp

�
b

�
DG � F 2

2kc

��
(10)

Amyloid-b binding

Amyloid-b is a 35–42 amino acid long peptide which is associated
with the symptoms associated with Alzheimer's disease. During
the Alzheimer's pathological process, amyloid-b monomers
aggregate to form dimers leading to neurotoxic higher order
oligomeric structures including annular protobrils (APF's)21 and
prebrillar oligomers (PFO's).22 Amyloid oligomers have been
shown to be more neurotoxic than the insoluble brils.23,24 It is
believed that these aggregates form ion pores leading cellular
dyshomeostasis25 or thin the membrane leading to distorted
bilayer conductance.26 In addition, a number of othermethods of
amyloid toxicity have been demonstrated including the oxidative
stress to the cell membrane mediated by metal ions27 and lipid
peroxidation caused by reactive oxidative species.28

In this work we use atomic force spectroscopy to extract
unbinding forcedata for amyloid-b (1–42).We thenapply the three
models described (Bell–Evans, Dudko–Hummer–Szabo, Friddle–
DeYoreo) ina variety of iterations toour AFSdata to extract kinetic
and thermodynamic data about the rupture of the amyloid-b
dimer, the smallest toxic form of the amyloid oligomer.29,30

Results and discussion

Force curves were collected at a variety of retraction velocities
and plotted as histograms with respect to the average loading
1926 | Soft Matter, 2014, 10, 1924–1930
rate, r(F) ¼ vkc here kc is the cantilever spring constant and v the
retraction velocity (Fig. 1). The most probable rupture force as a
functionof loading rate is consistentwith ourprevious reports.5,31

Wenoted that the distribution of our unbinding forces contained
within our histograms broaden with increasing loading rate
which is consistent with theoretical and experimental models.18

Bell–Evans model

In Fig. 2A we plotted the most probable rupture forces against
the uncorrected loading rate retraction velocity (nm s�1) times
cantilever spring constant (nN m�1) (Fig. 2A). A least-squares
linear t was calculated to best approximate a straight line
through the data points (Fig. 2A). This line through the data
when placed on a natural logarithm scale is consistent with
what is predicted by Evans.11,14 Parameters of the line were
calculated by the graphing soware and calculated as a slope of
2.84 � 10�11 and an intercept of 5.34 � 10�10. We applied the
Bell–Evans model to these line parameters to calculate the
following parameters: xb ¼ 143 pm, k0 ¼ 240.3 s�1, and DG ¼
24.0 kBT (Fig. 2A).

Dudko–Hummer–Szabo model

Using the eqn (5), we calculated the bond lifetime, s(F) for each
bin with mean force, F. We calculated the natural logarithm of
s(F) and plotted this against the rupture force, F, as shown in
Fig. 2B. We applied the Dudko–Hummer–Szabo model (eqn (3))
and t this equation to our data.18 Applying the Dudko–
Hummer–Szabo cusp model to our data of the rupture of two
Ab42 peptides, we extracted the tting parameters of xb ¼ 205
pm, k0 ¼ 0.68 s�1, and DG ¼ 7.7 kBT.

Friddle–De Yoreo model

To obtain kinetic parameters using the Friddle–De Yoreo
model,12 we plotted the mean unbinding force F(r)as a function
of the loading rate for each set of loading rates as shown in
Fig. 2C and D. The Friddle–De Yoreo reversible binding equa-
tion was t to the data and tting parameters koff, feq and fb were
calculated (Fig. 2C and D). The equilibrium force, feq, was
calculated to be 38.4 pN. Thermodynamic parameters xb andDG
were obtained by rearranging eqn (6)–(8). Using the Friddle–De
Yoreo model, we obtained values of k0 ¼ 11.1 s�1, xb ¼ 104 pm
and DG ¼ 7.5 kBT.

A summary of kinetic parameters extracted using different
models is given in Table 1.

Discussion

Comparing the results of these different models and their
various iterations, a few important observations stand out.
Firstly, a large variation in the dissociation rates between those
models which do not correct for the effect of the PEG linker and
those that do shows that correcting the loading rate for the
effect of the PEG linker is very important for determining
accurate dissociation rates although it is minimally important
for determining thermodynamic parameters. Secondly, the
Friddle–De Yoreo and Dudko–Hummer–Szabo model show
This journal is © The Royal Society of Chemistry 2014



Fig. 1 Rupture force histograms and Gaussian fit at corrected loading rates of 1950 pN s�1, 9860 pN s�1, 23 900 pN s�1 and 51 900 pN s�1.
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similar energy barrier heights, DG. Lastly, the width of the
energy barrier, xb, is similar for all models.

It appears that no two models provide near sufficiently
similar results to denitively rule out the third model. So which
model provides the most rigorous results? Clearly any model
that does not account for the effect of the linker molecule is
bound to calculate dissociation rates which are erroneous by
several orders of magnitude. The Friddle–De Yoreo model relies
on fewer assumptions than the other two models, namely that
reversible binding of the two peptides. Together with our data
that demonstrate an exponential line of best t rather than two
linear ts, we conclude that the Friddle–De Yoreo model
provides a superior analysis of the kinetics of unbinding of two
molecules than the Bell–Evans model.

Given the variance between SMFS experiments conducted
under identical conditions, we suggest that the scientic value
of SMFS is not to obtain absolute kinetic and thermodynamic
parameters of a given system, but rather serves as a tool to
compare two or more different experiments or how a variable
affects these parameters.
This journal is © The Royal Society of Chemistry 2014
Early force spectroscopy experiments were conducted on
the avidin–biotin system, a system known to have complex (ie
more than one) binding conformation.19,32 When force spectra
were collected for this system, multiple lines of best t were
found which were plausibly interpreted as multiple energy
barriers with each barrier corresponding to a different
method of unbinding. However this interpretation remained
popular even though some systems are much simpler than
the avidin–biotin complex such as peptides on steel.33 It is
highly unlikely that these systems contain the complex
kinetics of the avidin–biotin receptor–ligand pair. Much of
this force spectroscopy data have been interpreted as a
complex energy landscape containing multiple barriers even
when the system involves very simple binding such as peptide
to steel33 or when the energy barrier is shown to be sub-
angstrom by multiple orders of magnitude.20 Friddle and
colleagues provided an alternate interpretation to account for
the exponential shape of the rupture force plot which does
not require multiple ts to straight lines as the Bell–Evans
model does.
Soft Matter, 2014, 10, 1924–1930 | 1927



Fig. 2 (A) Rupture force vs. loading rate using the Bell–Evans model. Most probable rupture forces are plotted against the uncorrected loading
rate. Each data point corresponds to the most probable rupture force for an experiment conducted at a given retraction velocity. Retraction
velocity is converted to loading rate by multiplying by the cantilever spring constant. A straight line Bell–Evans model is fit to the data and the
y-intercept and slope is calculated. The adjusted R2 value was calculated as R2 ¼ 0.973. (B) Bond lifetime vs. rupture force fit with the Dudko–
Hummer–Szabo model (green) applied to all force curves binned into 8 bins in accordance with corrected loading rate. c2 ¼ 0.031. (C and D) Ab
unbinding experimental data fitted with the Friddle–De Yoreo reversible binding model (blue) and the Bell–Evans model (red). Data and analysis
are identical, but (C) is on base 10 scale and (D) is on a log10 scale. All data points are binned linker-corrected loading rates. The data used in this
graph are identical to that shown in Fig. 2A, however all force curves were sorted in order of corrected loading rate and binned into 1 of 8 bins
according to the corrected loading rate. R2 ¼ 0.973 for the Bell–Evans (red) model and R2 ¼ 0.979 for the Friddle–De Yoreo (blue) model.

Soft Matter Paper
While we do not claim that the Bell–Evans model lacks
accuracy or rigour for a simple system, we share the concerns
noted by Friddle and believe that many reports have “over-
Table 1 Comparison of kinetic and thermodynamic parameters using d
are described in methods section

DFS Model xb (pm)

Bell–Evans (uncorrected for PEG linkers) 143 � 16.9
Bell–Evans (loading rates corrected for PEG linker) 143 � 16.4
Bell–Evans (binned - loading rates corrected) 138 � 9.7
Bell–Evans (aggregate data) 136 � 9.4
Dudko–Hummer–Szabo (cusp model) 205 � 51.7
Friddle–De Yoreo (binned data) 104.2 � 19.3
Friddle–De Yoreo (aggregate data) 98.9 � 19.6

1928 | Soft Matter, 2014, 10, 1924–1930
interpreted” the Bell–Evans model and calculated multiple
energy barriers where none can plausibly exist, such as at sub-
Angstrom length scales.
ifferent force spectroscopy models. Different iterations of each model

DG (kBT) k0 (s
�1) s0 (s)

24.0 � 3.6 240.3 � 36.5 0.00416 � 0.0006
27.3 � 4.1 8.44 � 1.2 0.112 � 0.02
27.5 � 2.5 7.14 � 0.6 0.14 � 0.01
27.4 � 2.5 7.55 � 0.7 0.132 � 0.01
7.7 � 0.2 0.68 � 0.4 1.47 � 0.9

7.50 � 2.7 11.1 � 7.4 0.090 � 0.06
7.83 � 3.0 12.5 � 8.5 0.080 � 0.05

This journal is © The Royal Society of Chemistry 2014
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In summary, we report that three models we used (corrected
for the linker effect) give comparable results for xb and k0, while
DG parameter correlates well between Dudko–Hummer–Szabo
and Friddle–De Yoreo models but differs for the Bell–Evans
model. Despite some variation in results due to applying
different models, SMFS experiments are very useful to measure
the binding forces, as well as to extract kinetic and thermody-
namic parameters of the system. These studies are especially
useful to evaluate the effect of various factors on binding events.
Although a careful consideration of the analytical model
applied to t experimental data should be made to make a
correct comparison. We share the opinion of De Yoreo in that
multiple slopes in the force-loading rate plots are likely the
result of rebinding events and not a multiple energy barrier,
especially in simple systems, such as the one we have studied.

Experimental procedures

We used the protocol as described previously.5,31 Briey, Veeco
MLCT Silicon Nitride AFM cantilevers were cleaned using
ethanol and UV light. The tips and freshly cleaved mica were
soaked in aminopropylsilatrane (APS) to silanate the surface to
prepare for PEG linker attachment followed by soaking in a
solution of 3400 MW NHS-PEG-MAL (Laysan Bio, Alabaster GA)
solution. A solution of 20 nM cys-amyloid-b (1-42) was prepared
in HEPES 50 mM buffer (pH 7.4, 150 mM NaCl) and soaked on
the surface of the cantilever tip and mica surface. Following
rinsing, unreacted maleimide groups were quenched with
b-merceptoethanol. Tips and mica were then rinsed and stored
in HEPES buffer.

Atomic force spectroscopy

We used a JPK Nanowizard II atomic force microscope for all
measurements. Cantilever spring constants were measured
using Hutter's thermal tune method.34 Typical spring constant
values of cantilevers were between 24 and 170 mN m�1 but
varied with each experiment. Mica coated with amyloid-b was
placed on the stage in the liquid cell and immersed in HEPES
buffer. A series of force curves were taken with an approach and
retract velocities of 200, 400, 2000, and 4000 nm s�1 resulting in
loading rates between 4500 pN s�1 and 98 000 pN s�1. A dwell
time of 0.5 seconds was set to allow peptide–peptide binding
events. All experiments were conducted at room temperature
(293 K). For a single experiment approximately 1000 force
curves were recorded, out of which approximately 5–10% of
these showed specic unbinding events. 5 data sets were
collected each using a different cantilever chip. 3 data sets were
collected with the same cantilever and 2 others were collected
with a soer cantilever.

Force curve analysis

JPK data analysis soware was used to analyze force curves.
Soware functions were used to smooth the force curves, level
the x-axis, set both axis to 0 and obtaining the tip sample
separation, z, to correct for cantilever deection. A worm-like-
chain (WLC) t was obtained for each force curve and rupture
This journal is © The Royal Society of Chemistry 2014
forces were obtained. Data was truncated using Poisson statis-
tics to eliminate force curves that were likely the result of
simultaneous multiple unbind events as described in.35 These
rupture forces were plotted as histograms at the different
collected loading rates and tted with a Gaussian distribution
to determine the most probable rupture force. Errors quoted for
the most probable rupture force are evaluated as the standard
deviation of each distribution, divided by the square root of the
effective number of counts for each distribution (estimate of
standard error).

Kinetic and thermodynamic parameters k0, DG and xb were
extracted using a number of different dynamic force spectros-
copy models.
Extraction of kinetic data

Bell–Evans model. Kinetic parameters for the uncorrected
Bell–Evans model were calculated by plotting the most probable
rupture force (obtained from histograms) against the natural
logarithm of the loading rate calculated by multiplying the
cantilever spring constant kc, by the retraction velocity, v. A
straight line was t to the data using a least squares regression
model using Origin v. 9.0 soware. The soware returned values
of R2 and c2 for linear and non-linear ts, respectively, to
indicate the quality of the t to the experimental data. The
calculated slope and the y-intercept of this line were used to
extract k0, DG and xb using the Bell–Evans eqn (1) and (2). In
another iteration of the application of this model, we corrected
the loading rate for the effect of the PEG linkers by applying eqn
(4) as described in18 to calculate the corrected loading rate and
reapplied the above described procedure to obtain k0, DG and
xb. In the third iteration, we aggregated the results of all our
force curves and equally divided the data into 8 bins according
to their corrected loading rates. The most probable rupture
force and mean corrected loading rate were calculated for each
bin and plotted (Fig. 2C and D). Once again, we applied the Bell–
Evans model to determine k0, DG and xb. In the last iteration of
the application of this model (referred to as aggregate data), the
results of all force curves were plotted (about 500 force data
points) and the Bell–Evans model applied to the all force plot
data points.

Dudko–Hummer–Szabo model. All force curves were
collected and binned into 8 bins according to their corrected
loading rate as described above. We plotted the natural loga-
rithm of the corrected loading rate of each bin vs. the rupture
force of each bin, to obtain the bond lifetime versus rupture
force relationship as show in Fig. 2B. The Dudko–Hummer–
Szabo model was t to the data using a Levenberg–Marquardt
tting algorithm using the soware's user dened non-linear
tting function. The bond lifetime, s0, DG and xb, were returned
by the soware. k0 was determined by the inverse relationship
k0 ¼ 1/s0.

Friddle–De Yoreo model. Rupture force, F(r) versus corrected
loading rate, r, data points were binned and plotted as
described above (Fig. 2C and D). We t the Friddle–De Yoreo
reversible binding equation to these data points and extracted
parameters equilibrium force, feq, thermal scaling factor, fb, and
Soft Matter, 2014, 10, 1924–1930 | 1929
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dissociation rate, koff( feq) at the equilibrium force. These
parameters were then used to calculate parameters DG, xb, and
k0 using the equations used in (Friddle, 2011). In the last iter-
ation of the application of this model, we plotted all force curve
data points (approximately 500 data points) and t the Friddle–
De Yoreo model to the entirety of our data to obtain the
parameters from the tting of the Friddle–De Yoreo equation to
this data set.
Conclusions

Our data demonstrated that correcting the loading rate for the
effect of the linker molecule is imperative for accurately deter-
mining dissociation rates. All three models corrected for the
linker effect give comparable results for xb and show more
discrepancy for k0 andDG values.DG parameter correlates better
between Dudko–Hummer–Szabo and Friddle–De Yoreo models
but differs for the Bell–Evans model. Due to these discrepancies
more independent experiments by othermethods or simulations
are needed in order to conrm which model is better. Based on
our data we conclude that Friddle–De Yoreo model provides a
better t for experimental data and is more suitable for the
analysis of kinetics of unbinding events. Despite some variation
in absolute numbers for xb, k0 and DG, due to applying different
models, DFS experiments are very useful, especially to evaluate
the effect of various factors on binding events.
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Bell-Evans Calculations 
The Bell-Evans equation1 is expanded to obtain a similar form 

to the straight line equation y=mx+c,  

𝐹(𝑟) =  �
𝑘𝐵𝑇
𝑥𝛽

� ln 𝑟 + �
𝑘𝐵𝑇
𝑥𝛽

� ln
𝑥𝛽

𝑘𝑜𝑓𝑓 𝑘𝐵𝑇

Therefore when F(r) is plotted against ln r, the slope of the best 

fit line equals �𝑘𝐵𝑇
𝑥𝛽
� and the y-intercept equals �𝑘𝐵𝑇

𝑥𝛽
� ln 𝑥𝛽

𝑘𝑜𝑓𝑓 𝑘𝐵𝑇
.

All values are converted to standard units, N and N/s. The 
width of the energy barrier, xβ is determined by the equation, 

𝑥𝛽 =
𝑘𝐵𝑇
𝑚

Where m is the slope of the line. koff was determined by 
rearranging the equation. 

𝑘𝑜𝑓𝑓 =
𝑥𝛽

𝑘𝐵𝑇 𝑒𝑐𝑥𝛽/𝑘𝐵𝑇
 

Where c is the y-intercept. 
Once koff is determined, we applied the following equation to 

determine the height of the energy barrier, ΔG1. 

𝑘𝑜𝑓𝑓  (𝐹) =  �
𝑘𝐵𝑇
ℎ �  𝑒−

𝛥𝐺−𝑥𝛽𝐹
𝑘𝐵 𝑇

Rearranged, ΔG can be determined as 

−∆𝐺 = 𝑘𝐵𝑇 ln
𝑘0ℎ
𝑘𝐵𝑇

Where h is Plank’s constant. For our purposes, we used kBT as 
units for ΔG. 

Error Analysis 
For the Bell-Evans model, errors were determined by the square 

root of the sum of the squares of the standard error2. For example, 
the standard error of xβ was calculated as follows: 

Since xβ is a function of the slope, m, 

𝑥𝛽 =
𝑘𝐵𝑇
𝑚

With m being the slope of the line using a least squares fit of 
the data points, the standard error of xβ is given by the equation, 

𝛿𝑥𝛽
𝑥𝛽

= ��
𝛿𝑚
𝑚 �

2

+ �
𝛿𝑇
𝑇 �

2

The standard error of the slope, m, was calculated using the 
graphing software. The standard error of the temperature was 
negligible, but still used and estimated as 1 K. 

The standard error for all parameters using the Dudko-
Hummer-Szabo model3 were calculated using Origin v 9.0. 

Hutter’s thermal noise method4 of cantilever spring constant 
calculation typically results in a standard error of 10-20%5. To 

calculate the standard errors for the Friddle-De Yoreo model6, a 15% 
error was estimated for the cantilever spring constant. Since ΔG is a 
function of the cantilever spring constant and feq, the standard error 
in ΔG was estimated as 

𝛿∆𝐺 = ∆𝐺��
𝛿𝑓𝑒𝑞
𝑓𝑒𝑞

�
2

+ 0.152 

The remainder of standard errors were calculated in a manner 
similar to the Bell-Evans model. 
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