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Nanomechanics of self-assembled DNA building
blocks†
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DNA has become a powerful platform to design functional nanodevices. DNA nanodevices are often

composed of self-assembled DNA building blocks that differ significantly from the structure of native

DNA. In this study, we present Flow Force Microscopy as a massively parallel approach to study the nano-

mechanics of DNA self-assemblies on the single-molecular level. The high-throughput experiments per-

formed in a simple microfluidic channel enable statistically meaningful studies with nanometer scale pre-

cision in a time frame of several minutes. A surprisingly high flexibility was observed for a typical construct

used in DNA origami, reflected in a persistence length of 10.2 nm, a factor of five smaller than for native

DNA. The enhanced flexibility is attributed to the discontinuous backbone of DNA self-assemblies that

facilitate base pair opening by thermal fluctuations at the end of hybridized oligomers. We believe that the

results will contribute to the fundamental understanding of DNA nanomechanics and help to improve the

design of DNA nanodevices with applications in biological analysis and clinical research.

Introduction

The assembly of DNA from a linear scaffold into complex
structures makes DNA a powerful tool to design nanodevices
with nanometer scale precision. The high precision is achieved
by non-covalent hybridization of complementary DNA-oligo-
mers to a single-stranded DNA scaffold.1 Recently, DNA
origami was developed to expand the available number of non-
repeating structures from a few hundred nucleotides to around
fifteen thousand,1,2 offering the assembly of large 2D or 3D
structures triggering drug release and allowing for molecular
detection or protein production.3,4 DNA-assemblies differ from
native DNA not only in their three-dimensional structure but
also in their two-dimensional shape. The sequence of hybri-
dized oligomers constitutes a discontinuous backbone with
repeated nicks in the DNA strand. The effect of repeated nicks,
gaps or kinks on the mechanical properties of DNA is subject
of current research.5–9 There is evidence that repeated nicks or
gaps enhance the flexibility of DNA constructs compared to
native DNA.5,10 The mechanical response of native DNA under
force has been successfully elucidated in single-molecule
experiments by means of optical tweezers11–13 and atomic
force microscopy.14 These techniques allow for a precise

measurement of force as a function of elongation and time
with sub-nanometer and sub-piconewton resolution. Ultimate
precision is obtained by repeated force measurements on the
same molecule, unfortunately with a low-throughput. It has
been demonstrated that this limitation of conventional single-
molecule force spectroscopy can be overcome by high-through-
put techniques based on force measurements of many mole-
cules in parallel.15–19

In this study, we demonstrate Flow Force Microscopy
(FlowFM) as a massively parallel approach that combines the
advantages of single-molecule force spectroscopy with our
recently developed high-throughput assay for simple and fast
force measurements.15,20 A DNA tether, functionalized with
the molecules of interest, is attached between the wall of a
microfluidic channel and a micrometer-size bead (Fig. 1).
Increasing the hydrodynamic flow rate in the microfluidic
channel rises Stoke’s friction acting on the bead attached to
the free end of the molecule and increase the force from sub-
pN level to several tens of pN. Linear flow force ramps enable
force spectroscopy experiments on hundreds of surface-teth-
ered beads in parallel. Notably, the high-throughput
experiments are performed in a simple microfluidic cell
mounted on a standard optical microscopy equipped with a
CCD camera. The bead displacement is tracked through the
optical path with a spatial resolution of below 20 nm (ESI
Fig. 2). We first demonstrate the capability of FlowFM to
perform massive parallel force-spectroscopy measurements on
biologically relevant force scales for the example of digoxi-
genin and its antibody.
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d0nr06865a

aINM – Leibniz Institute for New Materials, Campus D22, 66123 Saarbrücken,

Germany. E-mail: johanna.blass@leibniz-inm.de
bPhysics Department, Campus D22, 66123 Saarbrücken, Germany

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021, 13, 9371–9380 | 9371

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 6

/2
3/

20
25

 9
:4

5:
38

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0002-5464-8190
http://orcid.org/0000-0002-4124-7486
http://crossmark.crossref.org/dialog/?doi=10.1039/d0nr06865a&domain=pdf&date_stamp=2021-05-20
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr06865a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013020


We then study the elastic response of a DNA self-assembly
to increasing force with a focus on the persistence length. The
DNA assembly is composed of a single-stranded DNA back-
bone (M13mp18 plasmid with 7.2 knt) and hybridized with
matching 60 nt-oligomers. We found the persistence length of
our single-stranded backbone in good agreement with litera-
ture values (see ESI note 3†). We determine the persistence
length for 1615 individual molecules and observe an enhanced
flexibility compared to literature values for native double
stranded DNA. The higher flexibility is explained by the dis-
rupted backbone of the self-assembled DNA construct. The
hybridization of complementary oligomers is prone to base-
pair opening at their end points due to thermal fluctuations.
This base-pair opening around the nicks results in repeated
single-stranded gaps along the DNA chain which lower the per-
sistence length as described by Rivetti et al.5

Parallelization of single-molecule measurements not only
reduces the number of experiments required to record

sufficient data for statistically sound conclusions (see ESI note
5†) but also facilitates the study of rare events out of equili-
brium. We create a small number of looped DNA constructs in
a large population of linear constructs using DNA-duplex for-
mation of an additional 60nt DNA-oligomer with two 30 nt
single-stranded regions along the DNA assembly. In Flow
Force Microscopy experiments, we were able to determine the
force require for mechanical separation of the DNA-duplex and
to investigate its dissociation kinetics.

Results
Antibody–antigen interaction

To demonstrate the operation of FlowFM on biologically rele-
vant force scales, we performed dynamic force-spectroscopy
experiments on the bond of digoxigenin and its antibody. The
digoxigenin–anti-digoxigenin interaction is often used for
surface-tethering of DNA molecules13,16,18 and its bond
kinetics were studied in dynamic force-spectroscopy
measurements.18,21 For our experiment, the digoxigenin was
covalently attached to an oligomer hybridized onto the 3′-end
of our DNA-construct. The DNA-construct was used as a linker
between the anti-digoxigenin covered wall of the microfluidic
flow chamber and the polystyrene bead. Without applying a
fluid flow in the chamber, we observed the Brownian diffusive
motion of the tethered beads for 1 minute. The symmetry of
the movement is used to discriminate between single and mul-
tiple-tethered beads. Single-tethered particles show a sym-
metric in-plane motion that was quantified using the covari-
ance matrix of xy particle positions (see Method section for
details). Increasing the fluid flow in the chamber to 500 µl
min−1 increases Stoke’s friction acting on the beads. The
increasing force leads to a stretching of the DNA molecules
similar to force spectroscopy measurements in AFM or optical
tweezers, but in a highly parallel manner. Force-spectroscopy
measurements were repeated for four different rates of flow
increase, i.e. for four different rates of force loading.
Unbinding of the digoxigenin–anti-digoxigenin bond was
detected as the loss of the bead from the microscopy video.
The loading rate at the moment of rupture was determined
from the change in fluid height in the reservoir (see ESI Fig. 1
for details†). Unbinding forces for the rupture events of each
verified single tether were included in the histogram in
Fig. 2A. Each histogram of rupture events was obtained from
videos in a single field of view recorded in several seconds or
minutes. The statistical distribution of unbinding forces was
modeled by a Gaussian distribution. The most probable
rupture force was plotted as a function of the force loading
rate in Fig. 2B. The rupture force increases logarithmically
with loading rate r as predicted by the Bell-Evans model22

FðrÞ ¼ kBT
xβ

ln
rxβ

koffkBT

� �
ð1Þ

where xβ is the length scale of the reaction, kB is the
Boltzmann constant and T is the temperature. The non-forced

Fig. 1 (A) Sketch of experimental setup for the observation of tethered
particle motion in a microfluidic flow channel. (B) Optical microscopy
determines the position and movement of thousands of surface-teth-
ered beads in parallel (scalebar: 100 µm). (C) Sketch of the molecular
arrangement with and without flow force. Micro-beads are attached to
the channel surface via DNA constructs. Upon liquid flow, a force is
acting on the beads and the DNA constructs are stretched out in the
direction of flow. (D) 2D histogram of 302 force–distance curves
recorded in one optical field of view, color scale reflects the number of
data points in one bin.

Fig. 2 (A) Rupture-force distribution of the digoxigenin–anti-digoxi-
genin bond at different force loading rates. (B) The most probable
rupture force, obtained from the Gaussian fits to histograms in (A), as a
function of loading rate, the error bars represent the standard deviation.
The straight line is a weighted fit to the data according to Bell-Evans
model; the weighting factor is the inverse square of the standard error
of the mean.
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off-rate koff = 0.01 s−1 with a standard deviation of 6.5 × 10−4 s−1

was obtained from the Bell-Evans fit to the data in Fig. 2B
and is in good agreement with literature values for similar
systems.18,21

Mechanics of DNA-assemblies

The flexibility of DNA assemblies was investigated by means of
FlowFM. Double stranded DNA (dsDNA) is one of the most
studied single molecules and exhibits a well-defined stretching
signature in AFM or optical tweezers13,14 force-spectroscopy
experiments. The force-extension curve follows the extensible
worm-like chain model until the curve exhibits a plateau at
constant force. The plateau is referred to as overstretching
regime, where the dsDNA undergoes a conformational tran-
sition from double stranded to single stranded.23 The over-
stretching transition occurs in a defined force range that was
used to calibrate the relation between force and fluid flow
rate for every FlowFM experiment (ESI Fig. 1†). We recorded
1615 force–distance curves on individual DNA constructs for
three different loading rates in near physiological conditions
using phosphate-buffered saline with pH 7.4 (Fig. 3). In
Fig. 3A, 302 force–distance curves recorded in a single
FlowFM measurement with a loading rate of 1.4 pN s−1 are
overlaid in a 2D histogram. The typical force-extension signa-
ture of DNA is observed with the linear increase in the low-
force regime and a steep increase when the distance
approaches the contour length of 2.5 µm. A measure for the
flexibility of polymers is the persistence length that was
determined by modeling each force-extension curve with the
worm-like–chain model. To exclude corrections of the WLC
model due to elasticity in the enthalpic stretching regime,
we included only the data of the low-force regime below 10
pN in the fitting procedure. For statistical evaluation, the

values of persistence length are summarized in the histo-
gram in Fig. 3B. A Gaussian distribution indicates an
average persistence length of 10.2 nm with a standard devi-
ation of 3.2 nm. The value for the persistence length is sig-
nificantly smaller than the values reported for dsDNA of
45 nm to 53 nm for near-physiological buffer
conditions.5,13,24,25 No significant effect of loading rate on
the persistence length is observed for the studied range of
loading rates. A persistence length clearly below the expected
value of 50 nm has been already observed by optical twee-
zers experiments on the same DNA construct.16,26

In order to validate the FlowFM results with an established
method, we performed single-molecule force-spectroscopy
experiments of the same DNA construct using the same
surface attachment and linkers by means of atomic force
microscopy (AFM). The force is applied by a tipless cantilever
that pulls the micron bead perpendicular from the surface
(scheme in Fig. 3C). In Fig. 3C, a typical AFM force–distance
curve is shown that exhibit a non-linear stretching regime. The
sudden force-drop reports the bond dissociation of the digoxi-
genin–anti-digoxigenin complex at the surface. The histogram
of persistence length as a fit result of the WLC model to the
stretching regime up to 10 pN results in a persistence length
of 8.7 nm, in good agreement with our FlowFM results. Please
note that obtaining a similar data set as the one represented
by the histogram of persistence lengths in Fig. 3B would
require the parallel operation of hundreds of AFMs for a com-
parable duration of experiments. Magnetic tweezers and cen-
trifuge force microscopy can enable similar quantities as
FlowFM. The advantage of FlowFM is the simple experimental
setup without any moving compartments and the direct obser-
vation of the bead position that features a straightforward data
analysis.

Fig. 3 (A) 2D Histogram of 302 curves recorded in one FlowFM experiment for a loading rate of 1.4 pN s−1. The bin size (0.12 pN × 44 nm) is chosen
according to the resolution limit of the force scale. The color scale reflects the number of data points. (B) Persistence length as result of fits to the
WLC model for 1615 force–distance curves recorded with three different force-loading rates, each colour reflects an independent experiment. We
found P* = 10.2 nm as the most probable value with a standard variation of 3.2 nm. (C) Typical force–distance curves recorded with an atomic force
microscope on the same DNA construct. The WLC fit (green line) to the low force regime of the black curve reports a persistence length of 11.1 nm.
Inset: histogram of persistence length of WLC fit to 23 force–distance curves with a most probable persistence length of 8.7 nm with a standard
deviation of 2.1 nm.
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Shear rupture of DNA oligomer duplexes

We modified our DNA construct such that it forms a loop
similar to DNA nanoswitches introduced in ref. 26. We left two
regions on the DNA strain single-stranded, each with a length
of 30 nt, and introduced a complementary DNA-oligomer of 60
nt. Upon binding, the complementary oligomer is expected to
change the DNA conformation to a looped state by forming a
DNA duplex with the two single-stranded regions on the DNA
chain (Fig. 4B, inset). In order to verify the successful DNA
looping, the change in conformation was analyzed in three
steps with increasing precision similar to the proofreading
steps developed by the Wong lab in ref. 15. First, we analyzed
the Brownian motion of beads attached to the end of the DNA
tethers without applied flow. Then, we applied a small force to
stretch the DNA and measure the tether length. Third, we
applied force-loading ramps in dynamic force spectroscopy
experiments to dissociate the DNA-duplex and measure the
rupture force.

The reduction of the tether length in the looped confor-
mation results in a smaller fluctuation of the tethered beads.27

The fluctuations are quantified as root-mean-square displace-

ment RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� x̄Þ2 þ ðy� ȳÞ2� �q

from the center of gyra-

tion (x̄,ȳ). For statistical analysis, the RMS displacement values
are summarized in a histogram. Two peaks at 0.41 µm and
0.55 µm indicate a heterogenic distribution corresponding to
two different tether lengths. As an additional proofreading
step, we directly measure the tether length by applying a force
of 11 pN to the beads and stretching the DNA tether in the
direction of flow. The histogram of tether length also exhibits
two peaks at 1.3 µm and 2.5 µm. A 2D histogram of both quan-
tities in Fig. 4A demonstrates the correlation between

measured tether length and RMS displacement value following
the prediction of RMS2 ∼ L.27,28 Due to a lack of models for
tethered particle measurements with non-zero bead sizes, no
quantitative model can be applied. As a third and most precise
validation step of the successful DNA looping, we dissociated
the DNA-duplex in dynamic force-loading experiments. DNA
duplexes are anticipated to be stable for a duration orders of
magnitudes longer than the several minutes of our particle
motion experiments.29 To observe the force-induced dis-
sociation of the DNA duplex, we performed dynamic force
spectroscopy measurements. The system is driven out of
thermodynamic equilibrium and bond dissociation kinetics
can be studied.22 In Fig. 4B, two exemplary force-extension
curves for the lowest and highest loading rate are shown. The
tether length increases with the characteristic of the WLC
model, followed by a sudden step increase in length at a force
of about 40 pN. For the observation of this signature of a loop-
opening, one of the two binding sites of 30 bp length has to be
ruptured. The step-like change in tether length is summarized
in histograms in Fig. 4C for experiments with three different
loading rates. The most probable length change is ΔL =
1.41 µm with a standard deviation of 0.1 µm revealing a
contour length of 0.36 nm per base pair for a loop size of 3912
base pairs. In general, relative changes in length as observed
for the loop-opening are particularly precise because the elas-
ticity of the attachment to the surface or bead do not contrib-
ute to the measured distance. The slight difference to the lit-
erature value of 0.34 nm per bp will be discussed in the next
section with respect to the flexibility of DNA assemblies. The
mean loop-opening rupture force is plotted as a function of
loading rate in Fig. 4D. The rupture force increases with
loading rate r as described by the Bell-Evans model22 in eqn

Fig. 4 (A) Density plot of RMS distance of particle motion without flow force versus tether length for a stretching force of 11 pN. The histograms
are projections of the respective values, arrows indicate the second maximum, dotted line reflects RMS2 = 2PL. (B) Typical force-extension curves
including shear bridge rupture of looped DNA construct using FlowFM for loading rates of 7 pN s−1 and 0.7 pN s−1. (C) Histogram of tether length
changes for rupture events in FlowFM measurement with a most probable length change and standard deviation of 1.41 ± 0.09 µm. (D) Mean shear-
bridge rupture force as a function of loading rate, error bars reflect standard deviation of mean value. The straight line is a weighted fit to the data
according to Bell-Evans model; the weighting factor is the inverse square of the standard error of the mean.
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(1). The Bell-Evans fit reveals an off-rate of koff = 6 × 10−4 1 s−1

with a standard deviation of 1.7 × 10−3 1 s−1 and a reaction dis-
tance of xß = 7.7 Å with a deviation of 4.4 Å. The reaction kine-

tics of the DNA duplex are discussed with respect to single-
bond kinetics in the next section.

Discussion

The experimental results confirm the capability of FlowFM to
reveal nanomechanical properties of DNA constructs with high
precision. We will now discuss the molecular processes under-
lying the surprisingly small persistence length and the depen-
dencies on the force loading rate.

We observe a significant smaller persistence length of P =
10.2 nm compared to literature values for dsDNA ranging from
45 nm to 53 nm.5,13,19,24,25 The lower persistence length indi-
cates that the molecular arrangement of our DNA construct
offers a higher flexibility than known for natural dsDNA. We
suggest that the higher flexibility originates from the intrinsic
structure of the DNA assemblies. Additional flexibility of the
molecular layer used for the attachment of the DNA molecules
to the surface or bead can be neglected at the small forces
used for analysis. Maximal deformations of attachment layers
are in the order of several tens of nm (ref. 30 and 31) and,
thus, negligible for the length scale of our DNA construct in
the order of µm.

Functional DNA constructs are self-assembled starting from
a single-stranded DNA chain and hybridizing complementary
oligomers onto the scaffold. The hybridization reaction results
in a double-stranded DNA construct that consist of one DNA
strand with a continuous backbone and a complementary DNA
strand composed of short oligomers resulting in a discontinu-
ous backbone. The discontinuities are also referred to as nicks
in literature. Nicks can have important biological functions in
DNA-mediated systems.34 The impact of nicks on the elasticity
of DNA is still under debate.6,7,32,33 The overall stability of the
double stranded DNA construct is given by stacking inter-
actions between adjacent base pairs.32 Thermal fluctuations
lead to base pair opening and thus to single-stranded gaps in
between the hybridized oligomers. Single-stranded DNA exhi-
bits a higher flexibility than double-stranded DNA with a per-
sistence length of 1.7 nm for short sequences.13,35

The entropic stretching regime of natural DNA has been
successfully described by the worm-like-chain model with a
constant persistence length along the polymer chain.36 Rivetti
et al. extended the WLC model for polymers with sections of
different flexibility and included the possibility of permanent
bends along the DNA chain. They applied their model to calcu-
late the mean-square end-to-end distance of double stranded
DNA molecules containing single-stranded regions.5 For DNA
with a contour length L much larger than the persistence

length, the persistence length can be calculated as P = RMS2/
2L. For a DNA construct without permanent bends, the Rivetti
equation reduces to:

The effective persistence length Peff predicted for our DNA-
assembly was calculated based on the contour lengths ln of all
N + 1 sections along the backbone (see ESI for details†). For
hybridized double-stranded sections, we applied a local per-
sistence length of Pn = 50.0 nm, for non-hybridized single-
stranded sections we chose Pn = 1.7 nm. The list of single and
double stranded sections is given in the ESI.† Base pair
opening at the end-points of the hybridized oligomers was
included into the model as variation of the length of double –

and single-stranded sections along the chain of 60nt-oligo-
mers. For example, with two open base pairs per end point,
there is a single-stranded section with a length of 4 nt between
the double-stranded section with 56 bp length each.

The effective persistence length as a function of the
number of open base pairs at the end-points of hybridized oli-
gomers is shown in Fig. 5. A monotonous decrease with the
number of open base pairs is observed. The persistence length
of 10.2 nm as obtained in FlowFM experiments is predicted for
an average number of 2.4 open base pairs per oligomer end-
point (see Fig. 5B). This number corresponds to a fraction of
about 8.7% single stranded bases at room temperature and is
in good agreement with simulations of DNA hybridization and
for experiments on melting DNA duplexes.37–40 The effect of
single-stranded gaps on the flexibility of DNA molecules was
observed before in gel migration experiments and with elec-
tron microscopy.7,41 Thermally activated duplex opening along
the double stranded sections starting at mismatching base
pairs or buldge loops can occurs also for a dsDNA construct
without nicks and do not contribute to the reduction of per-
sistence length observed in our study.40 In Fig. 5, the persist-
ence length for zero open base pairs does not equal 50 nm as
expected for a fully double stranded DNA construct. This small
deviation is due to the configuration of our particular DNA

Peff¼ 1
L
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Fig. 5 (A) Effective Persistence length as a function of open base pairs
per oligomer end-point calculated with eqn (2). (B) Schematic of our
self-assembled DNA construct, fluctuational base-pair opening at the
end-point of the oligomers lead to single-stranded gaps in between the
double stranded section of about 2–6 nucleotides.
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construct. We segmented the single stranded DNA-scaffold in
131 sections and identified thirteen regions along our plasmid
scaffold that exhibit less secondary structure and can be used
for efficient functionalization, for example for shear bridges.
The sections around these regions differ in length and can
also include short single stranded regions (see ESI Table1 for
details†). The unusually small persistence length is thus in full
agreement with expectations for a strongly segmented dsDNA
with many nicks. Open base pairs at the end points of hybri-
dized oligomers leave small sections of single-stranded DNA
which facilitate the reduction of the overall effective persist-
ence length by a factor of five. Thermally activated opening of
base pairs also reduces the stability of DNA-duplexes. In the
following section we will discuss their influence on the dis-
sociation kinetics of shear bridges which lead to the loop
formation.

In dynamic force-spectroscopy experiments, we observed a
rupture force of about 40 pN for the highest loading rate of 7
pN s−1. The rupture force compares well with values reported
in ref. 29 for a similar loading rate, where the shearing force
was studied for three DNA duplex lengths. In line with our
experimental results, the authors observed a logarithmic
increase of rupture force with loading rate. This is particularly
interesting because the complexation rate for single DNA base
pairs is on the order of 500 times per second.42 These high
rates indicate a complexation which is five orders of magni-
tudes faster than the typical time scale of our force-spec-
troscopy experiment of seconds to minutes. Single base pairs
are in thermodynamic equilibrium during the measurement.
The loading rate dependence of the dissociation force then
indicates that unbinding rates are lower for a DNA duplex. The
lower dissociation rate suggests a cooperative unbinding of the
individual base pairs forming the duplex. In force spectroscopy
experiments, the force applied to the ends of the DNA con-
struct loads all base pairs at the same time in a shear confor-
mation. The base pairs at the end of each duplex can open up
by thermal activation even without applied load. In case of
applied load, the dissociation of one base pair leads to an
immediate increase in contour length preventing the rebind-
ing of the base pair. Next, the adjacent base pairs can open up
leading to a sequential unzipping of the shearing bridge. At a
certain force, all remaining base pairs are suddenly ruptured
resulting in an abrupt change of conformation from the
looped to the linear conformation for our DNA construct. An
estimate for the number of bonds that are zipped open before
the bond fully dissociates is provided by the length scale in
the Bell-Evans model.29 The length scale xβ reflects the dis-
tance between the bound state where the loop is formed and
the transition state before the loop opens. From the Bell-Evans
fit we obtained a length scale of xβ = 7.7 Å with a standard
deviation of 4.4 Å, indicating that about 2–6 base pairs are
opened before the bond dissociates, assuming an increase in
contour length of 2 Å per base at a stretching force of 40 pN.43

We attribute the higher contour length observed for the DNA
loops to a similar effect. In contrast to double-stranded DNA,
the contour length for single-stranded DNA increases over a

wide range of forces and is about 0.57 nm per base at a force
of 40 pN where the rupture occurs. A fraction of 8.7% single-
stranded bases lead to an average contour length of 0.36 nm
per base for the DNA construct at the moment of rupture, in
excellent agreement with the contour length observed for the
loop-opening.

Interestingly, no loading rate dependence was observed for
the persistence length although the decrease in persistence
length was attributed to similar thermal opening of base pairs
at the end points of oligomers. The persistence length is deter-
mined from the bending of the force-extension curve in the
low-force regime below 10 pN. In contrast to the high-force
regime in which the bond-rupture of the DNA-duplex is
observed, there is no difference in extension between single
and double stranded sections in the low-force regime.43

Without increase in extension length, a fast rebinding of open
base pairs is possible. As consequence, the opening and
rebinding of base pairs at the endpoints of oligomers occurs
in equilibrium during the measurements of persistence length
and no rate dependence is observed.

Conclusions

In conclusion, we demonstrate FlowFM as a novel technique
for high-throughput dynamic force spectroscopy of single DNA
constructs. Statistical distributions for the strength of relevant
interactions such as antibody–antigen bonds or DNA shear
bridges are readily obtained. The self-assembled DNA con-
struct exhibits a persistence length of 10.2 nm, a factor of 5
lower compared to native double-stranded DNA. We attribute
the higher flexibility to the segmented nature of self-assem-
blies used in DNA origami. Thermally induced base-pair open-
ings at the end-points of complementary oligomers lead to
single-stranded gaps in between double stranded segments
which reduce the effective persistence length of the DNA con-
struct. We believe that the results will contribute to the funda-
mental understanding of the mechanics of DNA assemblies
and help to improve the design of DNA nanodevices. The
FlowFM technique can easily be extended to other DNA con-
structs or polymers and has the potential to become a stan-
dard method for rapid nanomechanical testing of macro-
molecules. Moreover, our massively parallel approach with
tethered particles allows to study rare events as demonstrated
for a small number of DNA loops in a large population of
linear DNA constructs. New techniques for studying rare
events such as protein unfolding or antibody binding are an
important asset in biological analysis and clinical research.

Materials and methods
DNA-assembly

The DNA-construct with anti-dioxigenin and biotin functional-
ities was assembled from circular M13mp18 ssDNA (New
England Biolabs) similar to ref. 44 and 45 in two main steps.
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First, the single-stranded plasmid was linearized by enzymatic
cleavage using BtscI (New England Biolabs) and a DNA-oligo-
nucleotide complementary to the enzymatic cut site for
60 minutes at 50 °C, followed by a deactivation at 95 °C. 131
complementary oligomers (Intergrated DNA technologies) were
designed to complement the single-stranded scaffold resulting
in a double stranded DNA-construct with a segmented back-
bone. The first and last oligomer were functionalized with
biotin or digoxigenin to enable attachment to the streptavidin-
coated micrometer beads and the anti-digoxigenin functiona-
lized surface of the channel wall. In the second step, the con-
struct was assembled in a temperature ramp from 90 °C to
12 °C with −1 °C min−1 using a 10-fold excess of DNA oligo-
mers compared to the scaffold in presence of NEBuffer 2 (New
England Biolabs). To prepare the single-stranded DNA con-
struct, the backbone oligomers were omitted from the hybrid-
ization protocol (see ESI Fig. 3 for details†). The DNA con-
structs were stored at 4 °C and used immediately or stored at
−20 °C for later use.

Assembly of looped DNA-construct

To design a looped DNA construct, two oligomers of 30 nt
were not included into the hybridization procedure. Instead, a
60 nt oligomere with the sequence CTC AAA TAT CAA ACC CTC
AAT CAA TAT CTC CAG AAC GAG TAG TAA ATT GGG CTT GAG
ATG was added in 10-fold excess to the single-stranded
scaffold to form rare shearing bridges with the DNA scaffold.
The first 30 nt of the shear bridge oligomer are complementary
to the one single-stranded region, the last 30 nt are comp-
lementary to the second single-stranded region. Upon hybrid-
ization of the 60 nt oligomer, the DNA construct forms a loop
with a length of 3912 nt.

Surface preparation

Clean cover slips were functionalized with DNA probes using
the specific binding between anti-digoxigenin and digoxi-
genin, where digoxigenin is coupled to the DNA construct (see
DNA nanoswitch formation). In a three-step process, the cover
slips were first coated with nitrocellulose (NC), followed by
unspecific adsorption of anti-digoxigenin (anti-dig) which
finally couples the dig-functionalized DNA constructs. First,
the cleaned cover glass was coated with 1 µL of 0.2% NC solu-
tion and stored under low pressure. In the second step, the
surface was incubated for 20 min with 0.05 g l−1 anti-digoxi-
genin (Roche), diluted in 1× PBS, pH 7.4. After antibody attach-
ment, the channel was passivated with 10 mg ml−1 Western
Blocking Reagent in PBS ordered from Sigma Aldrich for 1 h
whereby the blocking solution was replaced every 15 min.
Subsequently, the channel was rinsed thoroughly with 80 µl of
1× PBS, pH 7.4. The DNA constructs were attached to streptavi-
din-coated Dynabeads MyOne C1 ordered from Thermo Fisher
Scientific. The Dynabeads were washed extensively and diluted
to a concentration of 1 g mL−1 in PBS before mixing with DNA
constructs, incubated for a minimum of 5 min and sub-
sequently introduced into the fluid chamber. After tethering,

the chamber was flipped upside down and loose beads were
washed out by applying a gentle fluid flow of 2 µl min−1.

Assembly of fluid cell

The fluid cell was constructed by sandwiching a double-sided
Kapton tape between a nitrocellulose coated cover slip and a
microscopy slide. A 1 mm × 10 mm rectangular channel was
cut into the Kapton tape using a CO2 laser cutter. Two 0.8 mm
holes were drilled into the microscopy slide as in- and outlet
for solutions. The tubing was connected to the in- and outlet
via 10 μl pipette tips gently pushed into the holes.

Flow cell measurement

All Flow cell measurements were performed with a syringe
pump (Al-100 World Precision Instruments, Saratosa, USA)
equipped with a 1 ml syringe. A CCD camera (DMK 33GX178,
ImagingSource, Bremen, Deutschland) was mounted on a stan-
dard optical microscope. A 20× magnification was used for
recording the movement of surface-tethered beads in one field
of view with a sampling rate of 5 fps. Prior to every experiment,
the random motion of the beads was recorded for 60 s. The
tethered particle motion allows for determination of the center
of gyration and the symmetry of the bead motion that was
used to single out single-tethered beads. Subsequently, a
laminar flow with rates from 0 μl min−1 to 500 μl min−1 was
applied. Particularly for high force-loading ramps, the actual
flow rate in the channel can vary from the expected flow rate
when assuming a linear flow profile. To determine the actual
flow rate in the channel, the height of the fluid in the reservoir
pipette was tracked with an additional camera for each force
loading rate (see ESI† for details on force calibration).

Data analysis

The videos were analyzed using the open source software
ImageJ 1.50i (Wayne Rasband, National Institute of Health,
USA) and a particle tracker ImageJ Plugin written by Sbalzarini
and Koumoutsakos.46 The particle tracker provides x and y
positions of each individual bead over time. The ImageJ soft-
ware includes all trajectories into a table that was further ana-
lyzed with a custom script written in python. The tether exten-
sion was calculated from the bead displacement in the in-
plane coordinates x and y with a trigonometric function, see
ESI Fig. 2† for details. Single-tethered particles were singled
out using the symmetry-test of the tethered particle motion for
60 s without flow. The symmetry factor S relies on the obser-
vation that single-tethered particles show a symmetric in-plane
motion and is calculated from the eigenvalues of the covari-
ance matrix of particle positions.47 Particles with a symmetry
factor between 1 and 1.1 are considered as single-tethered and
included in further analysis. We calibrated the flow force for
each experiment using the overstretching transition from
double to single-stranded DNA. The transfer from double-
stranded DNA to single-stranded DNA can be observed as a
sudden elongation of tether length starting at 60 pN.
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DNA looping experiments

To observe rare DNA loops, we first recorded the motion of the
tethered beads for 1 minute, well above the proposed obser-
vation time for a micrometer-sized beads and several kbp long
DNA tether.47 The root mean square movement for each
single-tethered bead was analyzed with an experimental error
of below 20 nm, see ESI Fig. 2† for details. In force spec-
troscopy experiments on DNA constructs, we studied the
forced loop-opening of the DNA duplex that was observed as a
sudden change in tether length. A length-change was counted
as rupture event when the bead was tracked for a minimum of
three data points after a length-change of more than 0.5 µm
occurred.

Atomic force spectroscopy experiments

AFM experiments are performed with a JPK Nanowizard 3
Setup on the same surface and beads as described for the
FlowFM measurements. Instead of mounting the fluidic cell,
the preparation and measurement was carried out on the flat
cover slip that was functionalized with NC, digoxigening and
DNA as described in the section surface preparation. After
adding the micro beads, the surface was washed intensively to
remove loose beads before placing the sample in the AFM.
Gold-coated tipless MLCT-O01 C cantilevers purchased from
Bruker with a nominal spring constant of 0.01 N m−1 were
functionalized with BSA-biotin (1 mg ml−1 in PBS) over night.
The sensitivity of the force probes was determined from force–
distance curves for each cantilever on a hard glass surface.
Prior to force-spectroscopy measurements, the biotin-functio-
nalized cantilever was placed above a streptavidin-coated bead
and a force–distance curve with a dwell time of 1s was con-
ducted to adhere the bead to the cantilever. Force–distance
curves were recorded with a velocity of 1 µm s−1 and a dwell
time of 1 s to allow the digoxigenin group attached to the free
end of the DNA to find an anti-digoxigenin binding site on the
surface. To reduce thermal drift, a waiting time of more than
1 hour was included before starting single-molecule force spec-
troscopy measurements. The data analysis was carried out in
three steps. First, the force probes have been calibrated using
the overstretching plateau as described for FlowFM. Second,
the pulling distance was converted to tip–surface distance and
in the third step, the WLC model was fit to the experimental
data in the low-force regime below 10 pN.
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