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ABSTRACT: The capabilities of atomic force microscopes and optical tweezers
to probe unfolding or surface-to-molecule bond rupture at a single-molecular level
are widely appreciated. These measurements are typically carried out unidirec-
tionally under nonequilibrium conditions. Jarzynski’s equality has proven useful to
relate the work obtained along these nonequilibrium trajectories to the underlying
free energy of the unfolding or unbinding process. Here, we quantify biases that
arise from the molecular design of the bond rupture experiment for probing
surface-to-molecule bonds. In particular, we probe the well-studied amine/gold
bond as a function of the linker’s length which is used to anchor the specific amine
functionality during a single molecule unbinding experiment. With increasing
linker length, we observe a significant increase in the average work spent on
polymer stretching and a strongly biased estimated interaction free energy. Our

data demonstrate that free energy estimates converge well for linker lengths below 20 nm, where the bias is <10—15%. With
longer linkers severe methodical limits of the method are reached, and convergence within a reasonable number of realizations of
the bond rupture is not feasible. Our results also provide new insights into stability and work dissipation mechanisms at adhesive
interfaces at the single-molecular level, and offer important design and analysis aspects for single-molecular surface-to-molecule

experiments.

B INTRODUCTION

Single-molecule force spectroscopy (SM-AFM) using an atomic
force microscope or optical tweezers has been state of the art
for about 20 years now providing direct access to molecular
unbinding rates and interaction free energies. '’ In a typical
SM-AFM experiment, polymer molecules of interest that are
functionalized with a specific binding group are immobilized on
flat surfaces, AFM tips, or microscopic beads in such a way that
they can specifically bind to opposing designed surfaces. Figure
1 shows a typical bond rupture experiment and process as
recorded using a force probe device. Application of a
mechanical force F induces molecular stretching of the
polymeric tether and subsequent bond dissociation. Exper-
imental data typically extracted from these experiments are
bond rupture forces Fy and resulting characteristics of
unbinding kinetics* on a single-molecular level, and the work
W, transferred into the molecular system during the rupture
event.

One of the major challenges in interpreting these experi-
ments is that the applied mechanical force drives the system
into an out of thermodynamic equilibrium bond rupture event. In
order to rationalize the molecular process and measured
quantities, it is instructive to consider how energy is transferred
and dissipated during the molecular process shown in Figure 1.
First, the loading of the molecular linker (step 1 and 2 in Figure
1) by an external spring (e.g, the AFM cantilever) is an
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equilibrium process. The molecular relaxation times of the
molecular linker are much faster compared to the motion of the
AFM cantilever. Hence, the energy transferred during bond
loading is essentially equal to the work stored in the molecular
spring. Depending on the loading rate and the characteristics of
the molecular bond, unbinding occurs with a rather broad
unbinding force, Fy, and work (W) distribution. Upon bond
rupture, the work stored in the molecular tether dissipates
during tether relaxation back into the thermodynamic
configuration. In addition, the bond breaks against the binding
energy, and after equilibration the bond energy constitutes the
resulting interaction free energy change between the bound and
the unbound state (free energy difference between config-
urations in step 1 and 4 in Figure 1). In total, the work that is
transferred into the molecular system under equilibrium
conditions during tether loading and until bond rupture occurs,
is hence equal to the sum of the dissipated work due to tether
relaxation and the bond breaking energy realized during
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Figure 1. Schematic of consecutive processes during a molecular
unbinding experiment of a surface-to-molecule bond. A specific bond
between a functional group, which is grafted to a single polymer linker
(e.g, polyethylene glycol), and a surface (here an AFM tip) can be
broken upon application of a mechanical force using force probe
experiments. Upon retraction of the force probe away from the surface,
the polymeric linker extends out of its equilibrium configuration
resulting in force measurable with a spring-based device. The work
transferred into the molecular system is characterized by the integral
W, = / FAx. This polymer extension process is an equilibrium
process. Upon bond rupture, the work transferred into the system
dissipates during instant polymer relaxation and bond rupture,
transferring the system into an unbound thermodynamic equilibrium
state (cf. text for details).

Polymer stretching ----3 Bond rupture -3

practically (on the time scale of a force probe experiment)
instantaneous bond rupture.

Both measured rupture forces and work depend on
experimental loading rates,* and the average work extracted
from these experiments (W) is an upper bound for the
underlying free energy AG, as evident from Clausius’
inequality: (W) > AG,. It has been pointed out that application
of Jarzynski’s equality’'~"* (JE, eq 1) is extraordinary useful to
determine this central thermodynamic quantity:

—AGy/kgT _ < —dez/kBT>
e = (e

n (1)
Here, kg represents Boltzmann’s constant, T the temperature,
and z indicates the pulling coordinate. JE relates the work spent

in any nonequilibrium process W, = [F dx to the underlying
free-energy by exponentially averaging over many work
trajectories n. For n — oo, this average converges to the
exponent of AG,. This method has been successfully applied to
describe the energetics of molecular stretchin§ and bond
dissociation as measured with molecular tethers."*™"” Hence,
exponential averaging of the work during a process from one
equilibrium state to another, here from step 1 to 4 in Figure 1,
provides a direct route to estimating interaction free energies of
bond that can be broken by force probe experiments. Also, the
closer to thermodynamic equilibrium a process is driven, the
easier the convergence of the Jarzynski sum is.

In experimental reality, however, n always remains finite, and
experimental procedures are often far from thermodynamic
equilibrium, leading to a potential bias of calculated free
energies using JE. Jarzynski and others attempted to quantify
the errors caused by a finite number of trajectories. Particularly,
they specify how large n has to be in order to calculate AG,
correctly and emphasize the importance of “bidirectionality”
(involves quantification of forward and reverse trajectories of
the process of interest) to significantly improve the results."* >
Even though experiments performed on reversible RNA
unfolding/refolding using optical tweezers have been able to
match the criterion of bidirectionality™® it cannot be applied to
every process.

In particular, for the interesting question of adhesion of
molecules at solid/liquid interfaces, only unbinding trajectories
(forward) are measurable while binding trajectories (reverse)
have not been observed to our knowledge. In these cases, one
faces the difficulty that low work values corresponding to rare
unbinding events can potentially dominate the estimate of
AG,” In addition, the measured overall dissipated work W,
during a process from 1 to 4 (see Figure 1) typically includes
both the work dissipated during molecular tether folding and
the work spent on bond rupture.”® As a result, the longer the
linker is, the further out of equilibrium the system is during
bond rupture. Hence, one expects significantly less efficient
convergence of the measured interaction free energy for longer
linkers.

Here, we experimentally quantify systematic errors that arise
from the molecular design of bond rupture experiments for
probing surface-to-molecule bonds. In particular, we probe the
well-studied amine/gold bond as a function of the linker’s
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Figure 2. Experimental model system used to probe the amine/gold interaction at various linker contour lengths (L¢). Bifunctional PEGy amines (X
= 600, 2000, 3400, and 5000) are immobilized on a COOH/OH mixed SAM (COOH/OH = 1/500 for PEGgy, and PEG,qy or COOH/OH = 1/
1000 for PEGs4 and PEGggg)- Right: Force trajectory showing a single molecular unbinding event represented by the pronounced adhesive

minimum in the retraction curve (red dots).
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length, which is used to anchor the specific amine functionality
during a single molecule unbinding experiment as shown in
Figure 2. Our results reveal a strong influence of the linker
length and demonstrate how experimental design can minimize
the effect of the linker used.

B EXPERIMENTAL SECTION

Chemicals and Materials. All chemicals used are of highest grade
and are used without further purification (Supplier: Sigma-Aldrich).
Milli-Q water (Merck Millipore purification system) is used to prepare
5 mM NaCl solution for AFM experiments with a resistance of 18.2
MQ cm and a TOC content of 2 pbb. 11-Mercapto-1-undecanol (OH-
terminated thiol) and 16-Mercaptohexadecanoic acid (COOH-
terminated thiol) of highest available purity are obtained from
Sigma-Aldrich.

Surface Preparation. Molecularly smooth gold surfaces are
prepared by template stripping from Mica as previously described.””
Surface modification is carried out following an established
protocol.>*7*° First the freshly stripped surfaces are immersed into
an ethanolic solution of a 1/500 or 1/1000 mixture of COOH- and
OH-terminated thiol, respectively. After more than 12 h of exposure
surfaces are removed from the self-assembled monolayer (SAM)
solution, rinsed with ethanol, hexane, and ethanol and dried in a gentle
N, stream. Further modification is carried out by covalently binding
homobifunctional polyethylene glycol (PEG)-amines of different
lengths (Supplier: Nanocs, New York, USA) to the SAM’s free
COOH groups. For this purpose, the surfaces are immersed into
phosphate buffered saline (PBS) buffer solution containing the
corresponding PEG-amine, N-(3-(dimethylamino)propyl)-N'-ethyl-
carbodiimide hydrochloride (EDC), and N-hydroxysuccinimide
(NHS) for at least 2 h. Afterward, the surfaces are washed intensively
with PBS solution, water, and ethanol, dried in an N, stream, and
immediately mounted into the AFM cell. XPS and AFM character-
ization of the mixed SAM and diamines immobilized on the mixed
SAM is available elsewhere.® For experiments involving the shorter
PEG-amines (PEGgy, and PEG,yy,), the COOH/OH ratio in the
mixed SAM is adjusted to 1/500, while, for experiments involving the
longer PEG-amines (PEG;49y and PEGg), a ratio of 1/1000 is used
to avoid abundance of multimolecular rupture events.

AFM Tip Preparation. All experiments are carried out using
rectangular gold-coated cantilevers (CONTGB-G, BudgetSensors).
Each tip is cleaned with 95% concentrated sulfuric acid, two batches of
water, and one batch of ethanol for 60 s each and dried gently in an N,
stream. After drying, the tips are mounted immediately into the AFM
setup to perform experiments.

AFM Force Spectroscopy and Data Analysis. All experiments
are carried out in a 5 mM NaCl electrolyte with an adjusted pH of & 4.
We use a Nanowizard AFM (JPK Instruments, Germany). The AFM
cantilever’s sensitivity is extracted from the linear regime of at least
seven approach curves, and its spring constant is determined using the
thermal noise method.>" Typical spring constants vary between 250
and 500 pN/nm with a sensitivity of 65 to 100 nm/V. Sensitivity and
spring constant are used to convert the raw cantilever deflection versus
tip—sample separation data into force—distance profiles. The closest
approach is set to D = 0. Force runs are recorded at constant speed in
a square grid pattern with 10 X 10 points separated by 10 nm. At each
point 10 force curves are recorded. In total at least 8000 curves are
obtained for each experiment from different sample locations. The
maximum force applied during approach is set to 1 nN to ensure tip/
surface contact and maximize the probability of single-molecule pick-
up. The experimental loading rate is adjusted for each experiment to
178 nN/s, unless otherwise mentioned. All data are recorded and
processed using JPK data processing software. All measured force
profiles showing single-molecular pulling (5—20% depending on the
used PEG-amine and sample location) are collected and aligned to the
WLC model (see Figure 3 and 4). Work values are integrated by using
a numerical integration based on the trapezoidal method.
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Figure 3. Force—distance trajectories exhibiting single-molecular
unbinding events aligned to the Worm-like chain model (solid red
line, persistence length: L, = 0.37 nm). (a) PEGg, with L = 5.0 nm.
(b) PEG,gg with L = 16.4 nm. (c) PEGy,q with L = 27.9 nm. (d)
PEGspgo with L = 41.4 nm.

B RESULTS AND DISCUSSIONS

In this work we experimentally characterize work distributions
and estimate the free energy associated with rupture of
molecular interactions at a solid/liquid interface using
monodisperse PEG tethers of variable lengths. The utilized
experimental model system is shown in Figure 2. We
immobilize bifunctional amine-terminated PEG on mixed
SAMs consisting of COOH- and OH-terminated thiols in a
1/500 or 1/1000 ratio. The immobilized PEG is amine-
functionalized at both ends. One of the free amines is used to
covalently bind PEG to the mixed SAM via EDC- and NHS-
assisted coupling reactions”*’ (see experimental section for
details), while the other amino-group remains free. Such a
modified surface faces a gold-coated AFM tip that interacts with
the free amines via the well-studied amine/gold bond.>>~3¢
This interaction has been studied by us and others, and its
binding energy has been estimated by other methods to be 36—
37 kgT.>**

The used PEG-amines are available in a wide range of molar
mass and thus PEG chain length. Monodisperse PEG
derivatives used in this study are of molar mass 600, 2000,
3400, and S000 g/mol corresponding to contour lengths (L)
of S, 16.4,27.9, and 41.4 nm (see Figure 2). As such, this model
system allows us to measure amine/gold unbinding using SM-
AFM as a function of the linker’s chain length. Here, we
specifically focus on characterizing force histograms, and
resulting biases at a given set of 200 force trajectories as a
function of the tether length.
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Figure 4. Typical integration of a single molecular rupture trajectory
for a PEGs,g system. Note that the distance is normalized by the
contour length. The top panel shows a force curve aligned with the
WLC fit. The bottom shows the integration of both the data and the
WLC fit. Clearly, the work transferred into the molecular system is
essentially the energy stored in the stretched tether during bond
loading.

The force plot in Figure 2 depicts a measured full force
trajectory exhibiting a single-molecular unbinding event. The
green curve represents the force signal, while the AFM tip
approaches the modified surface. Here, no pronounced
interaction is visible, and the force profile is dominated by
integral interactions between the tip and the extended surface
(Van-der-Waals and electric-double-layer interactions). Upon
retraction of the AFM tip (red curve in Figure 2), a primary
adhesive minimum below 1 nm distance has to be overcome to
separate tip and surface, which is again attributed to integral
background interactions. If an amine/gold bond between the
PEG-amine and the AFM tip is formed, a second, pronounced
minimum is visible, which is attributed to stretching the PEG
chain, which stores the energy for breaking the amine/gold
bond until bond rupture at the breaking force Fy. Depending
on the PEG chain length, these events are visible in 5—20% of
the recorded force trajectories.

All force curves exhibiting these single-molecular rupture
features are further analyzed and aligned to the Worm-like
chain model (WLC) as shown in Figure 3.>” Panels a, b, ¢, and
d correspond to different chain lengths of S, 16.4, 27.9, and 41.4
nm, respectively. The WLC model serves as unambiguous
identifier of the mechanical properties of PEG, which
undergoes a forced equilibrium transition between a random
and a stretched configuration. These properties are well
known® and as such the WLC model is suitable to identify
single-molecular stretching followed by amine/gold rupture.
Figure 3 further shows that bond rupture shifts to longer
distances for longer linkers as expected.

All force trajectories shown in Figure 3 are analyzed using JE
(eq 1). Therefore, the work W, transferred during each pulling
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and bond rupture event is extracted from the force—distance
behavior by integration of the specific part of the force curve.
The integration runs from the instance when the AFM tip picks
up a molecule with the cantilever being in zero position until
post bond rupture with the cantilever in zero position again.
Figure 4 shows a typical integration of a force curve and
compares it to the energy stored in the spring. As can be seen,
W, contains essentially the contribution from stretching the
PEG molecule in the experimental environment (5 mM NaCl
of pH & 4), which will release and dissipate upon bond rupture
of the amine/gold bond.*® W, constitutes the total work
transferred to the molecular system for the realization of the
experimental rupture process. It is hence the direct measure for
work that is necessary to transfer the system from the
equilibrated state in close contact (step 1 in Figure 1) to the
fully equilibrated state after bond rupture occurred as shown in
Figure 1.

By averaging the exponential of these work values, one in
principle exactly obtains the free energy between two
equilibrium states at the end of any (nonequilibrium) process
based on JE. Our beginning state for integration consists of a
relaxed linker and amine/gold interacting at the tip interface.
The end state corresponds to both the linker and amine-PEG
similarly relaxed (i.e, under no tension) but with the tip far
away from the surface. Thus, the difference between the two
states consists of the presence of a specific amine/gold
interaction. Please note that more rigorous methods of
extracting W, from force—distance data and unraveling the
evolution of AG, along the pulling coordinate are discussed
elsewhere,>”*" here we integrate the mechanical work.

In any case, Jarzynski relation does not require special
treatment or modification in light of the nature of the
intervening nonequilibrium process, and this is its great
strength. Indeed, free energy differences are insensitive to the
nature of events during the pathways that are intermediate
between the beginning and ending states. While the average
total and average dissipative work Wy, = ((W) — G,) grows
significantly with the extent of nonequilibrium effects such as
increasing tether lengths, the distribution of work values will
also change so as to preserve the underlying free energy. This
makes it more and more complicated and often experimentally
not feasible to properly sample a work distribution, resulting in
a significant bias of the estimated free energy."'

Figure Sa shows the measured work histograms for the four
different linker lengths. Even though in all experiments the
amine/gold bond is probed, the work distributions vary
significantly as a function of the used linker length. With
increasing length, the distributions broaden and the maximum
shifts to higher work values. As a side note, this result has
interesting implications for adhesion science in general. Even if
the adhesive bond is similar, the energy dissipation during bond
rupture can significantly increase forces and hence dissipative
work of adhesion that are necessary for unbinding an adhesive
junction. As such, controlling interfacial polymer structures of
adhesives will offer a strategy for controlling adhesive forces.

Further, comparing the average work and the JE estimate in
Figure Sb for the four different chain lengths reveals a
significant increase of both average work and estimated
interaction free energies (eq 1) upon evaluation of 200 work
trajectories for every linker length. Specifically, the red curve in
Figure Sb shows the calculated AG, using JE as a function of
the PEG linker’s length. Based on the experimental samples we
observe an increasing AG, from 34 kT for the shortest linker
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Figure S. (a) Measured work distributions for various linker lengths.
(b) Evolution of the average work (black) and the estimated free
energy using Jarzynski’s equality (red). (c) Estimated experimental
bias as a function of the dissipated energy Wp;, = (W) — AGJ. The
red line is a guide for the eye.

to SS kgT for the longest linker. In a previous study we
estimated AG, for an almost identical system to be 36—37
ksT,** which is also in §ood agreement with the results
obtained by other groups.’

Consequently, the work distributions for longer linkers are
not well sampled with 200 trajectories, and estimates for AG,
are clearly biased for long linkers. This is possibly due to larger
deviations from thermodynamic equilibrium during relaxation
of the longer linkers from larger rupture distances. This is not
unexpected since longer molecules have more degrees of
freedom in a good solvent (which is the case for PEG in water),
and as such the transition from a random orientation to a fully
stretched chain is entropically less favorable and more work has
to be spent, and hence dissipates, for this process on average.

The increasing AG, clearly shows that the work spent on the
linker folding biases the estimated AG, The quantity of
interest from an interface science point of view is the
interaction free energy of the underlying bond rupture. We
can now estimate the experimental bias by accepting 34 kT
measured by a different group® as a good estimate for the
underlying amine/gold binding energy. We can than estimate
the dissipated work by subtracting the average work and the
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best estimate for AG, (subtracting 34 k, T from the black curve
in Figure 3b). As expected, the bias increases with increasing
dissipated work. For the longest linker used the bias is ~60% of
the expected value.

We can now also estimate the bias of the measured work
distribution shown in Figure Sa based on the work by Gore et
al.*' In our system, the bias can be estimated as % with the

a

In[2CWj, / kT]

In[C(exp(%) - l)]
dissipated work, and C = 15 is a constant.*’ For PEGy, with
G, ~ 34 kT based on our and other work,” (W) = 39.8 KT and
hence W g, = 5.8 kT we can estimate an expected bias of only
~1 kT. By contrast, the measured Wy of 38 kT, 71 kT, and
114 kT, and hence the resulting statistically expected bias
increases significantly to 25 kT, 55 kT, and 95 kT for PEG,,
PEG;40, and PEGggy, respectively, for the probed 200
realizations of the process. Experimentally, however, we find
lower biases of 3.5 kT, 4 kT, and 21 kT, respectively. This is
important, as it suggests that the estimated free energies for the
longer PEG chains are significantly lowered by random small
work values, which can artificially lower the expectation value.
As mentioned above, this again indicates incomplete sampling
for the longer PEG chains that are probed further from
equilibrium. We can hence conclude that 200 realizations of
surface-to-molecule rupture experiments are only enough if the
PEG chain length is kept as short as possible. As a caveat, it is
important to note that the expression derived by Gore et al. is
only valid for near-equilibrium experiments. It is not clear if this
is the case for increasing linker lengths. Clearly, the results
suggest a departure from close-to-equilibrium conditions.
Unfortunately, there is no analytical expression for estimating
biases far from equilibrium. As such, the biases estimated above
are possibly even underestimated for the increasing linker
length.

Based on the experimentally obtained Wy, it is now
interesting to consider how many realizations of the bond
rupture are necessary for a proper sampling of the work
histograms, and how this compares to our experiments. Gore et
al.*' estimated the bias as a function of the number of
trajectories for different average dissipated works. Specifically, a
bias of less than 1 kT can be obtained for W y,< 8 kT within
about 100 realizations of the process. This agrees well with the
observed behavior of PEGy, shown in Figure 6. Within about
50—100 force trajectories we obtain a stable value that is not
biased by low numbers. Specifically, and as can be seen in
Figure 6 as well, about 20% of the values are in fact lower
compared to the JE estimate, indicating proper sampling of the
work histograms. For PEGj,q, already more than 10°
realizations are needed to adequately sample the work
distribution, given the experimental broadening of the force
histograms with an average dissipated work of >50 kT. As such,
it seems imperative to rely on linkers that are as short as
possible to probe surface to molecule bonds. Based on our data
both PEGgy, and PEG,, seem suitable.

Considering practical experimental aspects of SM-AFM, it
seems hence necessary to aim for a compromise between tether
length and convergence behavior. Too short tethers make it
impossible to separate the primary minimum and the single
molecule signature. Long linker will require a practically not
feasible number of samples. Here, PEGy is still experimentally
feasible due to the small primary adhesive minimum. PEG,

factor a = depending on the average
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details).

gives a bias 4—7 kT or 10—15%, and longer PEG molecules do
not provide acceptable estimates for AG, within the given
sampling of 200 trajectories. It also seems possible to further
converge PEG,q data. Anything up to ~10* realizations seems
feasible in an experimental AFM setting.

B CONCLUSIONS

In summary, our data provide an experimental characterization
for biases resulting from the application of JE to unidirectional,
nonequilibrium SM-AFM measurements of surface-to-molecule
bonds with PEG tethers of varying length. We find that the
systematic bias is due to extension of PEG further out
thermodynamic equilibrium for longer linker molecules.

This work highlights important aspects about how SM-AFM
experiments should be designed in order to deliver reasonable
estimates for AG, for molecule—surface interactions based on
JE with a feasible sample of force trajectories. Particularly, the
influence of the linker’s length may lead to strongly biased
interaction energies. In practice, a compromise between
polymer length and sample size is hence essential. Here, our
data demonstrate that the shortest possible linkers are beneficial
and converge within some 100 force trajectories. For the
amine/gold bond there is a regime of linker lengths below 20
nm where the bias is <10—15% leading to reasonable estimates
for AG,. With longer linkers apparent methodical limits of the
method are reached.

As a final aspect, our results also provide interesting insight
into adhesion in general. In all experiments shown here we
probe the same type of interaction with constant interaction
energy and unbinding kinetics. An increasing amount of work is
needed in average to break an adhesive junction based on the
same functional adhesive bond if it is tethered to longer
molecules, leading to an increasing dynamic strength of an
adhesive bond. As such, how energy dissipates during adhesive
failure offers a promising strategy for improving adhesive
strength, i.e, the resistance to failure under applied force.
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