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ABSTRACT: Surface-grafted polymers can reduce friction
between solids in liquids by compensating the normal load with
osmotic pressure, but they can also contribute to friction when
fluctuating polymers entangle with the sliding counter face. We
have measured forces acting on a single fluctuating double-
stranded DNA polymer, which is attached to the tip of an atomic
force microscope and interacts intermittently with nanometer-scale
methylated pores of a self-assembled polystyrene-block-poly(4-
vinylpyridine) membrane. Rare binding of the polymer into the
pores is followed by a stretching of the polymer between the
laterally moving tip and the surface and by a force-induced
detachment. We present results for the velocity dependence of
detachment forces and of attachment frequency and discuss them
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in terms of rare excursions of the polymer beyond its equilibrium configuration.

B INTRODUCTION

Polymer brushes grafted onto surfaces are excellent lubricants
in good solvents. Osmotic pressure leads to repulsive forces
when the brushes on opposing surfaces are compressed and
keeps the surfaces separated as long as the applied load is
limited." The remaining shear stress between the brushes arises
from the viscous drag between interpenetrating polymers when
the two brushes overlap under an increasing load. The analysis
of bead—spring simulations revealed an onset of shear force
when the interpenetration reaches the size of at least one
spherical blob with radius /), the square root of the coverage

of surfaces with polymer forming the brush.”

Nicholas D. Spencer, who is honored with this virtual issue
of Langmuir, has made important contributions to our
understanding of lubrication by polymer brushes or surface-
attached hydrogels. He introduced PLL-g-PEG as a lubricating
brush in aqueous solvents which is easily applied to oxide
surfaces and exhibits load-bearing capacity in experiments at
different length scales.”™ He has shown that the entropic
effects which limit the integpenetration of polymers are
reduced in poorer solvents.” Additionally, his work on
surface-attached hydrogels has shown that the density of
dangling polymers at the interface affects shear forces not only
via interpenetration but also through modulation of hydro-
dynamic lubrication.”®

© 2023 The Authors. Published by
American Chemical Society
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Spencer’s initiatives to study polymer brush lubrication also
at small length scales and to reveal microscopic mechanisms
related to the polymer architecture”'® has inspired us to
extend singe-molecule force spectroscopy to friction studies.
Here, we report the results of an idealized experiment to study
lateral forces of a single polymer which is attached to a force
probe and moved along a nanoporous surface at a constant
height (see Figure 1). The single polymer is a double-stranded
DNA construct (dsDNA) which we choose for its defined
length and its well-studied mechanical properties.'”'* The goal
of the study is to establish an experimental technique for
quantifying the contribution of a single fluctuating polymer to
friction, where the polymer intermittently interacts with pores
or meshes of the surface, in our study, a flat nanoporous
membrane."?

The feasibility to study the friction of single polymers by
atomic force microscopy (AFM) has been demonstrated

previously."*™'® Analysis of force curves recorded in water
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Figure 1. Schematic representation of the experiment. (a) Double-stranded DNA molecule with a contour length of 2500 nm is attached to a
colloidal AFM probe, which moves laterally at a height of 250 nm over a nanoporous membrane in a physiological buffer solution. (b) Fluctuating
end of dsDNA eventually attaches to the membrane surface, presumably by interacting with a methylated pore. (c) Molecule is uncoiled and
stretched as the cantilever is moving on. (d) dsDNA molecule is detached by the increasing force acting on its bond to the surface. The scanning
motion of the AFM probe is repeated line by line in both directions with a scan width of twice the contour length, while detachment forces are

recorded.

Figure 2. Composition and structure of the nanoporous membrane. (a) Structure formula of the block copolymer consisting of PS and methylated
P4VP. (b) Scheme of a single pore as part of the block copolymer membrane consisting of a PS matrix and positively charged pore walls of
methylated P4VP. The porous membrane was methylated in order to form the positively charged pyridinium moieties. (c) SEM of the integral
asymmetric block copolymer membrane after application of the SNIPS process. The pores are distributed homogeneously in domains of hexagonal
arrangement. (Scale bar = 500 nm). (d) Topography of the membrane recorded by AFM. (Scale bar = 50 nm).

on PTFE revealed how different polymers may either slide in
contact, resist sliding by cooperatively sticking to one position,
or undergo a simultaneous sticking and desorption.'* The high
force resolution of experiments under vacuum even allowed us
to reveal atomic mechanisms of the sliding of a graphene
nanoribbon over a crystalline surface.'®

Our experiment extends these studies by including the role
of polymer fluctuations and random surface attachment and
investigates the contribution to friction as stretching due to
lateral sliding and forced detachment. It thus provides a
framework for studying the fundamental mechanisms of
hydrogel friction from a molecular perspective.

B EXPERIMENTAL SECTION

For our experiment, we needed to attach a single polymer of well-
defined length to the cantilever of an atomic force microscope.
Furthermore, we need to prepare a flat substrate with nanometer-scale
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roughness that offers meshes or pores for a measurable intermittent
interaction with the polymer. For our study, we choose the interaction
of a negatively charged dsDNA in physiological buffer [phosphate-
based solution phosphate buffer (PBS) with pH 7.4] with the
positively charged walls of methylated nanopores in a self-assembled
membrane. In the following, we will describe the preparation of the
nanoporous membrane, the hybridization and functionalization of
DNA molecules, the attachment of single dsDNA molecules to the tip
of the atomic force microscope, and the single-molecule friction force
experiment.

Nanoporous Membrane with Charged Pore Walls. The
nanoporous membrane was prepared by a self-assembly and
nonsolvent-induced phase separation (SNIPS) process of amphiphilic
polystyrene-block-poly(4-vinylpyridine) polymers (Figure 2a) follow-
ing the procedures reported in ref 13. The self-assembly process
creates a flat membrane that consists of a polystyrene (PS) matrix and
an ordered array of nanopores formed by walls of poly(4-
vinylpyridine) (P4VP) polymer segments (Figure 2b,c). This
nanoporous membrane has a thickness of about 200 nm and is

https://doi.org/10.1021/acs.langmuir.3c03190
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Figure 3. Details of the dsDNA preparation. (a) Single-stranded DNA molecule (7198 nts) is hybridized by 123 oligomers with complementary
base pairs to create a double-stranded helix. Nicks are formed in gaps between the oligomers. The dsDNA molecules are functionalized at the ends
with digoxigenin and biotin for attachment to different surfaces. (b) dsDNA molecules are attached to a glass slide using the digoxigenin—
antidigoxigenin bond. A bead coated with streptavidin is attached to the other end of dsDNA. In order to attach a single dsDNA molecule to the
atomic force microscope cantilever, a bead is located by optical microscopy and the biotin-coated cantilever approached to form a strong bond
between the bead and cantilever. When the cantilever is retracted, dsDNA is pulled off the surface.

supported by a sponge-like irregular substrate of the same material.
Subsequent to the membrane assembly, the internal walls of the
nanopores were equipped with a positive charge by quaternization of
the nitrogen atoms in the P4VP molecules via gas-phase
methylation.'”” The mean distance between pores is 74 + 4 nm; the
pore diameter can only be estimated from scanning electron
microscopy (SEM, Figure 2¢c) and AFM images (Figure 2d) to be
around 40 nm. The root-mean-square roughness of the membrane
measured by AFM on a lateral length scale of 5 ym is of the order of 5
nm. The roughness value is dominated by the penetration of the
atomic force microscope tip into the pores of the membrane, whose
overall roughness is even smaller.

DNA Hybridization and Functionalization. The double-
stranded DNA construct is prepared following a previously reported
DNA self-assembly protocol.'* In summary, the circular single-
stranded M13mp18 plasmid (New England Biolabs) is linearized by
the BtsCl restriction enzyme (New England Biolabs) after hybridizing
with a 40 nt oligomer to define the double-stranded restriction site.
The double-stranded DNA construct of 7198 nts is then created by
hybridizing 123 complementary oligomers, most of them with 60 nts,
in 10-fold excess to a 15 nM solution of the linearized scaffold DNA.
To allow for a specific binding of the dsSDNA molecules, one end was
functionalized with biotin and the other end with digoxigenin. These
binding motifs were attached by hybridization of functionalized
oligomers. The self-assembly is carried out in a thermocycler with a
temperature ramp from 90 to 20 °C with a cooling rate of 1 °C/min.
The DNA construct is stored at 4 °C for immediate use or at —20 °C
for later use. Please note that hybridization with 60 nts oligomers
results in a fully double-stranded DNA with a contour length of L, =
7198 X 0.34 nm = 2448 nm, but that the complementary strand is
disconnected every 60 nucleotide positions (Figure 3a). The
corresponding nicks in dsDNA reduce the effective persistence length
to P = 10.3 nm."

Attachment of Single dsDNA Molecules to the Atomic
Force Microscope Cantilever. To attach single dsDNA molecules
to the atomic force microscope cantilever, we first use the molecules
to tether micrometer-sized beads to a surface at low density. We then
pick up the beads by the atomic force microscope cantilever and with
them the dsDNA molecules as visualized in Figure 3b. This method
makes single-molecule attachment highly probable, first by binding
DNA molecules to an excess of beads and then by selecting those
beads for pick-up which exhibit the symmetric Brownian motion of
single-molecule tethering. Bead pick-up and friction experiments were
performed in a NanoWizard3 AFM (jpk Instruments, Berlin,
Germany) mounted on an inverted optical microscope (Zeiss Axio
Observer).

To bind single dsDNA constructs to the beads by means of the
biotin-streptavidin interaction, a 5 pM solution of the dsDNA
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construct in PBS is mixed with a 10-fold excess of streptavidin-
covered microbeads (Dynabeads MyOne C1 from Thermo Fisher).
To tether the beads to a surface by means of the dsDNA molecules, a
glass slide is functionalized with antidigoxigenin. The protocol
comprises coating the glass slide with a nitrocellulose layer, incubating
antidigoxigenin solution, and passivating the surface by a blocking
reagent. A droplet of DNA-bead solution is placed on the surface to
bind dsDNA with the digoxigenin-antidigoxigenin bonds. Untethered
beads are removed by rinsing with PBS. All details can be found in ref
12.

The beads with dsDNA are picked up by a tipless, triangular
cantilever (MLCT-O10, Bruker), which was coated with biotinylated
albumin (Sigma-Aldrich, immersion overnight in 0.5 mg/L). Beads
that are tethered by single DNA molecules are identified by their
symmetric Brownian motion in optical microscopy. The cantilever is
moved over the bead and approached the contact for a dwell time of 1
s. Multiple biotin groups on the cantilever bind to streptavidin
binding sites exposed on the bead and form a bond stronger than the
single antidigoxigenin—digoxigenin bond which keeps the DNA
attached to the surface. Several force—distance curves on the
antidigoxigenin-coated surface are recorded to verify the attachment
of a single DNA construct through observation of characteristic
rupture events at a distance of more than 2 ym from the surface, as
shown and discussed in ref 12.

Friction Measurements. For the friction measurements, the
cantilever with the attached dsDNA construct is moved to the
nanoporous membrane. Forces were recorded while the tip was
scanning back and forth at a height of 250 nm and over a lateral
distance of S pm. The height is chosen larger than the expected
equilibrium size of the coiled dsDNA molecule but small enough to
allow for surface interaction when the fluctuating molecule extends
beyond its equilibrium size. The height was controlled by moving the
tip into contact every 100 scan lines, or when the scanning velocity
was changed. Furthermore, the height was monitored during
experiments by means of the capacitive distance sensor integrated
in the atomic force microscope head. Normal forces acting on the
cantilever are measured by recording the vertical deflection of the
cantilever with the beam-deflection scheme of the atomic force
microscope. While we would prefer to also recorded lateral forces
exerted by the molecule on the cantilever, the atomic force
microscope’s sensitivity to detect lateral forces as cantilever twisting
is too low for the pN range of forces in single-molecule force
microscopy. 14

B RESULTS AND DISCUSSION

Friction force microscopy with a single, fluctuating polymer
was successfully established in physiological buffer; it can
therefore be applied to biomaterials in future experiments.

https://doi.org/10.1021/acs.langmuir.3c03190
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Figure 4 shows typical force traces. Single force peaks are
preceded, with respect to the scanning direction, by a
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Figure 4. Exemplary force traces recorded while the atomic force
microscope tip was scanning at a height of 250 nm over the
nanoporous membrane. Characteristic isolated peaks indicate the
intermittent attachment, stretching, and force-induced detachment of
the single DNA molecule. In total, three detachment events are
shown, two during the trace (blue) and one during the retrace scan

(red).

nonlinear increase of the force as a function of distance. The
curve shape of each event indicates the stretching of the
dsDNA molecule and finally detachment from the surface. The
wormlike chain model predicts for our dsDNA construct that
its linear entropic extension is hidden in the force noise of our
experiment. At a force of 5 pN, the molecule is already
extended to 2400 nm, 97% of its contour length. We conclude
that the molecule is intermittently attached to the surface and
then stretched until the force is high enough to rupture the
bond. Balzer et al. have described this type of single-molecule
friction as the result of cooperative stick of the polymer to the
surface, in contrast to a possible sliding of the attached
polymer or a desorption stick, where the 8polymer is peeled of
the surface under increasing force.'”'® Most detachment
events had rupture forces between 20 and 60 pN, but few
ruptures occurred at values up to 200 pN.

To further characterize the surface bond, we performed the
experiments at different sliding velocities and plot the median
rupture force as a function of the force pulling rate in Figure
Sa. The low signal-to-noise ratio in our data and the unknown

projection of the acting force on the normal direction probed
by the cantilever did not allow for the determination of force
pulling rates for each single rupture event. Therefore, the force
pulling rate was estimated as the product of scanning velocity
and spring constant. We attributed a detachment event to a
force peak if the maximum force exceeded the root-mean-
square force noise by a factor of 3.5. The logarithmic
dependence of the rupture force on the force-loading rate as
observed in Figure Sa is often reported and analyzed in single-
molecule force spectroscopy.’” Given the limited range of
pulling rates and the uncertainties in their determination, we
refrain from further analysis of the bond strength or kinetics.
The logarithmic dependence on the pulling rate still allows us
to conclude that the lifetime of the bond is long compared to
typical experimental time scales, namely, the contour length
divided by the scanning velocity (up to S s).

We propose that dsDNA, charged negatively in the
phosphate buffer, is bound to the positively charged
methylated P4VP surfaces of the nanopores. Rupture forces
of similar strength have been reported before for the
interaction of single dsDNA with charged surfaces.”® It has
also been shown that when the amphiphilic PS-block-P(methyl-
4VP) is assembled into micelles by solvent interactions,
dsDNA will be bound into the P-methyl-4VP brush by charge
interactions.”' Please note that our membrane is assembled in
a nonsolvent-induced process, which leads to a configuration
with the positively charged methylated P4VP surfaces as inner
walls of the pores.

At this time, we cannot quantify the penetration of dsDNA
into the pore and the length interacting with the pore wall. Suh
et al. have recently investigated the role of confinement in a
nanometer pore for specific binding and unbinding of a single
end-functionalized polymer.”” Their linker is a more flexible
PEG chain, and their pore is much narrower. They show that
attachment kinetics are slower, and rupture forces are lower for
receptors lying deeper in the pore. The suggested effects of
confinement, namely, restricted steric movement and binding
orientation, will also likely limit the penetration depth and
binding strength in our system. A quantification of adhesion
energies at the level of single DNA molecules pulled from
nanometer-scale pores in a protein crystal was reported by
Wang et al.”* They found an extra adhesion energy of about 30
aJ when a 30 nt DNA polymer was removed from the pore
after binding to an atomic force microscope tip. Direct
comparison with our force curves is difficult as the atomic force
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Figure S. (a) Dependence of the rupture force on the pulling rate in the detachment of dsDNA from the nanoporous surface. (b) Average number
of rupture events per scan line. Different colors indicate the results of seven independent implementations of the experiment.
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Figure 6. (a) Maps of the detachment events as recorded by scanning the atomic force microscope tip in two example experiments. The markers
show the positions of the detachment events during trace (blue) and retrace (red). Their intensity indicates the rupture force for each detachment
event (scale bars in pN). (b) Histogram of positions for all detachment events in experiments summarized in Figure S.

microscope tip in Wang’s experiment was in elastic contact
with the porous crystal.

The number of detachment events per scan line is shown in
Figure Sb. The number between 0.2 and 0.3 appears small
when considering that the length of each scan line is 67 times
the distance between pores. To further discuss the possible
mechanisms of attachment, we first summarize a previous work
on the role of fluctuating linker polymers in adhesion.

In their fundamental work on the role of linker length in
adhesion mediated by tethered ligands, Jeppesen et al. showed
that the ligand—receptor bond formation occurs in rare
extensions of the linker far beyond their equilibrium
conformation.”® Their simulations explained the sudden
formation of multiple adhesive bonds between two surfaces,
where one was functionalized with tethered ligands and the
other was functionalized with matching receptors. The distance
at which this bond formation occurred was significantly larger
than the end-to-end radius for the coiled linker but smaller
than the contour length of the linker. The agreement between
the experiments and results highlighted the onset of bond
formation during rare excursions of the linker polymer beyond
its equilibrium conformation. We assume that the observation
of isolated single-molecule detachment events in our experi-
ments can be explained similarly by a rare bond formation
between the fluctuating dsDNA molecule and the porous
membrane.

With its length of 7198 nts, our dSDNA can be considered a
model polymer” for which the average end-to-end radius can
be estimated as R, = /2P, L, = 225 nm, with a contour length

of Ly = 2448 nm and a persistence length of P, = 10.3 nm for
our dsDNA construct with nicks.'” In the experiment, the
height of the dsDNA attachment is nominally 250 nm, more
than the expected end-to-end radius of dsDNA. We thus
expect that conditions for the formation of a strong interaction

972

between dsDNA and a methylated pore are met rather
infrequently.

We estimate the characteristic time for a bond formation
with a formula derived by Bell and Terentjev who have
calculated the time for bond formation across a gap as the
mean first passage time for the tethered ligand over the gap

26
as

2R3’ 1

7= e3(d2+a2) /2R
37°De* 1 + 36d*/n°R¢

(1)

Entering a gap width of d = 250 nm, a radius of gyration of
Rg = 1/4/6R, = 100 nm, and a capture radius of the pores of
€ = 40 nm, we obtain a time scale of 7 = 7 ms, assuming a
lateral displacement of 4 = 0 nm of the pore with respect to the
polymer. We extrapolated a diffusion coefficient of D = 3 X 10°
nm?/s based on ref 27 for the diffusion of a free monomer in
the spirit of the Rouse model, as suggested in ref 26. The
characteristic time scale for reaching the surface increases only
by 25% if the polymer is displaced laterally with respect to the
pore by half the distance between pores a = 37.5 nm. Dividing
the distance between pores of 75 nm by a sliding velocity of 1
um/s, we find that the tip passes one pore every 7.5 ms so that
the fluctuating polymer typically reaches the membrane once
per pore position. With one rupture event per 4 lines, it takes
about 270 passages of the fluctuating polymer across the gap to
bind to the membrane surface, presumably by interacting with
the walls of a pore.

Figure Sb shows that the number of rupture events per line
does not depend on the velocity, except for a slight increase
below 2 um/s. For the higher velocities, the attachment
probability is not a constant of time but is a constant of the
distance covered by the scanning tip. This observation could
be explained by a low density of binding sites, which need to

https://doi.org/10.1021/acs.langmuir.3c03190
Langmuir 2024, 40, 968—974


https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03190?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03190?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03190?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03190?fig=fig6&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c03190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

be approached by the scanning tip for attachment. Alter-
natively, the constant number of rupture events could be
explained by a preferred attachment at the turning points of
the scan movement. Figure 6 shows that we have neither
observed accumulation of detachments, indicating preferred
attachment positions nor any deviation from an equal
distribution of detachment positions across the scan range
indicating preferred attachment at the turning points. Apparent
tendencies for preferred detachment in certain regions of maps
in Figure 6a are misleading, as the average of several
experiments leads to an even distribution.

We thus suggest the following picture of the attachment
process. At scan velocities of 2 ym/s and higher, we expect less
than one extension of the fluctuating polymer to come into
contact with the membrane surface per passing of each pore.
At these higher velocities, the probability to bind the polymer
into a pore is proportional to the scan distance as only the
scanning movement will match the rare extensions of the
polymer with the position of a pore. At scan velocities of 1
um/s and below, the fluctuating polymer probes each pore at
least once and more often at even lower velocities. In this
velocity regime, the number of attachments per scan line will
increase with decreasing velocity. This tendency can be
recognized in Figure Sb.

We motivated our study with our long-term goal to measure
the contribution of single fluctuating polymers to the friction
on hydrogels or on surface-grafted polymer brushes. The force
curves we have observed resemble those reported in a
pioneering study by Okijama et al, who pulled single
poly(ethylene glycol) (PEG) polymers from Zpoly(acrylamide)
(PAA) gels of varying cross-linker density.” In that study,
functionalized PEG polymers had been prepared with the PAA
gel and then picked up by the atomic force microscope tip for
single-molecule force spectroscopy. Friction force microscopy
with single polymers on hydrogels will require us to transfer
our results for the attachment in pores to the intermittent
entanglement of fluctuating polymers with the hydrogel
network.

B CONCLUSIONS

The friction contribution of a single fluctuating polymer, which
is attached to a scanning tip and interacts intermittently with
nanometer-scale pores of a membrane, was measured by AFM.
Excursions of the polymer beyond its coiled equilibrium size
lead to isolated events of binding of the polymer to the inner
wall of a pore. The lifetime of the charge-based bond between
dsDNA and methylated pore wall is long on the time scale of
our experiment, ie., several seconds. At higher lateral scan
velocities, the number of binding events per scan distance is
constant if it is the scanning motion that leads to a positional
matching of polymer and binding pore. At lower lateral scan
velocities, the number of binding events per distance increases
with decreasing velocity as the fluctuating polymer explores
each pore several times per passing. This experiment not only
quantifies the interaction between dsDNA and methylated
pores but also establishes a platform for the measurement of
entanglement-related frictional forces of single polymers when
replacing the membrane with a hydrogel surface.
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