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Abstract

Polymers play a central role in cantilever-based single molecule force spectroscopy, either as sample or as anchor of the molecular complexes

under investigation. Here we investigated the role of the polymer for the coupling of thermal and mechanical fluctuations of the cantilever into the
molecular complex under investigation. We first analyzed the low pass characteristics of the polymeric anchor as a function of its length and
identified the optimum filter characteristics for its applications in bond rupture investigations. We then studied the propagation of mechanical
fluctuations of either cantilever or anchor point via the polymer into the molecular complex under investigation. With model calculation based on
measured polymer extensibilities we were able to identify the optimum combination of cantilever stiffness and anchor length for a given bond
strength of the molecular complex to be investigated and to estimate the resulting resolution limit of the different combinations.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Highly dynamic processes between individual molecules or
molecular complexes characterize biological systems. Where
in the past such processes were investigated in the ensemble,
either kinetically or in thermodynamic equilibrium, single
molecule techniques nowadays provide access to the response
of the individual constituents. Conformational changes as a
result of external forces, which are applied to the molecular
entities under investigation, are probes with unparalleled
resolution and sensitivity. Parameters such as the potential
width, the length of the interaction, the kinetic rates or the
elastic properties (conformational changes) of the molecular
system are derived in such experiments [1,2].

Up to date, a broad variety of systems was successfully
investigated with these techniques: the unfolding and refolding
pattern of cytosolic proteins like titin [3,4] or as well as
membrane bound proteins like bacteriorhodopsin was
measured [5-7], several ligand-receptor complexes were
studied [8—12] and the mechanics of the supramolecular
arrangements of DNA were clarified [13,14].

In all these examples, polymers played a crucial role either
as subject of the investigation or as essential requisite, e.g. as
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elastic coupler to either the sample surface or the cantilever [9].
Their mechanical properties have, therefore, been in the focus
of many studies and a great deal [15] of new information was
obtained by both single molecules force spectroscopy [16] and
also by modelling [17].

2. Results and discussion

Cantilever and polymer act as a nano-mechanical unit in a
temperature bath and so thermal fluctuations are the result.
Under optimum conditions state of the art instruments are
limited in their resolutions by these thermal fluctuations.
However, also mechanical fluctuations may couple into the
instrument and propagate through the polymeric anchors into
the molecular complex under investigation. These fluctuations
will modulate the unbinding process and thus alter the
measured unbinding forces. Since many biologically relevant
processes occur close to the resolution limit, a thorough
analysis of the detection limit was carried out with the scope to
develop adequate strategies for a further improvement of this
technique.

Cantilevers of different geometry and stiffness show
different thermal excitation spectra despite the fact that in
each case they are driven by kg7. Different cantilevers may,
therefore, be chosen for different applications accordingly.
Time resolved measurements, e.g. stretching of a polymeric
anchor followed by the rupture of a molecular complex, require
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Fig. 1. Force extension traces of lambda DNA. Applying different low-pass
filters on the data leads to a reduction of noise in the measured force curves. In
the diagram low-pass filters with different corner frequencies—ranging from 10
to 0.05 kHz—were applied. The noise in the force curves is reduced drastically
when the corner frequency of the filter approaches the resonance frequency of
the cantilever. If the corner frequency is chosen too low, (e.g. grey curve,
0.1 kHz filter) relevant information, particularly on the rupture event is lost.

a suitable reduction of the bandwidth in order to extract the
relevant information from the measured signal.

In the following the typical intrinsic noise values for
different cantilevers were evaluated and the limits of their
detection possibilities in certain bandwidths are calculated and
compared with the experiments. Additionally, the bandwidth of
a rupture event was calculated and based on the bandwidth
distribution, the optimum filter frequencies were determined.

A typical example of such a single molecule force
spectroscopy experiment is given in Fig. 1. Here a dsDNA
strand [13] on the surface was picked up by the cantilever tip
and extended. The graph shows the force response of a double
stranded DNA upon stretching. When the DNA is relaxed, only
thermal fluctuations cause an increase in the end-to-end
distance, the resulting cantilever deflections do not exceed
the noise floor. However, when the end-to-end distance of the
polymer approaches the contour length, which in this example
occurs at roughly 1.5 pm, the counteracting forces become
significant. At a force of approximately 65 pN the double
stranded DNA undergoes a phase transition resulting in an
extended plateau of the force. At the end of this transition, the
backbone of the DNA is stretched resulting in a steep increase
in the force upon further extension. At a force of roughly
200 pN the DNA detaches from the tip, which results in a sharp
drop of the force. In this experiment shown here, the cantilever
was retracted with a speed of 16 pm per second and the
deflection signal was sampled with 50 kHz. The cantilever
itself had a resonant frequency of 2.5 kHz and a spring constant
of 20 pN/nm.

This curve makes evident that a suitable filter is needed to
improve the signal to noise ratio in the plateau region without
camouflaging the rupture event with its sharp edge. The

reduction in the signal bandwidth has to be in a delicate
balance.

The colored traces in Fig. 1 show the same data, but filtered
in the frequency domain with different bandwidths. The
reduction of the corner frequency of the low-pass filter below
5 kHz results first in a significant smoothing and at a reduction
below 500 Hz marked distortions of the signal and also to a
non-tolerable information loss, particularly in the range of the
bond rupture. Obviously the system itself acts as a low-pass
filter. As we will learn later, it is the corner frequency of the
viscous damped cantilever, which limits the bandwidth of the
signal in the first place.

3. Thermal noise spectrum of a cantilever in solution

In Fig. 2(a) a typical power density spectrum (PSD) of the
thermally excited cantilever deflection is given. The most
remarkable feature of this spectrum is that it is not dominated
by 1/f decay, rather by over damped resonances of the
cantilever. This confirms our previous statement that with
state of the art instrumentation the resolution limit of
cantilever-based force spectroscopy is not determined by
electronic noise (Johnson noise), but by thermal noise of the
cantilever [18].

In the following we use the expression thermal noise for that
part of the measured signal, which was caused by thermal
fluctuations. Later on we will use the term mechanical noise
and refer with this expression to that part in the signal, which is
caused by mechanically induced fluctuations (e.g. by sound).
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Fig. 2. (a) Power density spectrum (PSD) of the thermal fluctuation of the
cantilever deflection. The spectrum is dominated by the mechanical resonances
(fundamental at 2.5 kHz) rather than by 1/f noise. (b) Integrated thermal
cantilever noise as a function of the bandwidth (Eq. (1)). The rote means square
of the noise increases mainly at the resonant frequencies of the cantilever.
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The spectrum in Fig. 2(a) was integrated to derive the root
mean square of the force fluctuations:

i)
jF(f)de ()
bi

Frvs =

The square root of the integrated power spectrum of the
cantilever equals the frequency dependent noise average [19].
The frequency range between f, and f| is referred to as the
‘measurement bandwidth’. The result is shown in Fig. 2(b). At
the resonant frequency of the cantilever (here at 2.5 kHz) the
noise increases most dramatically. It also shows that the
thermal energy is predominantly dissipated at the resonant
frequencies of the cantilever.

Cantilevers relevant for biological force measurements have
resonant frequencies from 0.3 to 10 kHz in water. The high
damping by the water results in a low Q (quality factor) of the
resonances. By using smaller cantilevers this damping can be
minimized and the resonance frequencies can be shifted to
higher values. In the measurement bandwidth, therefore, the
signal to noise ratio (SNR) can be optimized by separating the
high-frequency noise from the lower frequency components,
which compose the force ramp in an unbinding experiment.

An oscillating force F(v) to be measured (e.g. Fourier
component of a certain time-dependent force) will be
camouflaged by the thermal fluctuations of the cantilever
[18]. The resulting signal to noise ratio is given by

160)

SNR =
\/M G?(v) + (instrument noise)?

2)

k

where kg is the Boltzmann’s constant, T the temperature, k the
cantilever spring constant' and G(v) the frequency dependent
response function. The first term in the denominator is thermal
noise as described by the fluctuation—dissipation theorem,
which requires any system that has energy dissipation R, to also
experience fluctuations. Assuming negligible instrumental
noise, this expression can be further simplified and yields to
the minimum detectable force, at a SNR of 1:

Foin = \/4kgTRB 3

As can be seen from Eq. (3), the minimum detectable force at a
fixed bandwidth B can either be lowered by minimizing viscous
damping R, or by lowering the temperature of the experiment.

Since both parameters may not be altered in biologically
relevant ambient conditions, the only method to increase the
resolution limit is to use smaller cantilevers. Unfortunately, the
cantilever size is limited by the optical detection and, therefore,
by optical diffraction. However, the theoretical limit of

! Spring constant k = (1/4)Eb(d3/l3), E, Young’s modulus; b, width; d, thick;
[, length.

detecting the displacement of the cantilever is given by [20]

APy, ™ wy Az
SNR = 4/ A it 4
2meB 8822 T @)

where P, is the total optical power incident on the photo
detector, 1 the quantum efficiency of the detector, & Plancks
constant, ¢ speed of light in air, B the bandwidth of the
detection system, wy the spot diameter on the cantilever, Az the
displacement of the cantilever, [ the length of cantilever and gy,
g» the quality factor of the Gaussian shape of the beam.

For typical values and a SNR of 1 the equation results in

s !
Az=10""—[m] )
wo
As can be seen from these considerations, shorter cantilevers
result in a better deflection resolution, however, the need to
focusing the laser beam counteracts.

4. Bandwidth limit for polymer extension

The time course of the experiment and so the frequencies to
be recovered from the measured signal dictate the choice of the
measurement bandwidth. Commercial instruments typically
use a | kHz filter or alternatively a smoothing factor [21],
which also results in a low-pass filter. However, in certain
cases this measurement bandwidth is too narrow and cuts off
relevant information of the signal or to broad and results in an
unpleasant SNR.

Typical speeds for the cantilever range between 10 nm/s and
up to 20 pm/s. The lower value is limited by drift, the upper by
hydrodynamic drag. Most experiments employ a polymer
spacer at the cantilever to avoid the direct coupling of
fluctuations of the cantilever into the examined sample.
Additionally, with the use of spacers the unbinding event
does not occur directly at the surface, reducing the influence of
force fields from cantilever and substrate. Furthermore, the
known spacer length allows the discrimination between
unspecific surface interaction and receptor-ligand interaction,
by characterising the elastic response of the polymer spacer in a
well-defined distance window. An attachment not to the point
rather to apex of the cantilever tip will result in a shift of the
force curve towards shorter lengths. In cases the polymer
length is known this can be corrected. Last but not least: by
analysing the elasticity of the polymer spacer it is possible to
differentiate single molecule unbinding events from multiple
interactions.

The extension of such a polymer spacer can be simulated
with a WLC-model, which is truncated at higher extensions to
account for the rupture event (Fig. 3(a)). The bond rupture and
the following relaxation of the cantilever, which is dampened
by hydrodynamic friction, is modelled by a exponential decay
with a relaxation time between 200 and 800 s, adjusted for the
specific cantilever. No explicit thermal fluctuations were taken
into account so far.

Fig. 3(b) shows the power density spectrum (PSD) of the
trace in Fig. 3(a). As can be seen from this graph, a 50 nm long
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Fig. 3. (a) Computer-generated force curve of a 50 nm long polymer with a
persistence length of 3 A based on the WLC function with a retrace speed of
100 nm/s. The rupture event is simulated at 50 pN by an exponential decay,
which models the damping of the cantilever by hydrodynamic friction. (b) PSD
of the computer-generated force curve in (a). The force curve can be fully
described in the bandwidth window of 0-1 kHz. (¢) Force curves filtered such
that 98 or 99% of the signal in the frequency domain remains. The force peak is
reduced by 10 and 2%, respectively. (d) Model curves extended by thermal
noise. Applying the 99% filter of (b) results in the yellow curve, which recovers
the original noise free black trace in an optimum manner.

polymer spacer, with a persistence length of 3 A, pulled at a
speed of 0.1 pm/s can be fully described in the bandwidth
window of 0-1 kHz. Faster speeds or shorter polymers shift the
spectrum towards higher frequencies and as a result a higher
bandwidth will be required. The shaded cut off line is drawn
such that 99% of the PSD signal (note the logarithmical scale)
is retained, if the upper limit of the bandwidth were reduced.
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Fig. 4. Optimum bandwidth filter for different speeds and different polymer
lengths. The SNR is greatly improved by using a monodisperse polymeric
spacer.

The resulting distortions of the signal in the time domain is
demonstrated for either a reduction to 99 or 98% in Fig. 3(c).
Since the rupture force in the case of the 99% reduction is
modified only by less than 2%, whereas a reduction to 98%
already results in a 10% error, a bandwidth reduction to a value
of 99% seems to be a desirable compromise.

In Fig. 3(d) this model was expanded by adding thermal
noise. Applying the bandwidth cut-off corresponding to the
99% criteria results in the yellow curve, which recovers the
original noise free black trace in an optimum manner.

Since pulling speed and polymer length have a reverse effect
on the optimum bandwidth, we analyzed this relation and plotted
itin Fig. 4. The upper cut-off frequency of the filter is plotted here
as a function of the pulling speed for different polymer lengths. As
can be seen, the use of monodisperse polymeric anchors may
greatly improve the signal to noise ratio of the measurement,
since the filters may be adjusted precisely.

5. Force resolution limits of different cantilevers

With this framework set out the resolution limits for
detecting rupture events via polymer spacers were determined
for different cantilevers. For this purpose an artificial data set of
force curves with rupture events via polymer spacers were
generated in the computer (Fig. 5). The added noise was
specifically attenuated to the characteristic values of the
different cantilevers.

This artificial data set was analysed and compared with the
initial input values, which where used to create the data. This
modelling procedure allows to optimize the analysis method
and also the resolution limit. In the simulation, the rupture
events were modelled by a WLC-function, analog Fig. 3(a).
Typical noise values were generated on the basis of the power
spectrum of a cantilever in liquid. These noise values were
added to the force curves with the rupture events. The resulting
traces were filtered as described above, by applying a certain
frequency cut-off.

These artificial data sets were analyzed in an automated
routine, which searches the minima of the differentiated force
curve to evaluate the location of the rupture event. The
maximum force value (signal) at this location plus the history
before the maximum are compared with the noise. This defines
the SNR ratio with which this event is detected. This SNR is
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Fig. 5. Simulation steps for artificial data set of force curves with different
interactions. (a) A typical PSD of a cantilever is translated into a noise time
scale. (b) Secondly, an interaction is simulated by a WLC function. (¢) The
superposition of both curves results in an artificial force curve.

used as criteria for the discrimination of ‘true positive’ events
from noise. An operational threshold value is adjusted by
gradually rising the threshold until 0.1% of rupture event are
detected, if no rupture events are fed into the force curves.

To determine the detection probability of a rupture event as
a function of the external parameters, thousands of force curves
were analysed as described above. This detection probability
can be plotted versus the simulated rupture force for the rupture
event and fitted by a sigmoidal function (Fig. 6). The graph is
termed the cut-off function of a certain cantilever

1
1+ exp (xhalf—force)

rate

(6)

detection,,,, =

Xnaif represents the value, where 50% of the rupture force
events are detected. The slope is dependent on the polymer
length, speed and the measured bandwidth. For the simulation
in Fig. 6(a) a polymer length of 100 nm and a velocity of
200 nm/s was assumed.

Again, both polymer length and retract speed, but now in
addition also the type of cantilever determine crucially the
resolution limit of the whole system. The lower limit under
optimum conditions was found to be 2.5 pN for the smallest
Asylum Cantilever,” 3.7 pN for the Olympus Biolever B* and
8.1 pN for the standard C-Veeco® cantilever. Small cantilevers
are obviously needed to catch unbinding events which are only

2 Asylum Research, Santa Barbara, CA, USA. Prototype cantilever
(dimensions, 5X40 pm X80 nm; spring constant, 6 pN/nm; resonant
frequencyyaer = 10 kHz).

3 Olympus Biolevers, BL-RC150VB. (dimensions, 30X 100 um X300 nm;
spring constant, 6 pN/nm; resonant frequencyyaeer =2-3 kHz).

4 Veeco Instruments GmbH, Mannheim, Germany, MLCT-AUHW. (dimen-
sions, 320X320 pm X500 nm; spring constant, 10 pN/nm; resonant
frequencyyater =0.8 kHz).
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Fig. 6. (a) Cut off function for different cantilevers retracted at a speed of
200 nm/s and a 100 nm long polymer spacer. The red curve reflects the
statistical resolution limit for a Veeco C cantilever, with a spring constant of
10 pN/nm. Events with 8.1 pN can be detected with a 50% likelihood, with is
called the x-half value. The black curve is for an Olympus Biolever with
6 pN/nm and a xy,4;¢ value of 3.7 pN. The blue curve is the simulation for a new
small prototype cantilever of Asylum research. The x,¢ value is 2.5 pN. (b)
Cut off function for different polymer spacer lengths. Longer spacers have
lower frequencies in the PSD. Therefore, thermal noise can be separated more
efficiently. (c) Comparison between simulation and experiment. The
experimental cut off function was measured for the dsDNA binding protein
LeXa. Additional factors like drift and instrumental noise lower the measured
detection probability below the values obtained in the simulation.

a few piconewton in amplitude (Fig. 6(a)) and the spacer
should be shorter than 50 nm at a speed of 1 pm/s. At a constant
piezo velocity, the longest spacer performed best (Fig. 6(b)).
This can be rationalized as follows: the longer spacer can be
filtered with a lower corner frequency (Fig. 4(b)) and as a result
thermal noise is more efficiently suppressed. Additional a
longer spacer has a history of sampled data points, which
results in a more effective analysis.

6. Polymeric anchors in bond rupture experiments

Up to now only the detection was optimized and the role of
fluctuations in the signal was investigated, not the mechanism
of the bond rupture itself, where fluctuations, both thermal and
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mechanical play a crucial role. Since most biologically relevant
interactions are comparable in strength to thermal energies,
force-induced processes like the separation of receptor-ligand
system or the unfolding of a single molecule are fluctuation-
assisted processes. The external applied force reduces the
energy barrier, which the ligand has to overcome for
dissociation [22,23]. As rupture event the external applied
force is detected, at which the thermal induced dissociations
process above the reduced energy barrier takes place. There-
fore, the measured dissociation force reflects a force
distribution, which is reduced and broadened by thermal
fluctuations. This force distribution is characteristic for the
potential landscape of the examined receptor—ligand system.
The loading rate has to be taken into account, with which the
receptor—ligand system is loaded or applied with force. Low
loading rates give the dissociation process more time to
overcome the energy barrier and, therefore, leads to higher
possibilities for small rupture events and results in a low-force
distribution. So it is possible to shift a force distribution to
lower values by lowering the applied loading rate on the
receptor—ligand system. Eq. (7) shows the correlation between
the maximum of the force distribution (¥*) and the loading rate
(F) [24]

. ko T F Ax
F (F>=§x“<k* m) ™
off "B

where Ax is the potential width and k. the dissociation rate at
no force. The maximum of the force distribution is directly
proportional to the natural logarithms of the loading rate. Eq.
(8) enables to fit the higher force distribution with high-loading
rates and obtain the intrinsic values of the receptor—ligand
systems Ax and kg

F
) e f "M D (1 f)df
p(F) = ke 2V &D fe "0 (8)

Applying the theoretical fit with the determent values to a
force distribution with lower loading rates, results in a
deviation in the lower force regime. Through this the resolution
limit can be detected experimentally and the cut-off function
can be evaluated.

These findings were compared with experimental results
that were published in Kiihner et al. [2], where we found that
the unbinding force histograms for a dsDNA binding protein
(LeXa) deviated significantly from the calculated distribution
in the low force regime. This was attributed to the instrument
cut-off caused by the crossover between unbinding and
thermally driven cantilever fluctuation. Comparing the exper-
imental and the theoretical cut-off functions (Fig. 6(c)), it is
obvious that the theoretical function gives a lower limit. In the
experiment instrumental noise, sampling rates and drift,
changing from experiment to experiment, additionally lower
the resolution limit.

For this reason a reconstruction of an experimental cut force
distribution is not possible. However, it is possible to fit Eq. (8)
to the higher force regime of the distribution and obtain Ax and
k.. Neglecting different noises at altered speeds, because of

diverse adjusted low pass filters, (Fig. 4) the width of the force
distribution, which correlates inverse to Ax, is the same for
varied loading rates. For an additional barrier Ax, at higher
loading rates [25,26] in the receptor—ligand system the width of
the force distribution gets broadened.

7. Propagation of force fluctuations in polymers

An additional point to consider is the mechanical fluctuation
(e.g. acoustically excited oscillations) of either the cantilever or
the surface, which can couple into the molecular complex to be
analyzed. The force fluctuations acting on the complex (Fig. 7)
are alleviated by the elastic properties of the polymer spacer,
which behaves non-linear (Fig. 3(a)). For higher forces and
shorter polymers the elastic properties stiffen and so for the
force fluctuation coupling into the sample increases. Force
fluctuations can lead to a destabilization of the receptor—ligand
system. The force distributions are broadened and shifted to
lower values. Long molecular polymer spacers between the
cantilever and the receptor—ligand system can absorb part of
these force fluctuation.

Here we discuss the fluctuation propagation along the
polymer in a phonon limited mechanism, with the rational
behind, that in the higher force range [27], where molecular
bonds are typically probed, the conformational freedom of the
polymer is already largely restricted. We are aware of the fact
that for lower forces a diffusion-mediated transport might be a
more adequate description.

Such non-thermal force fluctuations are non-trivial disturb-
ances, since they may be hidden by the low-pass filter
properties of the cantilever. As we have learned in the first
section, mechanical fluctuations at frequencies higher than the
corner frequency of the cantilever are not detected in a normal
experiment. However, resonances of the instrument may lead
to pronounced oscillations in the tip-surface distance and as
such result in a periodic modulation of the loading force of the
molecular complex under investigation (Fig. 8). They may be
traced (but not measured) by recording the deflection spectrum
of the cantilever in contact with the sample surface. A non-
ideal vibration isolation may easily lead to a pronounced

linear
spring
___________ @®_|_____constant
R]
o ,
cC highly
< non
* linear
é spring
constant

| N 7_

Fig. 7. Typical setup for force measurement of a receptor—ligand complex by
AFM. Length fluctuation by mechanical noise cause force fluctuations acting
via the polymeric spacers on the receptor—ligand system.
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Fig. 8. Force distribution histograms of a 20 bpDNA in shear geometry derived
in a Monte Carlo Simulation with a 20 nm polymer spacer. The red distribution
depicts a simulation of the receptor—ligand system with 3 nm mechanical noise
amplitude, the blue one with none.

excitation of vibrational modes of the instrument, which result
in a modulation of the tip sample distance on the order of
several nanometers. It is this kind of noise which is discussed in
the following.

Forced unbinding events, like the ligand-receptor
complexes ssSDNA-ssDNA [14] or the unfolding of titin
[28,29] domain, were simulated and histograms from thou-
sands of events were collected as described above. The
envelope of these histograms agreed well with the analytical
expression derived by Evans et al. [24].

In a second set of simulations, a periodic modulation of the
position of the sample surface, resulting in a modulation of the
force acting on the complex was added. As was to be expected,
the resulting histogram showed a pronounced shift towards
lower forces (Fig. 8). The mechanical fluctuations supported
the thermal fluctuations to dissociate the complex.

In Fig. 9, we analyzed the shift in the maximum of the
histograms as a function of the noise amplitude for different
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Fig. 9. Reduction of the maximum of the force distribution as a function of the
added noise on the system for different cantilever stiffnesses. (a) For a
20 bpDNA in shear geometry. (b) For titin unfolding.
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Fig. 10. Reduction of the maximum of the force distribution as a function of the
polymer length for different cantilever stiffnesses at a noise amplitude of 3 nm.
Long spacers soften the force fluctuations acting on the DNA complex.

cantilever stiffness. The result for a typical molecular system,
DNA oligos is depicted in Fig. 9(a). The striking result is that
already a noise amplitude of 4 nm reduces the apparent
unbinding force by a factor of two, when a conventional
cantilever with a stiffness of 30 pN/nm and a 20 nm length
polymer are used

Titin—the other system under investigation (Fig. 9(b))—
exhibited a much stronger stiffness dependence, because of its
smaller potential width Ax

. AxF
ko (F) = k;ex <——) )
ff 0€Xp ks T

The dependence of this misreading of unbinding forces on the
spacer length was analyzed in Fig. 10. As to be expected
longer spacers and softer cantilevers weaken the effect of the
length fluctuations. As a result, a 20 bpDNA oligo in shear
geometry needs a 80 nm spacer and a soft cantilever to
provide unbinding forces at an accuracy of 3 10% if the noise
floor is 3 nm.

In the well established force versus loading-rate plots
(Fig. 11), which allow the direct extraction of potential width
and off rate of the investigated complex, an increasing noise
floor shows up in a reduction of the abscissa and as a result a
pseudo-increased off rate! This finding is not counter-intuitive,
20bpDNA shear
50+
404

30+

! T T T T T T

4 5 6 7 8 9 10
maximum loading rate [In(pN/sec)]

maximum of force [pN]

Fig. 11. Maximum of the force distribution as a function of the loading rate. The
black curve is the noise free simulation for a molecular complex with a
potential width and spontaneous off rate of Ax=2.0 nm and k;; = 5 X 107 571,
The spring constant was 30 pN/m. The grey and the blue curve were simulated
with a 1 and 3 nm noise amplitude and resulted in apparent potential with
and spontaneous off rates of Ax=19nm/k};=13X10"s" and
Ax=3.4 nm/k); =2 X 107 57!, respectively. For the red curve a softer
cantilever with 10 pN/nm spring constant was used and resulted in Ax=
1.8 nm and a kjp = 1.7 X 10™* 57! at 3 nm noise amplitude.



2562 F. Kiihner, H.E. Gaub / Polymer 47 (2006) 2555-2563

1.0
0.9+
& 0.8
s
E 0.7+
0.64 mechanical resolution
noise limit
2 a6 ' 2 46 46
10 100 1000

spacerlength [nm]

Fig. 12. Optimum spacer length for a receptor-ligand system with Ax=0.5 nm
and a k,; = 0.1 s7' when a mechanical noise amplitude of 3 nm must be
tolerated.

since the mechanical agitation of the complex enforces its
dissociation.

These findings suggest that longer spacers are needed to
reduce the influence of mechanical noise. On the other hand,
Eq. (7) implies that the measured rupture force increases with
higher loading rates at the molecular complex. At a given
maximum retract speed, which is ultimately limited by the
viscous drag on the cantilever, a maximum force rate,
however, is limited by the spacer length. An optimum must,
therefore, be found which compromises the above require-
ments. Fig. 12 shows the reduction of the measured force
caused by mechanical noise and thermal fluctuation as a
function of the spacer length. The simulation is performed
with a pulling speed of 1 um/s and is based on a receptor—
ligand system with a Ax of 0.5 nm and a k. of 0.1 s~ '. For
such a system, the ideal spacer turns out to have a length
between 50 and 100 nm.

Fig. 13 summarized the results and links them in a grossly
oversimplified manner to other limitations of single molecule
force spectroscopy. An ideal molecular complex with a single
minimum in the energy landscape, whose dissociation is
Markovian, gives rise to a straight line in the plot. The

s deal
120 mumm resolution limit
mmmm instrument noise "
3 | ]
100 — mmmn  hydrodynamic drag ...'

maximum of force [pN]

T 7 T T T T
0 4 8
maximum loading rate [In(pN/sec)]

Fig. 13. Schematic representations of the different experimental limitations and
the resulting deviations from the ideal situation.

hydrodynamic drag on the cantilever bends the curve at higher
loading rates,” whereas drift and instrumentation noise lifts it at
lower rates. A mechanical noise floor with increasing
amplitude shifts it parallel to the force axis.

8. Concluding remarks

Small cantilevers have less damping and higher resonance
frequencies. This obviously results in less noise in the
desideratum bandwidth and, therefore, a better SNR. Mechan-
ical fluctuations considerably reduce the measured rupture
force of molecular complexes that are investigated by single
molecule force spectroscopy. Polymeric anchors are, therefore,
a necessity. Such polymer spacers reduce the force fluctuations
of the cantilever but in turn reduce the force rate acting on the
molecular complex and as a result again exceedingly reduce
the measured rupture force. The optimum spacer length for
typical ligand-receptor systems was found to be in the range of
50-100 nm.
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