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ABSTRACT A nano-handling technique based on atomic force microscopy (AFM) is
presented that allows reliable measuring of force—extension profiles of single-polymer
molecules. The basis of the method is a properly functionalized solid substrate, to which a
small amount of the polymers in question is adsorbed. The sample is first imaged in
amplitude modulation mode in solution with a functionalized AFM cantilever, and a
polymer chain is picked up with the AFM tip at one of the ends of the polymer molecule.
Force curves are recorded by stretching the attached polymer molecule many times. After
the force experiments, the molecule is imaged again. In this fashion, one can ascertain that
the force experiments are truly carried out with one individual molecule. With this

technique, the force response of amino-functionalized dendronized polymers was studied
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and it could be accurately described by the freely jointed chain model with chain elasticity.
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A monotonic dependence of the mechanical properties of these polymers up to generation 4 was found. The elastic constant was independent of the

generation and solution composition. On the other hand, the effective Kuhn length increased with the generation at higher salt concentrations. The

mechanical response of dendronized polymers can be tuned with solution composition.
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or about two decades, we have
witnessed systematic studies of the
mechanical response of individual poly-
mers on the single-molecule level. Individual
DNA molecules were first studied with mag-
netic tweezers.' > Soon afterward, it was
realized that the atomic force microscope
(AFM) represents an ideal tool to investigate
in a similar way smaller macromolecules,
particularly, muscle proteins or poly-
saccharides.*~ ' The AFM was later used to
probe mechanical properties of synthetic
polymers and polyelectrolytes.®'*'> More
recently, the mechanical response of bottle-
brush and dendronized polymers (DPs) was
studied with the AFM, as well.’¢~'8
The technique based on the AFM is also
referred to as single-molecule pulling or
force spectroscopy, and it has revealed
substantial details concerning the me-
chanics of individual macromolecules. Such
experiments were performed on proteins,
and they revealed that stretching of such
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protein proceeds through unwrapping of
individual protein domains.>'*'® For poly-
saccharides, it was established that they
may undergo a conformational transition
upon stretching.>*'%'® Similar conforma-
tional transitions were also found for poly-
(ethylene oxide).'* Interesting reports exist
concerning possible modification of me-
chanical properties of individual polymers
by external parameters such as optical ex-
citation, redox properties, or nature of the
SOIVent.14'17'20'21

Investigations of mechanical properties
of single polymers with the AFM rely on
repeated approach and retraction force
measurements, whereby the retraction
part normally reveals the force response of
single-polymer molecules. These studies are
based on spontaneous bridging between
an appropriately functionalized AFM tip and
substrate with a polymer chain >~ 814192223
The polymer can be either adsorbed or
grafted to the substrate, but in such situations,

* Address correspondence to
michal.borkovec@unige.ch.

Received for review October 21, 2013
and accepted February 8, 2014.

Published online February 08, 2014
10.1021/nn405485h

©2014 American Chemical Society

VOL.8 = NO.3 = 2237-2245 = 2014 A@Q}Nﬁ@iy

)
W/
WWwWW.acsnano.org

2237



several chains can be picked up simultaneously. In
some cases, the polymer can also be attached to the
sharp AFM tip, thereby improving the chances of
probing single molecules.'”?*%> The approach part of
the force curve may also reveal the force response
of the polymer, which becomes possible when the tip
is not retracted too far away from the surface, and the
chain can be stretched several times.®'2~ 141618 This
approach can also be used to probe the conforma-
tional dynamics of macromolecules.'*'3

While the aim of such experiments is to investigate
single-polymer molecules, the verification that just a
single-polymer molecule is bridging the tip and the
substrate is not trivial. This problem was normally
resolved by plotting all force profiles versus a relative
extension, whereby the latter is normalized at a given
force 812223 When one deals with single molecules, all
force curves collapse on a single master curve. Other
possibilities to ensure that single-molecule events are
recorded include grafting of polymer molecules to the
tip and not to the substrate and by exploiting the
number of events recorded during a retraction.®'>2? In
the former case, the probability that a single molecule
is being picked up from a tip is larger than when the
molecules are being picked up from a planar substrate.
In the latter case, one event in the retract part suggests
the involvement of a single molecule, while multiple
events point toward several molecules, formation
of loops originating of the same molecule, or their
combination.'®> Nevertheless, when these techniques
are being used jointly, one can be rather confident to
deal with single molecules. However, neither of these
techniques provides direct evidence.

New generation low-noise AFMs combined with
ultrasmall cantilevers with high resonance frequencies
now allow high-resolution imaging and force measure-
ments on the same sample in liquids.?**” With such
instruments, one can directly verify that a single-
polymer molecule is involved by direct imaging.
We have recently realized a similar protocol in a study
of desorption of DPs from surfaces by peeling with
appropriately functionalized AFM tips and by imaging
the individual adsorbed polymers before and after the
force experiment.?’” A similar approach was used earlier
to investigate the mechanical response of individual
proteins that were lifted up from a compact membrane
and imaged in the contact mode.?®%°

In the present article, we present a novel nano-
handling technique that combines imaging and force
measurements with a single-polymer molecule. This
technique relies on attaching a polymer molecule to
the AFM tip and recording force curves with the same
molecule numerous times. The fact that one deals with
a single-polymer molecule is ascertained by AFM
imaging in the amplitude modulation mode of the
adsorbed molecule before and after the force experi-
ment with the functionalized AFM tip. This tool is used
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here to study the mechanical response of amino-
functionalized DPs of different generations and at
different salt levels. While the same system was studied
with the conventional pulling technique earlier,'” the
present technique reveals that the conventional tech-
nigue sometimes does not always provide information
at the single-molecule level.

RESULTS AND DISCUSSION

Mechanical properties of individual adsorbed poly-
mer molecules were measured with the single-mole-
cule nano-handling technique. This approach operates
truly on the single-molecule level, and the response
of the same molecule can be probed many times. The
experiments were carried out with amino-functiona-
lized DPs. The structure of these polymers is illustrated
in Figure 1. To each monomeric unit, a dendron of a
given generation is attached as a side chain. Generations
1—5 were studied. Overview AFM images obtained with
mixtures of three different generations indicate the
flexible nature of these polymers. Cross-sectional di-
mensions increase with the generation from about
2 nm for PG1 to about 10 nm for PG5. Generations up
to PG4 feature a uniform cylindrical envelope of the
adsorbed chain, while for PG5, a characteristic pearl
necklace structure can be seen. More details on the
dimensions and characteristics of the adsorbed chains
can be found elsewhere.?”*

Substrates. The success of the nano-handling experi-
ments relies on the appropriate adhesion properties of
the surface, which must be adjusted for a given type of
polymer and solution condition. When the molecules
bind too weakly to the surface, only peeling events
are observed. If they are attached too strongly, the

Figure 1. Dendronized polymers of different generations
used in this study. (a) Schemes and chemical structure of the
dendronized polymers. AFM images of an electrolyte solu-
tion of pH 4.0 and an ionic strength of 0.1 mM for (b) PG1,
PG2, and PG3 and (c) PG3, PG4, and PG5.
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TABLE 1. Characteristics of the Surfaces Used

surface time” rms roughness" (nm) contact angle® (deg)
silica 0.21 382
EF-silica 30 min 0.23 512
AF-mica 45 min 0.09 55.5
AF-mica 90 min 0.10 571
AF-mica 12h 0.12 67.5

“Time of functionalization. ® Measured by AFM in solution. ¢ Average of several
replicate measurements in air.

molecule cannot be picked up. Optimal conditions to
observe pulling events can be found between. These
conditions could be realized for the DPs investigated
here by vacuum silanization of the silica or mica
surfaces as summarized in Table 1.

DPs adhere relatively weakly to bare silica. Silica,
therefore, has to be made more adhesive, which was
achieved by epoxide functionalization (EF-silica). On
the other hand, DPs adhere to bare mica strongly. This
substrate thus has to be made less adhesive by amino
functionalization (AF-mica). The silanization makes
the surfaces more hydrophobic, as illustrated by the
corresponding increase of the contact angle (Table 1).
With increasing silanization time, the roughness does
increase somewhat, too. The chosen reaction time is
important since longer times promote weaker adsorp-
tion, leading to more peeling and less pulling events.

Different surfaces were used to obtain optimal
conditions for pulling experiments. These conditions
depend on the DP generation and on the composition
of the electrolyte solution in which the experiments are
being carried out. DPs stick to surfaces better with
increasing generation and increasing salt level.?” Bare
silica or EF-silica was suitable for all DPs at low salt
concentration. At higher salt concentration, AF-mica
was found to be more appropriate. Thereby, shorter
silanization times were chosen for the lower genera-
tions and longer ones for higher generations. The
actual surfaces used are summarized in Table 2.

In some cases, different substrates could be used
to obtain good conditions for pulling. This feature was
used to verify that the nature of the substrate did not
influence the mechanical properties of the DPs. The
results obtained with two different substrates were
compared, and the same mechanical properties were
always found for the same DP generation and solution
composition.

Single-Molecule Nano-Handling Technique. This technique
proposed here enables one to measure numerous
force—extension and retraction curves with a single
molecule. Its principle is illustrated in Figure 2 (top). The
DPs are adsorbed from a dilute DP solution of a con-
centration of 4—6 mg/L to an appropriately functiona-
lized substrate. The substrate is then incubated in the
electrolyte solution and imaged with the AFM with a
functionalized tip to locate the target molecule. The tip

TABLE 2. Surfaces Used for Different Experiments

generation salt concentration (mM) surface’ time®
PG1 0.1 EF-silica 30 min
100 AF-mica 45 min
PG2 0.1 EF-silica 30 min
0.1 bare silica
100 AF-mica 45 min
PG3 0.1 EF-silica 30 min
100 AF-mica 45 min
PG4 0.1 bare silica
100 AF-mica 12h
100 bare silica
PG5 0.1 EF-silica 30 min
100 AF-mica 90 min

“Surfaces used for adsorption. ° Time of functionalization.
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Figure 2. Principle of single-molecule nano-handling force
experiments. The top scheme illustrates the principle of
the experiment. An adsorbed molecule is first imaged in
amplitude modulation mode. Subsequently, the molecule is
picked up by the functionalized tip, and a series of force—
extension profiles are recorded with the same molecule.
Finally, the molecule is imaged again. Below, a realization
for PG4 at pH 4.0 and an ionic strength of 100 mM on
AF-mica silanized for 12 h. AFM images of the molecule
investigated before (1) and after the force experiment (10).
The arrow indicates the location of the force experiment.
A series of approach and retraction force curves are shown
between (2—9). The force—extension curves of the molecule
can be best observed in the approach part of the curves
(4—9) but sometimes also upon retraction (7). A displace-
ment of the lower quarter of the molecule during the
experiment can be seen in the AFM images.
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is then placed over the end of this molecule, and a series
of vertical approach and retraction cycles are initiated.
Once the molecule is picked up, it can be stretched and
released many times. At one point, the molecule de-
taches again from the tip and readsorbs to the surface
again. The readsorbed molecule is imaged, too.

Figure 2 (bottom) shows the raw data for a typical
realization of such an experiment for PG4. Polymers are
adsorbed from an electrolyte solution of pH 4.0 and an
ionic strength of 100 mM to AF-mica. The target mole-
cule is shown in the AFM image (1). The tip is centered
over the lower end of the molecule (arrow), and a series
of the force—distance approach—retraction curves
are recorded (2—9). During the first approach curve
(2), the molecule is not picked up by the tip. In the
second attempt (3), the molecule is being lifted up, as
evidenced by the sawtooth-like retraction profile in-
dicating various desorption steps. The molecule now
bridges the tip and the substrate. During the next cycle
(4), the lifted molecule exerts a force on the tip, which
is released during approach. The molecule readsorbs
but can be lifted up again by retracting the tip. The
following cycles (5—8) show clean force—extension
curves of the molecule upon approach. The molecule
adsorbs more weakly with progressive lifting, and cycle
(7) shows evidence of force—extension curves of
the molecule upon approach and retraction. During
the next attempt (8), the molecule desorbs from the tip,
as evidenced by the next cycle (9). The molecule is then
imaged again (10). One observes that about the lower
quarter of the molecule was displaced, which roughly
corresponds to the contour length suggested by the
force—extension curve.

Among the adsorbed molecules, typically every
fourth to 10th molecule can be picked up. Suitable
molecules can be lifted quickly within the first few
approach— retraction cycles, and then they can be
normally stretched 3—10 times before they detach
from the tip. In some cases, the same molecule can
be picked up again, but at one point, it is no longer
possible to lift it up. In that case, one looks for another
suitable molecule on the surface. Dwelling with the tip
on the molecule during a few seconds did not increase
the likelihood to pick up a molecule substantially. The
approach curves are often more suitable than the
retraction curves for recording the force response of
single molecules because the molecules may interact
with the substrate during retraction. For lower genera-
tions or after several lift-ups of the molecule, however,
such interactions are weaker, and in these situations,
the retraction and approach curves can both be used.
Since the nano-handling technique targets specific
molecules and records numerous force profiles with
many of them, the overall probability to record a
pulling event is very high, typically 0.1—0.3. This high
probability of pulling events represents a substantial
advantage over the classical pulling technique, where
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Figure 3. Force versus relative extension of different PG2
molecules of an electrolyte solution of pH 4.0 and an ionic
strength of 0.1 mM on EF-silica and together with best fit of
the freely jointed chain model. (a) Force curves and (b)
corresponding residuals. Both molecules show the same
response within experimental error.

often hundreds of attempts are needed to encounter
a successful event.

Single-Molecule Force Response. This nano-handling
technique enables us to collect numerous force—
extension relationships for exactly the same polymer
over a wide force range, typically 0.01—1 nN. The
technique further ensures that the measurements are
collected with a single molecule because the molecule
is imaged before and after the force experiments.

Figure 3a shows a series of force curves recorded
with two different PG2 molecules in an electrolyte
solution with an ionic strength of 0.1 mM adsorbed
to EF-silica. For the first molecule, 31 force curves were
measured and 25 for the second one. The data were
rationalized in terms of the freely jointed chain (FJC)
model including the elastic response. The magnitude
of the applied force F and the extension x follows the
relationship'*

X coth(I—F) —k—T+E

L kT IF K
where L is the contour length, / the effective Kuhn
length of a segment, k the Boltzmann constant, T the
absolute temperature, and K the elasticity constant.
The contour length can be different from one curve to
another since during the retraction the polymer can be
further detached from the substrate. We have there-
fore initially fitted each curve individually by further
allowing for a shift in the baseline because a perfect
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Figure 4. Force versus relative extension of a PG2 molecule
recorded upon approach and retraction of an electrolyte
solution of pH 4.0 and an ionic strength of 0.1 mM on EF-
silica together with best fit of the freely jointed chain model.
(a) Force curves and (b) corresponding residuals. Approach
and retraction lead to the same response within experi-
mental error.

constancy of this baseline between different cycles can-
not be assured within the force resolution achieved.

The resulting elasticity constants and effective
Kuhn lengths were subsequently averaged, and the
fit was repeated by fixing these two parameters to their
average values but still allowing for different contour
lengths and baseline shifts. Figure 3 summarizes final
results of this global fit of the force profiles. They are
normalized to the relative extension, and the baseline
shift has been subtracted. One obtains an elasticity
constant of K= 6.7 + 0.9 nN and effective Kuhn length
of /=0.22 4 0.03 nm. The residuals shown indicate that
the fit is very accurate and features a standard devia-
tion of about 0.017 nN. This number is somewhat larger
but well comparable to the noise in the force curves of
about 0.008 nN.

Figure 4 compares force profiles recorded during
approach and retraction for one particular PG2 mole-
cule in an electrolyte solution with an ionic strength
of 0.1 mM adsorbed to EF-silica. The profile can be
again well-fitted with the FJC model leading to the
elastic constant K= 6.8 + 0.8 nN and an effective Kuhn
length of / = 0.17 & 0.04 nm. These values are within
the error bar of the ones determined for the two
different molecules shown in Figure 3. This comparison
reveals that the approach and retraction force curves
are identical within experimental error. This point
indicates that the extension process is fully reversible

0.1 mM (a)

0.5 nN

PG1
PG3 PG5

Force
T
9]
S

100mM

Figure 5. Force versus relative extension of different den-
dronized polymers together with best fit of the freely
jointed chain model. The measurements were carried out
at pH 4.0 at an ionic strength of (a) 0.1 mM and (b) 100 mM.
The curves have been displaced for clarity. The substrates
used are summarized in Table 2.

on the time scale of the experiment, which typically is
around 0.1 s.

The force profiles were further measured for differ-
ent generations from PG1 to PG5 and for two different
ionic strengths of 0.1 and 100 mM. The results are
shown together with the best fits of the FJC model in
Figure 5. One observes that the model provides an
excellent description of all force curves over the entire
force range within the experimental noise. The only
exception is PG5, where the curvature of the force
profile is not described accurately, but the deviation
cannot really be seen on the scale of the figure. We
found that this force profile could be better described
with the worm-like chain model.? However, the differ-
ences were minor, and this aspect was not pursued
further.

Let us now discuss the dependence of the fitted
parameters on the generation and the solution com-
position. Figure 6 summarizes these parameters versus
the generation of the DPs for the two ionic strengths
investigated. One observes that PG5 behaves differ-
ently from the DPs of lower generations. For the lower
generation polymers up to PG4, the elasticity constant
is K= 12 £ 4 nN. This value is independent of the
generation and the salt level within experimental error.
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Figure 6. Generation dependence of the best fit parameters
of the force—extension curves with the freely jointed chain
model at two different salt concentrations. (a) Elastic con-
stant and (b) effective Kuhn length. The substrates used are
summarized in Table 2.

The effective Kuhn length is also independent of the
generation, but only at low salt levels, where it has the
value /= 0.18 £ 0.03 nm. However, at higher salt levels,
its value increases monotonically with the generation,
whereby it starts at about the same value for PG1 and
attains / = 0.55 4 0.04 nm for PG4. This dependence
of the force response on the salt level for PG4 can also
be observed in Figure 5. The force curves show a
shallow transition from the low to high force regime
at low salt concentrations, while at higher salt levels,
this transition becomes increasingly sharper with in-
creasing generation.

The fact that the elasticity constant shown in
Figure 6a is independent of the generation could be
related to the fact that the stretching response of
the DPs is dictated by the poly(methyl methacrylate)
backbone and thus independent of the size of the
dendrons. This point of view is supported by the fact
that the value reported here is comparable to the
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elasticity constant of the alkane backbone.?' On the
other hand, the effective Kuhn length of a DP increases
with increasing salt concentration, especially for PG3
and PG4, as illustrated in Figure 6b. This behavior is at
odds with the argument that electrostatic interactions
should lead to a decrease of the persistence length
and an increased flexibility at higher salt levels.?? The
observed trend may thus be related to the hydropho-
bicity of the polymer backbone. Since the volume
of the hydrophobic region increases with increasing
generation and the charged hydrophilic ammonium
groups are screened with increasing salt level, one
expects a strengthening of the hydrophobic interac-
tions within the DP. The hydrophobic interactions
probably overrule the electrostatic effect. A similar
but weaker increase of the effective Kuhn length
with the salt concentration was equally reported
for poly(vinyl amine).?® This effect could also be a
manifestation of an analogous mechanism involv-
ing hydrophobic interactions. Another explanation
might involve the coupling between the stretching
response and the ionization equilibrium, which may
also induce a nonmonotonic dependence on the salt
concentration.?*

The mechanical response of PG5 is different from all
lower generations. The effective Kuhn length does not
show any dependence on the salt level and is close to
the value quoted above. On the other hand, the elastic
constant lies clearly above the values measured for the
other generations, especially at low salt levels, where
K =42+ 5 nN. These differences are likely to be related
to the pearl necklace structure of the PG5 polymer.
However, a more detailed interpretation of these
results seems premature at this point.

The effective Kuhn lengths reported here are
almost 1 order of magnitude smaller than the persis-
tence lengths obtained from AFM imaging of similar
DPs.3? Analogous discrepancies were reported be-
tween Kuhn or persistence lengths obtained from
single-molecule force experiments and scattering
experiments.?>?>33 These discrepancies are rationa-
lized by observing that the force experiments probe
the bare persistence length while the persistence
length determined by other techniques also includes
the electrostatic part.>*

Comparison with Classical Pulling Experiments. Mechan-
ical properties of the same DPs were investigated
earlier with the classical pulling technique.'” While
the effective Kuhn lengths reported in the latter re-
ference are in good agreement with the ones observed
here, the elasticity constants were claimed to decrease
with increasing salt concentration. This trend cannot
be confirmed with the current approach at the single-
molecule level. We suspect that these discrepancies
originate from contributions from desorption DPs off
the surface or from bundle formation. Desorption of
the DPs could occur while peeling the polymers off the
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substrates since there was no covalent attachment
between the molecules and the substrate. Formation
of bundles of DPs is another possibility, as the force
response of a bundle of DPs would be different than
that of a single chain. The formation of such bundles in
solution was confirmed by electron microscopy.3>>°
Individual polymer chains could also slide past each
other within such bundles upon pulling. Nevertheless,
the present work confirms the main conclusion of the
previous study that the mechanical response of these
polymers can be tuned by the salt level.

CONCLUSION

We present a novel AFM nano-handling technique
that is capable of accurately measuring force—
extension relations of individual polymer molecules.
Thereby, a previously adsorbed polymer chain is
picked up with the AFM cantilever, and the force curves
are recorded by stretching an individual polymer
molecule many times. The fact that one deals with
single, individual molecules is verified by AFM imaging
of the polymer chain in question before and after the
nano-handling experiment. Such experiments can be
easily repeated for different molecules from the same
sample, whereby any eventual heterogeneities within
the sample can be detected.

This technique was used to study the force response
of amino-functionalized DPs. This response could be
accurately described with the freely jointed chain mod-
el including a linear elasticity term over a wide force
range of 0.01—1 nN. We found monotonic dependence
of the mechanical properties of these polymers up to
generation 4. The elastic constant was found to be
independent of the generation and solution composi-
tion. However, the effective Kuhn length did increase
with the generation at high salt concentrations, while it
remains constant at low salt levels. We suspect that this
trend is related to the modification of the hydrophobic
character of the polymers in the presence of salt. The
mechanical response of PG5 is different, most probably
due to their pearl necklace structure.

The main advantage of the present nano-handling
approach over the conventional pulling technique is

EXPERIMENTAL SECTION

Dendronized Polymers. Polymethacrylate-based DPs of differ-
ent generations (PGn, n = 1-5) terminated with amine groups
were synthesized with the attach-to route as described
elsewhere3>*” The side dendrons have a polydispersity index
of about 1.01 with respect to the expected number of the amine
groups for each repeat unit. DPs were dissolved in electrolyte
solutions adjusted to pH 4.0 with HCIl. Under these conditions,
the amine groups are positively charged. Further details con-
cerning the characterization of these DPs by gel permeation
chromatography and AFM are given elsewhere.?’3237

Substrates. Three types of surfaces were used for the
experiments, namely, bare silica, ethoxy-functionalized silica

GREBIKOVA ET AL.

that mechanical properties of the polymer molecules
can be studied truly on the single-molecule level,
as confirmed by imaging directly before and after the
force experiments. The classical pulling technique uses
less direct ways to ensure that single molecules are
being probed, mainly by investigating the scaling
properties of the force curves or by exploiting the
number of pulling events within a force curve®?
Another advantage of the nano-handling technique
over the conventional one is that the probability that
a polymer chain is picked up is large, and therefore,
a substantial number of force curves can be easily
analyzed. The probability to record a pulling event
with the conventional technique is often minute,
and as a consequence, a large number of approach
and retraction cycles must be recorded. The nano-
handling technique is therefore much more efficient,
and one can easily collect a large number of force
curves, leading to more accurate results with good
statistics.

The present nano-handling technique further offers
new opportunities to explore mechanical properties of
individual polymer chains. One possible direction of
investigation is to specifically address influence of a
particular position along the polymer chain on the
mechanical response. One may lift up the chain at its
end, as was done here. Alternatively, one should
be able to lift the molecule in the middle and thus
explore the response of a loop. Another use of our
technique would be to carry out more extensive nano-
manipulation to obtain a particular arrangement of
molecules on a surface. For example, one may pick up
a chain, stretch it, deposit the chain in its stretched
state, and subsequently compare its response with a
nonstretched one. Alternatively, one could position
two molecules at the same location and explore the
mutual influence on their mechanical response de-
pending upon the aggregate structure of the molecule
(e.g., parallel versus helix). We suspect that these
exciting possibilities will be exploited soon, and there-
fore, the present nano-handling technique is likely
to become quickly popular in the AFM research
community.

(EF-silica), amino-functionalized mica (AF-mica). As silica sur-
faces, the native oxidized silicon wafer surfaces (Silchem,
Germany) were used. The surfaces were cleaned for 20 min with
hot piranha solution, which is a mixture of 98% H,SO, and 30%
H,0, in a volumetric ratio of 3:1. Subsequently, they were washed
with pure water, dried in a stream of nitrogen, and kept in water
prior to use. EF-silica surface was obtained by vacuum silanization.
Thereby, freshly cleaned silica surface was placed in an evacuated
glass desiccator aside a 150 uL drop of (3-glycidoxypropyl)-
dimethylethoxy silane (Sigma Aldrich, Switzerland) for 30 min.
High-grade mica was obtained from Plano (Wetzlar, Germany)
and was cleaved in air immediately prior to use with scotch
tape. AF-mica surface was obtained by vacuum silanization
with 30 uL of 3-(ethoxydimethylsilyl)propylamine (Sigma Aldrich,
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Switzerland) for a specified amount of time that must be
respected to obtain reproducible results. Static contact angles
of these substrates were measured with a home-built setup.
A drop of about 10 uL of an aqueous electrolyte solution of
pH 4.0 and an ionic strength of 0.1 mM was placed on the
substrate, and a magnified digital picture was taken. The contact
angle was determined from an average of 3—5 images.

AFM Imaging. Images were recorded in electrolyte solutions
with the Cypher AFM (Asylum Research, Santa Barbara, CA)
in the amplitude modulation mode. Biolever mini cantilevers
with silicon nitride tips (BL-AC40TS, Olympus, Japan) were used.
These tips had a nominal tip radius below 10 nm and resonance
frequencies around 30 kHz in water and around 130 kHz in air.
The spring constants were in the range of 0.07—0.15 N/m as
measured through thermal fluctuations in air. Substrates were
prepared by adsorption from dilute DP solutions at concentra-
tions of 4—6 mg/L for 40 s. This concentration was chosen to
obtain a sufficient coverage of DPs on the surface, but such
that only few overlapping chains would result. Subsequently,
the sample was rinsed with water and dried with nitrogen. The
samples were then incubated in the same electrolyte solution,
and the images were acquired with a scan rate of 4.9 Hz, free
oscillation amplitude (FOA) of about 20 nm, and a set point
corresponding to around 70% of the FOA. Overview images
were acquired with DP adsorbed from solutions where different
generations were mixed at suitable concentrations. The images
were similar for different types of substrates. Roughness of
the functionalized substrates was obtained from AFM images of
1um x 1 umin liquid at pH 4.0 and an ionic strength of 0.1 mM.
All AFM experiments were carried out at room temperature of
24 +£1°C.

Single-Molecule Force Experiments by Nano-Handling. Prior to use,
cantilevers were cleaned with a UV-ozone cleaner (PSD Pro,
Novascan, Ames, IA, USA) in an oxygen-enriched atmosphere
for 20 min and silanized overnight with (3-glycidoxypropyl)-
dimethylethoxysilane as described above. The DPs were adsorbed
from solutions with a polymer concentration of 4—6 mg/L for 40s.
The substrates were dried, mounted in the AFM, and incubated
in electrolyte solutions of pH 4.0, where the ionic strength was
eventually adjusted with KCl. At the start of each experiment,
images were acquired in the electrolyte solutions in the same way
as described above. The lateral resolution of the images obtained
with the functionalized tips is somewhat inferior to the ones
acquired with nonfunctionalized ones. To minimize thermal drifts
during the force measurements, the DPs were first continuously
imaged with the AFM for about 1 h. After stabilization, the piezo-
excitation of the cantilever was stopped and the tip was positioned
near the end of a selected molecule. Subsequently, vertical
approach—retraction force cycles were recorded with a sampling
rate of 2 kHz. To minimize the wear of the functionalized tip, a
trigger deflection point <30 nm was used. The piezo-displacement
and cantilever deflection were converted to force—distance
curves. The standard deviation of the noise in the force curves
was about 0.008 nN. Since the length of the investigated molecule
could be estimated from its image, the pull-off distance was set
to about one-half of this value. In this fashion, it was possible
to record a series of force curves with the same molecule. After
the force measurements, the same region was imaged again in
order to observe the displacement of the targeted molecule. The
investigation of a single molecule typically took 30 min to 1 h.
The same experiments were carried out with other adsorbed
molecules. After a few hours, however, functionalization of the
tip ages and molecules cannot be picked up any longer. At that
point, the cantilever must be cleaned and functionalized again.
The cleanliness of the tip was checked by recording force curvesin
a part of the surface that was free of adsorbed molecules. A clean
tip did not show any single-molecule events. Intermediate drying
of the sample had no effect on the results, as was verified in a
few cases by keeping the sample in the wet state. However, the
procedure involving intermediate drying was more practical since
the mounting of a dry substrate in the AFM is much simpler than of
awetone. The approach and retraction velocity used was normally
200 nm/s. Force—extension curves remained very similar when
the velocity was decreased to 20 nm/s. Small differences in the
force curves were observed at velocities exceeding 500 nm/s.
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