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Polymer bridging between surfaces plays an important role in a range of fundamental processes in the material and
life sciences. Bridges formed by main-chain reversible polymers differ from their covalent analogs in that they can
dynamically adjust their size and shape in response to external stimuli and have the potential to reform following bond
scission. In this work, the time and distance dependence of main-chain reversible polymer bridge formation are studied
using an atomic force microscope. The bridging process was studied using single-molecule force spectroscopy, and
its dependence on the distance between surfaces and equilibration time was probed. The number of bridges formed
decreases as the gap width increases, from∼2 bridges per 14 s equilibration at separations of 5-15 nm to∼0.5 bridges
per 14 s equilibration at separations of 35-45 nm. The kinetics of bridge formation appear to be slightly faster at
smaller separations.

Introduction

Polymer adsorption to, and between, surfaces has a dramatic
impact on interfacial and colloidal properties. The bridging of
polymers from one surface to another, for example, has important
consequences in adhesion, tribology, and colloidal stability.1

Many of these consequences are relatively well understood for
covalent polymers (i.e., the competition between particle ag-
gregation via depletion attractions and particle dispersion via
steric stabilization). In recent years, the potential importance of
surface interactions mediated by main-chain reversible polymers
(also known as supramolecular, equilibrium, or living polymers)
has been recognized. The monomers of main-chain reversible
polymers (hereafter, reversible polymers) are not connected by
covalent bonds, but rather they are held together via directional,
weak interactions such as hydrogen bonding,2 metal-ligand
coordination,3-8and DNA base pairing.9-11 van der Gucht et
al.12 have pointed out that both the structure and the dynamics
of reversible polymers on and between surfaces, as well as the

interfacial properties they mediate, are expected to differ
significantly from those of their covalent counterparts. In
particular, the number of bridging events deviates from that of
covalent structures with similar molecular weight, and these
bridging events are directly related to the attractive forces that
lead to colloidal aggregation.

More broadly, the reversible assembly of monomers between
surfaces is an increasingly important feature of nanoscale device
fabrication, where blends of top-down fabrication techniques
with bottom-up self-assembly have proven to be profitable. DNA-
based assembly, for example, has been used to make patterned
structures,13,14 nanomechanical devices,15,16 and DNA-based
computers.17-19A wide range of synthetic motifs have also been
employed,20-26often via a nucleation/growth mechanism initiated
at a functionalized surface. Assembly via multistage open
association,27-29 which is typical of many reversible polymers,
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is less commonly applied but might be similarly useful. A
challenge inherent in nanoscale fabrication is to adequately match
the structure of the molecular interconnect to the gap between
device features. When the bridge structures are constructed from
weak and reversible interactions between monomers, they can
dynamically and automatically correct their size and shape. This
self-repairing nature of reversible polymers is usually exploited
in the context of stimulus-responsiveness,7,27,28but the trait of
autonomous error correction can be directly translated to surface
bridging, potentially allowing the bridge structures to adapt their
size and shape in response to small variations in distance between
component surfaces, leading to more efficient interconnect
formation and/or repair after breaking.

To date, however, little is known about either the equilibrium
structure or the dynamics of formation/reformation of self-
assembled reversible polymer bridges between surfaces. What
characteristics of a reversible polymer system have the most
influence over the ultimate equilibrium bridging structure? How
does the time scale of equilibration in bridges compare to that
in solution? The polydispersity of equilibrium reversible polymers
formed through multistage open association is typically high
(∼2)29 in solution; does that value change between surfaces?
Theory has been an important player in the study of reversible
polymer solution structure,7,30 and several recent theoretical
studies have made predictions regarding reversible polymer
structure at/between interfaces.1,8,12,27,28 Dormidontova, for
example, has shown that the contour length distribution of dense
reversible polymer brushes is expected to narrow appreciably
from that in solution,8 and van der Gucht et al. have found that
the depletion interactions associated with reversible polymer
bridging differ significantly from those due to covalent polymer
bridging.27,28Although experimental studies of reversible poly-
mers in solution are plentiful, the behavior of reversible polymers
at/between interfaces has received far less attention.

Single-molecule force spectroscopy (SMFS) using the atomic
force microscope (AFM) offers the sensitivity and resolution
necessary to observe the formation of transient, weakly bound
reversible polymers between surfaces separated by approximately
tens of nanometers. Recently, Kersey et al.9 used SMFS to show
that DNA-based monomers will spontaneously oligomerize across
gaps of 5-10 nm. The study showed that the distribution of
polymer lengths in those bridges is perturbed from the same
systems in solution, as predicted by theory.8,12,27,31-33The rupture
force of the DNA-based bridges agrees well with previous reports
on DNA strength using single-molecule force spectroscopy.34-39

Here, we extend the initial work of Kersey et al. to reveal the
distance and time dependence of intersurface self-assembly using
similar DNA-based reversible polymers.

Experimental Section

Materials. MLCT-AUHW AFM tips were purchased from Veeco
Probes (Camarillo, CA). Si wafers were purchased from Wafer World
(West Palm Beach, FL). DNA was purchased from Operon
(Huntsville, AL) and was purified by HPLC prior to use. Cleland’s
Reductacryl reagent was used for reduction of the disulfide bond
present on the DNA to the thiol and was purchased from Calbiochem
(San Diego, CA). 6-Mercapto-1-hexanol and absolute ethanol was
purchased from Aldrich (St. Louis, MO). Chemicals used to make
buffer solutions were obtained from Fisher Scientific (Fairlawn,
NJ). All water used in these experiments was deionized to at least
18.0 MΩ cm using a Nanopure system from Barnstead (Dubuque,
IA).

Instrumentation. Automated pulling experiments were carried
out on our custom three-axis AFM, built in house. The AFM is
equipped with a MultiMode AFM head from Digital Instruments
(Santa Barbara, CA) and two piezoelectric positioning stages from
Physik Instrumente L.P. (Auburn, MA). Thexy stage (P-733.2CL)
has a scanning range of 100× 100µm2 and a closed-loop resolution
of less than 0.3 nm, and thezstage (P-753.11C) has a traveling range
of 12 µm and a resolution of 0.05 nm. The AFM head is mounted
on thexy stage that is suspended above thez stage via three high-
precision screws from Newport Corp. (Irvine, CA). Substrate samples
are mounted onto thez stage such that the AFM head remains
stationary during approach/retract cycles. The control scheme for
the AFM was designed in MATLAB’s (The Mathworks, Natick,
MA) Simulink environment and was digitally implemented through
the use of a dSPACE (Wixom, MI) DAQ card (DS1104).

Li et al. have shown previously that matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) can be used
to characterize thiol self-assembled monolayers on Au.40 Here,
MALDI-MS was implemented with an Applied Biosystems Voyager
DE-Pro (Foster City, CA) instrument used in linear mode with delayed
extraction. The accelerating voltage was 25 kV, and the acquisition
mass range was 1-16 kDa. Prior to analysis, each substrate was
rinsed with a 40 mg/mL aqueous solution of diammonium citrate
for ion removal. The matrix solution contained 10 mg/mL of 2,5-
dihydroxybenzoic acid, 0.3% trifluoroacetic acid in 1:1 H2O/CH3-
CN and was spotted on each substrate and allowed to dry prior to
analysis. The laser was a 337 nm nitrogen laser operating at 20.0
Hz.

Methods. Si substrates were cleaned by immersion in 3:1 H2-
SO4/H2O2 for 1 h (Caution! Piranha solutions reactViolently in the
presence of many organic compounds and should be handled with
extreme care). Si substrates were then rinsed with copious amounts
of DI water and dried with a stream of nitrogen. Ti (10 nm, used
to promote adhesion of Au to the Si) was deposited on the Si followed
by 300 nm of Au using a CHA Industries Solution e-beam evaporation
system (Fremont, CA). Au-coated Si substrates were cut into
∼1 cm2 pieces and exposed to UV irradiation for∼10 min (UVO
cleaner model No. 42, Jelight Company Inc., Irvine, CA). Si3N4
cantilevers were also exposed to the same UV irradiation for 10 min.
Both were then immersed in absolute ethanol for 20 min following
previously published protocol.41The Au-coated substrate was rinsed
with copious amounts of water and dried under a stream of nitrogen,
and an∼30µL drop of 1µM DNA solution1 ((5′-3′)GGTATACC-
C3H6SH) was added to the substrate surface for 4 h under a humid
atmosphere. Prior to use, the 1µM DNA solution was exposed to
∼1 mg of Cleland’s Reductacryl reagent for 30 min, while agitating,
to reduce the DNA disulfide bonds to thiols, and the Reductacryl
reagent was filtered off. The substrates were then rinsed with water,
dried under a stream of nitrogen, and exposed to∼10 mL of 1 mM
6-mercapto-1-hexanol solution for 1 h. The substrate was again
rinsed with water, dried with nitrogen, and then used in the pulling
experiments within 2 days. The cantilever was rinsed with ethanol
and DI water and dried with nitrogen prior to use.

As mentioned above, the substrate surface and AFM tip were
exposed to a 10µM solution of oligonuleotide2 ((5′-3′)GG-
TATACCGCTTAAGC) and brought into contact. The AFM
cantilever had a spring constant of 17.16 pN/nm as determined in
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solution using the thermal noise method based on the energy
equipartition theorem.42Measurements were initiated at a gap width
of ∼5.0 nm. The drift rate was found to be∼0.15 nm s-1 on average
and was determined to be linear on the experimental time scale. This
was characterized by repeatedly bringing the tip and substrate into
contact and then retracting the substrate. The contact point was
plotted as a function of time and was fit with a first order linear
equation to determine the drift rate. The substrate was retracted
from the tip a distance of∼100 nm at a rate of 150 nm s-1 while
collecting the filtered vertical photodiode signal at 5000 Hz. The
raw vertical photodiode signal was filtered at 500 Hz by an eight-
pole low-pass Bessel filter (model 900CT, Frequency Devices,
Ottawa, IL). The data was then analyzed using MATLAB where the
vertical signal andz-piezo position were filtered using a six-point
window boxcar average. The vertical signal was then converted to
force andz-piezo position converted to tip-substrate separation to
give a force curve. Absolute forces required for bond rupture were
taken as either the difference of the peak for the rupture event and
the baseline or the difference of the peak for the rupture and the
onset of the next rupture event (for multiple bond rupture) and were
only counted as a rupture event if that difference wasg10 pN.
Rupture events from the force curves were collected and histograms
plotted as a function of gap width andtwait. The average number of
rupture events per pull was calculated by totaling the rupture events
at a given gap width andtwait and dividing by the total number of
pulls executed in that range.

Results and Discussion

Figure 1 shows the experimental setup used in this investigation.
Thiolated DNA ((5′-3′)GGTATACC-C3H6SH, 1) was im-
mobilized on a Au-coated silicon substrate by exposure to a 1
µM DNA solution in 1 M potassium phosphate buffer (pH 7.0),
as previously described.9,43 DNA immobilization was verified
by MALDI-MS (Supporting Information), and the surface was
backfilled with a passivating 1 mM aqueous 6-mercapto-1-

hexanol (MH) solution. The DNA-coated substrate was mounted
in a custom-built AFM with a clean, untreated Si3N4 tip and
exposed to a 10µM solution (1 M NaCl, 0.01 M phosphate, 200
ppm NaN3, pH 7.2) of oligonucleotide2, (5′-3′)GGTATAC-
CGCTTAAGC. The 8-mer ends of linker2 are self-comple-
mentary, so2 reversibly polymerizes in solution to an average
degree of polymerization of∼5 (∼15 nm contour length) at this
concentration.11 The 5′ end of 2 is also complementary to
immobilized thiol 1, so anchored reversible polymers extend
from the surface into solution.44

In a typical experiment, the substrate surface and AFM tip
were brought into gentle contact, and the AFM tip was retracted
∼5.0 nm from the surface (Figure 1). We characterized a
reasonably constant and linear increase in the gap width of∼0.15
nm s-1 from this initial starting point, and that drift was used
to probe the distance dependency of intersurface self-assembly.
Force curves were collected by retracting the substrate from the
AFM tip, as shown in Figure 1. For each curve, the tip-sample
separation (d) at the time the pull was executed was calculated
from the drift rate and the time at which each consecutive pull
was executed. A typical pulling experiment lasted several minutes,
until d reached∼50 nm, at which point the substrate was
repositioned in the vertical axis and the procedure was repeated.
The experiment was repeated at different wait times,twait (4, 9,
and 14 s), over the whole gap width ranged (5-15, 15-25,
25-35, and 35-45 nm).

The reversible DNA polymers attach to the substrate through
the thiolated anchor1 and to the untreated Si3N4 tip through
strong but nonspecific interactions.35 The structure of the
intersurface connections thus formed is revealed by separating
the surfaces. Figure 2 (inset) shows an example of the
characteristic sawtooth force-extension curves that are observed
when the two surfaces are pulled apart at a velocity of 150 nm
s-1.9 While the reversible polymer connections to the AFM tip
are nonspecific, a series of control experiments support the
expectation that reversible connections to the gold substrate occur
via the intended DNA base pairing. The absence of2 from
solution, the absence1 from the substrate (leaving just MH on
surface), or the replacement of1 with a linker that is not
complementary to2 ((5′-3′)ACTGACTG-C3H6SH) reduces the
average number of rupture events per pull to 1.5% or less (“no
2” and “mismatched linker” controls) to 10% (“MH only” control)
of the values obtained in experiments on the full system under(42) Florin, E. L.; Rief, M.; Lehmann, H.; Ludwig, M.; Dornmair, C.; Moy,

V. T.; Gaub, H. E.Biosens. Bioelectron.1995, 10, 895-901.
(43) Sauthier, M. L.; Carroll, R. L.; Gorman, C. B.; Franzen, S.Langmuir

2002, 18, 1825-1830.
(44) Kim, J.; Liu, Y.; Ahn, S. J.; Zauscher, S.; Karty, J. M.; Yamanaka, Y.;

Craig, S. L.AdV. Mater. 2005, 17, 1749-1753.

Figure 1. (Top) Illustration of the experimental setup. DNA1 is
immobilized on the substrate and backfilled with 6-mercapto-1-
hexanol (2). The AFM tip and the substrate are then exposed to a
solution of DNA2, and the substrate is retracted from the tip. (Bottom)
Time course of the AFM pulling experiment. The tip-substrate gap
width (d) is held for a wait timetwait (1), and then the substrate is
retracted from the tip (2). After a set dwell time (3), the substrate
is returned to its initial position (4). This cycle is repeated until the
gap widthd reaches∼50 nm as a result of drift, at which point the
initial gap is reset.

Figure 2. Histogram of the observed rupture forces obtained in 10
µM DNA solution 2 for twait ) 4 s and 5 nm< d < 15 nm. (Inset)
Representative force curve obtained attwait ) 4 s and 5 nm< d <
15 nm. Positive forces indicate tip-substrate attraction, here mediated
through a DNA bridge.
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investigation; efficient bridge formation is observed only when
1 is present on the surface and2 is in solution.

No force curves were observed that exhibited the characteristic
B-S transition of the formed DNA.45-47 Gaub et al. recently
reported that the occurrence of the B-S transition is highly
dependent on the length of the DNA overlaps, where shorter
complementary DNA sequences (<20 bp) do no exhibit a
detectable B-S transition.45 In light of those results, the absence
of the B-S transition in the 8-bp overlap employed here is not
surprising, and it agrees with the earlier report of Kersey et al.
on this system.9

Cantilever deflection values were converted to forces and
plotted as a function of tip-sample distance, corrected for tip
deflection, as shown in Figure 2 (inset). The average rupture
force of∼20 pN is similar to, but somewhat lower than, previous
measurements of forced DNA unbinding at similar loading
rates.9,34-39 We attribute the rupture events to the dissociation
of DNA base pairing, although it is possible that the rupture
occurs via dissociation from the AFM tip. In fact, dissociation
from the AFM tip is a reasonable explanation for the lower
rupture forces observed here versus those observed by Kersey
et al.9 The mechanism of rupture, however, is secondary to the
primary concern of characterizing bridge formation rather than
bridge destruction. To that end, although multiple rupture events
are often observed in a single retraction cycle, the magnitude of
the forces and the narrow force distributions of the rupture events
are consistent with a preponderance of distinct, single-molecule
bridging events. The rupture forces at eachtwait (4, 9, 14 s) and
gap widthd (5-15, 15-25, 25-35, 35-45 nm) were collected
into histograms. The force histograms from all sets of conditions
gave similar values for the most probable rupture force and the
width of the rupture force distribution, as seen in Table 1. Figure
2 shows an example of the histogram obtained attwait ) 4 s and
5 nm < d < 15.0 nm.

For this study, we were interested in studying the effect oftwait

on the number of intersurface bridges formed. We expected that
longertwait would translate into more intersurface bridges, and
this expectation was confirmed by comparing the average number
of rupture events per pull at eachtwait for a given gap width. For
example, at a gap width of 5-15 nm andtwait) 4 s there are on
average 1.44 rupture events per pull, while at the same gap width
for twait) 9 s, the average number of bridging events increases
to 1.98 per pull. That value increases to 2.11 rupture events per
pull attwait ) 14 s. The magnitude of the rupture forces is similar
for all twait. From this result, we also conclude that the interface
at twait ) 4 s is not fully equilibrated and reflects a history of the
initial bridging structure. The structure across these small gaps
approaches equilibrium over the next several seconds; the number
of bridges per pull changes little fromtwait ) 9 s (1.98) to
twait ) 14 s (2.11) (Figure 3).

Theoretical work by van der Gucht et al. predicts that bridging
is less efficient as a function of increasingd and in particular
that at short range (d is small relative to polymer contour length)
the bridging probability falls off asd-1.27 The vertical position
resolution of the AFM experiment allows the distance dependence
of the bridging probability to be observed experimentally. Shown
in Figure 3 are the kinetics of bridge formation for four different
gap width ranges. In three of the four cases (except 25-35 nm),
the number of bridges per pull appears to be nearing equilibrium
for twait > 9 s, so we take the structure attwait ) 14 s to be closely
representative of the thermodynamically favored structure.
Comparison of the average number of events per pull attwait )
14 s (∼equilibrium) shows that bridging probability drops off
asd increases: 2.11 for 5 nm< d < 15 nm, 1.50 for 15 nm<
d < 25 nm, 1.06 for 25 nm< d < 35 nm, and 0.54 for
35 nm< d < 45 nm. The distance dependence is complicated
by the curvature of the AFM tip, but a preliminary analysis48

suggests that the relative bridging probabilities are consistent
with the theoretical predictions ofd-1.27

In interfacial polymer systems, the length distribution of bridges
impacts the intersurface properties of adhesion, friction, and
colloidal stability;1 in the case of assembled device interconnects,
the lengthdistributionswouldaffect theefficiency/ratesofelectron
transport in the case of conductive assemblies between elec-
trodes.22The actual lengths of the DNA-based reversible polymers
are not observed in these experiments, and interpretation is
complicated by the curvature of the AFM tip and the possibility
of attachments at multiple angles.49,50We therefore take the sum
of d+ ∆xrupture(the change in tip-substrate separation at rupture,
Figure 2, inset) to be representative of, although not equal to,
the length of the ruptured DNA (leff) that allows for a comparison
of relatiVe bridging lengths. The gap widthd is extrapolated
from the measured drift rate. We note that the length at rupture
is not equivalent to the contour length of the bridging polymer,
because rupture occurs prior to the complete extension of a
bridging chain. Comparisons between relative values, however,
are unlikely to be affected by the use ofleff rather than absolute
contour length. Furthermore, we expect in the case of dsDNA-
based polymers thatleff gives a reasonable approximation of
contour length, at least insofar as the effective contour length of

(45) Morfill, J.; Kuhner, F.; Blank, K.; Lugmaier, R. A.; Sedlmair, J.; Gaub,
H. E. Biophys. J.2007, 93, 2400-2409.

(46) Kuhner, F.; Morfill, J.; Neher, R. A.; Blank, K.; Gaub, H. E.Biophys.
J. 2007, 92, 2491-2497.

(47) Smith, S. B.; Cui, Y. J.; Bustamante, C.Science1996, 271, 795-799.

(48) Serpe, M. J.; Craig, S. L. Unpublished results.
(49) Ke, C. H.; Jiang, Y.; Rivera, M.; Clark, R. L.; Marszalek, P. E.Biophys.

J. 2007, 92, L76-L78.
(50) Zhang, W.; Zhang, X.Prog. Polym. Sci.2003, 28, 1271-1295.

Table 1. Most Probable Force (pN) with the Standard Deviation
in Parenthesesa

d 5-15 nm 15-25 nm 25-35 nm 35-45 nm

twait (s)

4 21.4 (10.0) 19.1 (8.00) 17.8 (5.75) 17.8 (1.50)
9 19.4 (5.08) 20.3 (8.40) 20.2 (7.68) 17.0 (5.58)
14 23.1 (12.8) 21.6 (9.60) 20.8 (7.49) 20.7 (8.51)

a Standard deviations are given only as an indication of the variations
in the force distributions and do not imply a particular functional form
of those distributions.

Figure 3. Events per pull as a functiontwait at gap widthd ) (O)
5-15 nm, (0) 15-25 nm, (*) 25-35 nm, and (∆) 35-45 nm. The
error bars represent the standard error of the mean.
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the dsDNA is close to the extended length at the onset of the
B-to-S transition, which is typically observed at 60-70 pN.45-47

The distribution ofleff as a function ofd for twait ) 14 s is
shown in Figure 4a. These distributions are similar to the
(truncated) Schulz-Flory distribution based on the previously
characterized solution association,11 even though the thermo-
dynamics of hybridization at DNA-functionalized surfaces differs
from that in solution.51,52 A perturbed length distribution has
been predicted in some reversible polymer brush regimes by
Chen and Dormidontova8 on the basis of steric interactions
between main-chain reversible polymer brushes in densely
functionalized surfaces. From Figure 4a it can also been seen
that the distributions ofleff obtained at different gap widths are
similar, with the exception that those obtained at large gaps are
necessarily truncated at lowleff. These data suggest that a
reversible polymer of a given length has a similar bridging
probability at twait ) 14 s across substrate-tip gaps that are
within its reach. This behavior likely depends on the geometry
of the curved tip and flat substrate, and we expect that studies
on different geometries will reveal a rich behavior.

As mentioned previously, the model DNA-based bridges are
not fully equilibrated attwait ) 4 s, so retractions at that delay
time provide a glimpse of the kinetics of bridge formation. The
relative change in the number of bridges per pull fromtwait )
4 to 14 s gives an indication of the relative kinetics of bridging
across different nanoscale gaps. We observe faster bridging
kinetics at the small gap widths, seen in Figure 3 and reflected
in the relative number of bridges attwait ) 4 s versus 14 s: 68%
at 5 nm< d < 15 nm, 46% at 15 nm< d < 25 nm, 28% at 25
nm< d< 35 nm, and 17% at 35 nm< d< 45 nm. The distribution
of leff as a function of gap width fortwait ) 4 s is shown in Figure
4b. The distributions of bridging at largerd are smaller than the
truncated distributions at smallerd, reflecting the slower kinetics
at larger gap widths.

Conclusions

We have reported the first experimental observation of the
interplay of time and distance on the dynamic assembly of
nanoscale reversible polymer bridges that serve as chemical and
mechanical interconnectsbetweensurfaces.Single-molecule force
spectroscopy reveals the presence and structure of the individual,
reversibly assembled bridges. Reversible assembly of DNA-
based monomers connects surfaces separated by as little as a few
nanometers and as much as∼40 nm or more, even though the
average length of the polymers is considerably shorter than the
upper range of separations. In general, the DNA-based intercon-
nects equilibrate on the time scale of seconds, and the probability
of bridge formation drops off with distance, although not
precipitously, for the surface geometries employed in this study.
The kinetics of bridge formation depend on the distance between
the surfaces; smaller distances appear to equilibrate on slightly
shorter time scales.

This and similar information could be used for device
fabrication because annealed DNA can template the formation
of functional nanostructures such as metallic wires,19 although
the polydispersity of the bridges must be taken into account.
More importantly, however, the use of DNA-based monomers
paves the way for further structure-activity relationships,
including the effect of surface anchor density, hybridization
thermodynamics, monomer flexibility, solution concentration,11

and different AFM tip geometries. The ability to relate the
nanoscale structure and properties of these interfaces to those of
the molecular constituents would provide an important link
between small-molecule chemistry and engineered components
in hybrid, top-down/bottom-up devices. Because polymer bridg-
ing also provides a mechanism to transfer mechanical force from
one surface to another, these results are potentially relevant to
the design and fabrication of self-repairing polymer/inorganic
composites.
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Figure 4. (a) Histogram of the observed DNA length at rupture
(leff) at 5 nm< d < 15 nm (black), 15 nm< d < 25 nm (blue),
25 nm< d < 35 nm (green), and 35 nm< d < 45 nm (red) gap
widths for twait ) 14 s. (b) Histogram of the observed DNA length
at rupture (leff) at the indicated gap widths fortwait ) 4 s.
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