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echanical experiments with single

molecules provide direct access

to the forces involved in protein
folding,' intramolecular reorganization,®*
receptor—ligand interaction,* ” or chemi-
cal binding® ' Because mechanical and
thermal activation act in concert, the ob-
served bond strength typically depends on
the rate at which the mechanical load is
applied. In dynamic single-molecule force
spectroscopy, individual molecules are
stretched at constant pulling velocities. In
order to extract kinetic and structural param-
eters of the underlying bond rupture mech-
anism, the pulling velocity has to be
varied over several orders of magnitude
and force-loading rate-dependent bond
rupture forces have to be determined. The
kinetic and structural parameters can then
be extracted from the offset, slope, and
scattering of the rupture force versus
force-loading rate data.'®> However, if more
than one reaction pathway is present at a
time, the scattering of the data increases,
and as aresult, the same data set can be fitted
with different parameter sets, rendering the
extraction of the kinetic and structural param-
eters virtually impossible. In single-molecule
force-clamp experiments, on the other
hand, bond survival times are directly mea-
sured at constant clamp forces and defined
temperatures.'®'*~2° Here, different subsets
of reactive sites can be clearly distinguished,
and the corresponding bond lifetimes can
be directly determined from the different
slopes when the number of intact bonds
is plotted versus time in a semilogarith-
mic representation. An Arrhenius plot then
immediately renders the force-dependent
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ABSTRACT

f
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We have investigated the strength of silyl ester bonds formed between carboxymethylated amylose

(CMA) molecules and silane-functionalized silicon oxide surfaces using AFM-based single-molecule

force spectroscopy in the force-damp mode. Single tethered CMA molecules were picked up, and

bond lifetimes were determined at constant damp forces of 0.8, 1.0, and 1.2 nN at seven

temperatures between 295 and 320 K at pH 2.0. The results reveal biexponential rupture kinetics.

To obtain the reaction rate constants for each force and temperature individually, the results were

analyzed with a biexponential kinetic model using the maximum likelihood estimation (MLE)

method. The force-independent kinetic and structural parameters of the underlying bond rupture

mechanisms were extracted by fitting the entire data set with a parallel MLE fit procedure using the

Zhurkov/Bell model and, alternatively, an Arrhenius kinetics model combined with a Morse

potential as an analytic representation of the binding potential. With activation energies between
37 and 40 k) mol ", and with Arrhenius prefactors between 5 x 10*and 2 x 10°s~", the results

point to the hydrolysis of the silyl ester bond.

KEYWORDS: single-molecule force spectroscopy - force-clamp spectroscopy -
silyl ester - acyloxysilane - hydrolysis - mechanochemistry

activation energies and Arrhenius prefac-
tors, and finally, these force-dependent
parameters can be directly converted into
force-independent kinetic and structural
parameters, that is, activation energies and
Arrhenius prefactors at zero force, as well as
the widths of the binding potentials, by
using an Arrhenius kinetic model with a
force-dependent activation barrier.
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In a recent study,?’ we have shown that under acidic
conditions (pH 2.0) single carboxymethylated amylose
(CMA) polymers can be covalently tethered to a silane-
coated glass substrate and a silanized AFM tip via a
proton-catalyzed ester condensation between the car-
boxyl groups of CMA and free hydroxyl groups at the
glass surface as well as free silanol groups of the silane.
Because their hydrolytic lability strongly depends on
the side-chain functionalities attached to the silicon
atom,”>™** silyl esters represent a promising inter-
mediate for the preparation of degradable polymeric
materials.?> 3° Taking advantage of their tunable sta-
bilities, silyl ester linkages are ideally suited to improve
the controlled material degradation in a variety of
applications, such as carriers for drug delivery systems,
matrices in tissue engineering, and temporary pros-
thetic devices, but also in agriculture and packaging
technology.3'* In contrast to the desired degrada-
tion after a defined lifespan, in a number of potential
applications, for example, tissue engineering or pros-
thetic devices, even degradable materials have to
withstand considerable mechanical forces. Mechanical
tension can, however, significantly accelerate the de-
gradation process by tilting the potential energy land-
scape and lowering activation barriers, possibly
leading to premature material fatigue or failure. In
order to provide a better understanding of the role of
mechanical activation in the hydrolysis mechanism, in
the present study, we have made use of the possibility to
covalently link CMA polymers to silane-functionalized
silicon oxide surfaces via proton-catalyzed silyl ester
condensation to investigate the hydrolysis of the silyl
ester under mechanical load, using AFM-based single-
molecule force spectroscopy in the force-clamp mode.

Interestingly, for all three clamp forces and all seven
temperatures that we have investigated, we observed
biexponential bond rupture kinetics, indicating that
the ensemble of molecules is composed of two differ-
ent subsets which exhibit significantly different rate
constants for bond scission. Fitting the entire data set
in parallel with two different Arrhenius kinetic models
using maximum likelihood estimation (MLE)* yields
the force and temperature-independent parameters of
both bond rupture channels.

Apart from probing the underlying chemistry of
mechanically activated silyl ester hydrolysis, this study
also highlights the potential advantages (and dis-
advantages) of single-molecule force spectroscopy in
the force-clamp mode compared to the more fre-
quently used dynamic force spectroscopy: So far,
experiments in the force-clamp mode have been
limited to forces below 500 pN'%'*~2 since the probed
molecules were not anchored covalently. However, for
the mechanical activation of most covalent chemical
bonds, nanonewton forces are required. Covalent an-
choring of polymers, as used in the present study,
allows applying clamp forces in the nanonewton
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Figure 1. (A) Coupling of an individual CMA molecule
between the AFM tip and a silanized glass substrate via
acid-catalyzed ester condensation between carboxylic acids
in the CMA and unreacted silanol groups in the surface
anchor. (B) Typical force-clamp experiment of an individual
CMA molecule covalently tethered between the substrate
and the AFM tip at 295 K. Initially, the AFM tip approaches
the substrate and is pressed to the substrate at a force of
250 pN for 1 s. In a few percent of all approaches, an
individual CMA molecule is then randomly picked up and
stretched until the clamp force of 0.8 nN is reached
(cf. Methods section for a detailed description). The clamp
force is kept constant until the bond ruptures after 5.69 s in
this individual example. Inset: the corresponding force—
distance curve shows a pronounced plateau at around
0.3 nN. Further extension leads to a sharp force increase
until the clamp force is reached.

regime, thereby extending the capabilities of the
force-clamp method to the realm of covalent mechano-
chemistry. Furthermore, unlike the more commonly
used least-squares fit, the MLE method used for data
analysis accurately accounts for the exponential (non-
Gaussian) probability distribution of the force-clamp
data and provides statistically well-defined (asymmetric)
errors. A parallel fit procedure using MLE further improves
the accuracy of the fit.

RESULTS AND DISCUSSION

A typical AFM-based force-clamp experiment, where
CMA was coupled between an AFM tip and the sub-
strate via acid-catalyzed ester condensation at pH 2.0
and 295 K, is displayed in Figure 1. An individual CMA
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molecule is picked up and stretched until the clamp
force of 0.8 nN is reached. After a clamp time t =5.69's,
the bond ruptures and the force drops to zero. The
corresponding force—distance curve (Figure 1B, inset)
exhibits a plateau at around 0.3 nN. This nonlinear
behavior has been shown to be characteristic for CMA
in previous studies and allows verifying that the bind-
ing event of a single CMA polymer was detected.®36~3°
Note that because the silyl ester bonds form efficiently
only at pH 2.0 with the protocol used,?" all experiments
were conducted under these acidic conditions.

The results of 63 single-molecule force-clamp ex-
periments at 0.8 nN clamp force and 295 K are dis-
played in Figure 2, where the relative number of surviving
bonds N(t)/Ng (Ng = 63) is plotted versus time in a
semilogarithmic representation (black dots). As can be
seen from the data, the bond decay follows a biexpo-
nential kinetics, with a slow and a fast decay channel.

In order to extract the temperature and force-de-
pendent rate constants k; and k; of the bond rupture,
the data set was analyzed by fitting a normalized
biexponential probability distribution of the form

plt,a ki ko) = akie ™ T+ (1 —ake (1)

to the data, using MLE combined with an evolutionary
optimization algorithm. Here p(t,a,kq,k;)dt represents
the probability that a bond rupture is observed be-
tween time t and t + dt; k; and k, are the reaction rate
constants at a certain temperature and clamp force; a
and (1 — a) correspond to the relative contributions of
channels 1 and 2, respectively. To correctly account for
the device-dependent lower detection limit, that is,
undetectable clamp times below t,, = 0.005 s, eq 1
was renormalized to

1
pant, a, ki, ko) = 5[a/ﬁe*kwu —ake k1 (2)

where @ = age ¥itmn 1 (1 — g)e ket (cf, Supporting

Information for details of the fitting procedure).

For the data shown in Figure 2, the fit yields rate
constants of k; = 0.09 s~ for the slow channel and k, =
6.29 s~ for the fast channel, as well as a fraction of 21%
(a=0.21) of the bonds decaying via the slow and 79%
via the fast process.

Integration of eq 1 again gives the relative number
of surviving bonds depicted in Figure 2:

N(t)

ot
— =1 t,a, ky, ky)dt’
No /0 p(t, a, ki, ka)

= age Mt (1 —qge k! (3)

Using the values k;, k,, and a determined by the fit,
the relative number of surviving bonds N(t)/N, =
ae Mt (1 — a)e ™ (solid line) as well as the correspond-
ing single exponential decays ae " (dashed line) and
(1 — a)e ™ (dotted line) were calculated and are dis-
played in Figure 2 together with the experimental data.

[

In N(t)/No

t/s

Figure 2. Bond lifetimes extracted from 63 single-molecule
force-clamp experiments, where CMA was stretched be-
tween the AFM tip and the substrate under acidic conditions
(f=0.8 nN, T = 295 K). The natural logarithm of the relative
fraction of intact bonds (InN(t)/N,, y-axis) is plotted against
the time (t, x-axis). The observed decay obeys a biexponen-
tial rate law (thin straight line) consisting of a slow process
with k, = 0.09 s~ (dashed line) and a fast process with k; =
6.29 s ' (dotted line), contributing 21 and 79%, respec-
tively, to the overall process.

It should be pointed out that the MLE method
requires properly normalized probability distributions.
Using the renormalized biexponential probability dis-
tribution prn(t,a,ks,k;) rather than the relative number
of surviving bonds N(t)/N, for the fitting procedure
therefore allows for using the MLE method. Unlike a
least-squares fit to N(t)/No, the MLE method correctly
accounts for the non-normal probability distribution,
as well as the device-dependent detection limit of
0.005 s. Directly fitting the data with eq 3, using a
least-squares fit algorithm, yields comparable results
(cf. Supporting Information). Nevertheless, in this case,
both the exponential instead of normal nature of the
underlying probability distribution as well as the de-
tection limit of the instrument are not correctly ac-
counted for.3>4°

The results of the experiment depicted in Figure 2 as
well as the results of similar experiments carried out at
different temperatures and different clamp forces are
illustrated in Figure 3, where the natural logarithm of
the temperature and force-dependent rate constants
k, (triangles) and k; (circles) is plotted versus 1000/T for
0.8 nN (open symbols) and 1.0 nN clamp force (black
symbols) in an Arrhenius plot (cf. Supporting Infor-
mation). As expected for a thermally and mechanically
activated process, a trend toward increasing rate con-
stants with increasing clamp forces as well as increas-
ing temperatures can be observed both for k; and k,.

Fitting an Arrhenius equation k; = Aexp[—E, /(kgT)]
(i = 1, 2) to the data visualized in Figure 3 would, in
principle, allow for determining activation energies
and Arrhenius prefactors for the two decay channels
at clamp forces of 0.8 and of 1.0 nN, respectively.
However, due to the external clamp force, the bond
scission is greatly accelerated in these data sets. In
order to extract the force-independent activation
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Figure 3. Arrhenius plot: logarithm of the extracted rate
constants k, (triangles) and k; (circles) is plotted vs 1000/T
for 0.8 nN (open symbols) and 1.0 nN clamp force (black
symbols). The corresponding values for k;, k», and a are also
summarized in the Supporting Information. The four lines
correspond to temperature-dependent rate constants at 0.8
and 1.0 nN, calculated with the parameters determined by a
global fit of the Zhurkov/Bell model. From top to bottom: k,
at 1.0 nN, k, at 0.8 nN, k, at 1.0 nN, and k; at 0.8 nN. The error
bars correspond to the asymmetric one-standard-deviation
parameter errors as calculated with MINOS (cf. Supporting
Information).

energies and Arrhenius prefactors (at zero force), one
has to account for the fact that the activation energy is
usually lowered by the external force. We have there-
fore included force-dependent activation energies
E, (f) into the Arrhenius equation. To estimate the func-
tional relationship between the activation energy and
the applied force, we have used two different models.

As a first approximation, we have used the well-
established model introduced by Zhurkov and Bell,*'?
where the height of the activation barrier depends
linearly on the applied force: The force lowers activa-
tion barriers by fAx and, in turn, decreases the bond
lifetimes 7;, that is, increases the reaction rate constants
k; = 1/t Here f denotes the applied force and Ax} the
projection of the distance between potential minimum
and transition state on the pulling direction. In the
Zhurkov/Bell model, however, the Ax{ values are as-
sumed to be force-independent parameters, a simpli-
fication which is usually justified at small forces.
However, at forces in the nanonewton regime used
here, this approximation may fail.

As a second, more sophisticated, approach, which
more accurately accounts for the high forces needed
for the activation of covalent bonds, we have therefore
used a Morse potential Vi(x) = D (1 — exp(f,B,-x))2 asa
one-dimensional representation of the binding poten-
tial and superimposed a constant force field** 46
Verti(X.f) = Vi{x) — fx. In this case, the force-dependent
activation energies become®**®

_ _ f f N f a,
Ea,,(f) = De,,{ 1 7@7fmanitanh ( 17fma>w>} 7§hv, (4)

With fiaxi =V maxi = 1/2De i3;, the dissociation energies
De,;, the widths of the Morse potentials B!, and
a/2-hv; accounting for the contribution of the zero-
point energy (cf. also ref 13). First quantum chemical
(DFT) calculations indicate that the contributions from
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the ground state and the transition state to the zero-
point energy almost cancel each other. We have there-
fore set o equal to zero. In this case, E,; at zero force
and D, are equal. Unlike the linear Zhurkov/Bell
model, the Morse potential-based model accounts
for the fact that for the activation of covalent bonds
at high forces, AxF decreases with increasing force,
becoming zero at f = f,,,."* %

Inserting the Arrhenius equation with the force-
dependent activation energies E, /(f) into the renormal-
ized rate equation (eq 2) yields normalized bond
rupture probability distributions pgn(t,T,1), which are
functions of time, temperature, and force. These dis-
tributions allow for analyzing the entire data (bond
survival times determined at all 7 temperatures and 3
clamp forces) in a parallel fit procedure using the MLE
method. The free parameters are the Arrhenius pre-
factors A;, activation energies E, ;, the relative contribu-
tion of channel 1 to the overall bond rupture process a,
and potential widths (Ax} in the case of the Zhurkov/
Bell model and 3" in the case of a Morse potential).
Unlike k; and k5, these parameters are temperature-
and force-independent.

The free parameters determined by the parallel fit
procedure are summarized in Table 1, both for the
Zhurkov/Bell model and for the Morse potential-based
model. With 37 and 38 kJ mol ™" in the Zhurkov/Bell
model as well as 39 and 40 kJ mol ™' for the Morse
potential-based model, the activation energies are
almost identical for the two decay channels. They vary
only by 2 kJ mol ™" with the model used, less than the
error limits of £5—7 kJ mol~'; that is, both models yield
essentially the same result. These values are within the
typical range of activation energies for silyl ester
hydrolysis, which lie between 36 and 43 kJ mol 4748
Furthermore, the fact that both models yield essen-
tially identical results also indicates that, at clamp
forces around 1 nN, the linear approximation made
by the Zhurkov/Bell model is still valid for this particular
bond rupture mechanism.

The Arrhenius prefactors for the two decay channels
are 55 x 10* s7' (Zhurkov/Bell) and 5.9 x 10* s
(Morse) for the slow process as well as 1.9 x 10° s~
(Zhurkov/Bell) and 2.0 x 10° s~' (Morse) for the fast
process, which is again in good agreement with Ar-
rhenius prefactors reported for silyl ester hydrolysis*’
and which is several orders of magnitude smaller than
attempt frequencies predicted for homolytic rup-
ture processes.***>*° Using the Arrhenius equation
to calculate the force-independent reaction rate con-
stants k;(f = 0) and k,(f = 0) at room temperature (295 K)
yields values of 1.5 x 1072 and 3.5 x 107" s~ for the
Zhurkov/Bell model as well as 7.3 x 10~ >and 1.6 x 10™"
s~ for the Morse potential-based model, both pointing
to the typically rapid hydrolysis of silyl esters.?”47=05

For better comparison of the two models, for the
Morse potential-based model, Table 1 lists not only the
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TABLE 1. Model-Dependent Parameters

experimental data”

model parameter process 1 process 2
Thurkov/Bel £k mol”! vt 38 7S
1 4 + 1.4 x 10 6 +3.0x10°
Als 5.5x10% T 0T o8 1.9x10° 7307 105
43 +0.034 +0.027
AXR 0120 T2 0123 T 57
Morse® Do/k) mol ™" 39 J:66 40 t?_;
1 4 +1.9 x 10 6 +5.2x10°
Als 6.0 x 10" T 707 o4 20x10° 7257 o
iR +0.035 +0.020
BYA 0.032 T o0le 0.033 o012
P o +0.093 +0.065
Ax' (0.8 nN)7A 0125 T e, 0126 T o
+ c +0.084 +0.053
AX (1.0 nN)J7A 0117 T 3 0e0 0.119 T8

“ According to the biexponential fit, the overall decay process is subdivided into two fractions, where process 1 contributes 28% and process 2 72% to the overall decay process.
Asymmetric one-standard-deviation parameter errors were calculated with MINOS (cf. Supporting Information). " Here E, = D, because o = 0.">. “ Corresponds to the force-

dependent distance between reactant state and transition state in the Morse potential under mechanical load.
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Scheme 1. Carboxymethylated amylose tethered to the surface via free silanol groups.

fit-parameters ;' but also the distances Ax} between
transition states and potential minima at 0.8 and
1.0 nN. (As mentioned above, in the Morse potential-
based model, Ax{ values are force-dependent.) Again,
for both decay channels and both models, the values
for Axf are quite close together. With values around
0.12 A, the potential widths are rather small for chemi-
cal binding potentials. However, it has been shown in
previous studies®? >* that in mechanically activated
chemical reactions, the reaction coordinate does not
necessarily coincide with the pulling direction. In this
case, the observed potential width corresponds to the
projection of the potential width on the pulling
direction.

As pointed out above, the observed activation en-
ergies, Arrhenius prefactors and reaction rate con-
stants lie well within the range expected for silyl
ester hydrolysis.*”*® At the same time, they are all
significantly smaller than the values expected for
homolytic bond scission.2** Of all chemical bonds in
the molecular chain connecting substrate surface and

SCHMIDT ET AL.

AFM cantilever, at pH 2.0, the silyl ester formed be-
tween carboxylic acid of CMA and a free silanol group
on the silicon oxide surface or the silane surface linkers
is most liable to hydrolysis.?'*#7>~>7 Therefore, silyl
ester hydrolysis is, in fact, the most plausible explana-
tion for the observed bond rupture process.

Taking into account that the hydrolytic liability
of silyl esters strongly depends on the side-chain
functionalities of the silicon atom,*?" 22 a reasonable
explanation for the presence of two distinguishable
subsets of molecules could be the presence of different
chemical moieties at the silicon atom in the silyl ester
linkage. As shown in Scheme 1, a silyl ester can be
formed between carboxylic acids of CMA and two
different chemical moieties on the substrate as well
as AFM cantilever surface, that is, free hydroxyl groups
on silicon oxide (Scheme 1a) and free silanol groups of
surface-linked organosilanes (Scheme 1b,c).2' Another
possible side-chain difference could arise from the fact
that the organosilanes used in the experiments contain
three silanol groups. Only one of these silanol groups is
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needed to form the silyl ester linkage with the car-
boxylic acid of CMA. As shown in Scheme 1b—d, of the
remaining two silanol groups, either one or two groups
can be connected to hydroxyl groups on the surface or
to neighboring organosilanes or to an additional
CMA.>® Whether these alternative surface anchors
are indeed responsible for the observation of the
biexponential behavior and, if so, which configurations
correspond to the two decay channels observed in
the experiments remains open and has to be clarified
by enhanced quantum chemical simulations, for ex-
ample, with an explicitly included external force field
(EFEI).>%°

CONCLUSION

AFM-based single-molecule force-clamp experi-
ments clearly show that, under acidic conditions, the
decay of silyl ester bonds which have been formed via
acid-catalyzed condensation between carboxylic acids
of CMA molecules and silanized substrates follows a
biexponential kinetics. The force and temperature-
independent kinetic and structural parameters of the
underlying bond rupture process were extracted using
two alternative Arrhenius kinetic models, one with a
linear force dependence of the activation barrier and
another one where a Morse potential has been used as
a one-dimensional representation of the binding po-
tential. The observed kinetic parameters i.e., activation
barriers, Arrhenius prefactors, and reaction rate con-
stants all agree well with silyl ester hydrolysis.

To clarify which side groups of the silicon atom
account for the biexponential behavior, combined quan-
tum chemical and molecular dynamics simulations have

METHODS

Materials. N‘—[3—(TrimethoxysiIyI)propyl]diethylenetriamine
(DETA), carboxymethylated amylose (CMA), and phosphate
buffered saline (PBS; buffer composed of 0.137 M NaCl,
0.010 M Na,HPQ,, 0.003 M KCl, and 0.002 M KH,PO,, pH 7.4 at
T = 298 K) were purchased from Sigma-Aldrich (Deisenhofen,
Germany). Hydrochloric acid (32% GR for analysis), acetic acid
(99—100% for synthesis), and ethanol (absolute GR for analysis)
were obtained from Merck (Darmstadt, Germany). All experi-
ments were conducted with silicon nitride AFM cantilevers with
a nominal force constant between 10 and 20 mN/m (MLCT-AU,
Veeco Instruments GmbH, Mannheim, Germany). Glass micro-
scope slides from Menzel (Braunschweig, Germany) were used
as substrates.

Sample Preparation. Silanization of glass microscope slides
and AFM tips was performed according to a previously pre-
sented method.?’ In brief, glass substrates were cleaned in
diluted hydrochloric acid in double distilled water (H;Ogqest),
sonicated in this solution, and rinsed three times with H,Oygest-
To remove organic contaminations from the AFM tip, cantile-
vers were irradiated with UV light and immersed in ethanol.
AFM tip and glass surfaces were functionalized using a solution
of ethanol and H,044est, Which was acidified with diluted acetic
acid to pH 4.5—5.5. Afterward, DETA was added, and both slides
and cantilevers were incubated in this solution, rinsed with
ethanol, and cured at 110 °C. Silanized glass slides and AFM tips
were then stored in vacuum at room temperature. Prior to
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to be carried out. Nevertheless, our results already
provide a better understanding of the mechanochem-
ical degradation of silyl-ester-containing materials:
With the force-dependent Arrhenius equation and
the fit parameters listed in Table 1, reaction rate
constants can be derived as a function of force and
temperature, which is particularly valuable when it
comes to the stress resistance and mechanical tough-
ness of silyl-ester-containing polymeric materials as
well as for the design of new smart materials, such as
force sensing materials or materials with defined life-
times under mechanical load.

Compared to dynamic force spectroscopy, which is
performed at constant pulling velocities, single-mole-
cule force-clamp experiments yield data with a higher
content of information. Multiexponential decay ki-
netics become clearly evident in the force-clamp data,
while in dynamic experiments, they lead to a rather
unspecific broadening of the rupture force distribu-
tion. Since the data reveal more details of the under-
lying reactions, superior modeling becomes possible.
When the MLE method is applied, force-clamp data can
be modeled with proper assumptions for the bond
rupture probability distributions. Meaningful, statisti-
cally precisely defined error limits can be derived
within the MLE model. Using a parallel, rather than a
stepwise fit procedure greatly increases the size of the
statistical ensemble and thus further improves the
accuracy of the fit. The results presented here suggest
that the combination of force-clamp experiments with
the maximum likelihood estimation provides a power-
ful method for the quantitative investigation of cova-
lent mechanochemistry.

individual force spectroscopy experiments, 10 mg of CMA was
suspended in 1 mL of PBS, which was titrated to pH 2.0 with
diluted hydrochloric acid. This solution was transferred to the
DETA-functionalized microscope slide, and after a reaction
period of 10 min, the slide was thoroughly rinsed with acidic
PBS buffer in order to remove noncovalently bound CMA from
the substrate.

Single-Molecule Force Spectroscopy. The optical lever sensitivity
and cantilever force constant were determined based on the
thermal noise method prior to every individual force-clamp
experiment,®’ and the average value of three independent
measurements was used. Then, the prepared slide was
mounted on the AFM stage and covered with several hundred
microliters of PBS buffer at pH 2.0. The temperature of the
solution was controlled by a custom-built resistance heating
stage and measured with a Pt100/1 temperature sensor (Burklin
OHG, Oberhaching, Germany). Prior to AFM measurements, the
temperature of the solution on the stage was adjusted and, after
equilibrium was obtained, kept constant during experiments.
Then, the functionalized AFM tip bearing multiple binding sites
(i.e., free hydroxyl groups) was repetitively brought into contact
with individual carboxyl groups from the CMA molecules, which
were covalently tethered to the glass substrate. In the case
of a successful bond formation, the tethered molecule was
stretched with the predefined clamp force until a bond rupture
event occurred. Then the next cycle was started and the
substrate surface was again approached by the AFM cantilever.
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In order to increase the number of detected binding events, a
grid of at least 64 contact spots within a surface area of 10 um?
was repeatedly approached and CMA was randomly picked up
from the surface. All force-clamp experiments were conducted
with a NanoWizard atomic force microscope (JPK Instruments,
Berlin, Germany) in the force spectroscopy mode. In the im-
plemented Force RampDesigner, the clamp retract speed (i.e.,
the z-piezo retraction velocity) was adjusted to 5 um s~ ' and the
clamp P and | gains were tuned for every AFM tip individually
according to the approach gains. In all cases, the contact force
between the AFM tip and the substrate prior to conducting a
force-clamp experiment was kept below 0.3 nN, and the contact
time between the AFM tip and the substrate was setto 1.0 s. In
control experiments at neutral pH, no binding events were
detected under these experimental conditions.?’ In order to
ensure that one individual CMA molecule is investigated at a
time, every force versus time curve was converted to a force—
distance curve and analyzed with regard to the characteristic
plateau at around 0.3 nN. On the basis of the individual gain
settings adapted for the cantilevers used (i.e., gains depending
on the cantilever resonance frequency), the minimum detection
time turned out to be 0.005 s in our experiments. Depending on
the experimental conditions, a peak-to-peak force noise be-
tween 10 and 50 pN was observed, and the force resolution was
always <10 pN.
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