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Abstract

The mechanical properties of DNA nanostruc-
tures are of widespread interest as applications
that exploit their stability under constant or in-
termittent external forces become increasingly
common. We explore the force response of DNA
origami in comprehensive detail by combining
AFM single molecule force spectroscopy experi-
ments with simulations using oxDNA, a coarse-
grained model of DNA at the nucleotide level,
to study the unravelling of an iconic origami
system: the Rothemund tile. We contrast the
force-induced melting of the tile with simula-
tions of an origami 10-helix bundle. Finally, we
simulate a recently-proposed origami biosensor,
whose function takes advantage of origami be-

haviour under tension. We observe character-
istic stick-slip unfolding dynamics in our force-
extension curves for both the Rothemund tile
and the helix bundle and reasonable agreement
with experimentally observed rupture forces for
these systems. Our results highlight the e↵ect
of design on force response: we observe regu-
lar, modular unfolding for the Rothemund tile
that contrasts with strain-softening of the 10-
helix bundle which leads to catastropic failure
under monotonically increasing force. Further,
unravelling occurs straightforwardly from the
sca↵old ends inwards for the Rothemund tile,
while the helix bundle unfolds more nonlinearly.
The detailed visualization of the yielding events
provided by simulation allows preferred path-
ways through the complex unfolding free-energy
landscape to be mapped, as a key factor in de-
termining relative barrier heights is the exten-
sional release per base pair broken. We shed
light on two important questions: how stable
DNA nanostructures are under external forces;
and what design principles can be applied to
enhance stability.
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The behavior of DNA under tension has been
studied extensively both theoretically and ex-
perimentally. Single-molecule force studies
have been employed to elucidate the elas-
tic properties of double- and single- stranded
DNA;1–3 to characterize the mechanisms of du-
plex instability at higher forces;4–9 and to ex-
amine torsional buckling of the helix under a
mixture of torque and tension.10,11 These ex-
plorations have illumined the cellular processes
that mediate structural changes in DNA, in-
cluding gene regulation, transcription, and re-
combination.12–14 Furthermore, the now well-
understood behavior of duplex DNA under
force has been exploited for a wide range of ap-
plications, including employing DNA in molec-
ular force sensors15 to characterize mechanosen-
sitive receptors16 and cellular traction forces.17

Denaturing of the DNA helix is typically
modelled as a thermally-activated process, in
which the dissociation rate is governed by the
height of the free energy barrier between the
fully-zippered state – stabilized by hydrogen
bonding and base stacking – and a transition
state characterized by a critical number of bro-
ken base pairs.18,19 Application of an external
biasing force favors more extended configura-
tions, lowering the e↵ective barrier to the tran-
sition state until it becomes surmountable by
thermal energy.20

The force at which duplex DNA yields under
tension depends on duplex length,19,21 base se-
quence and any periodicity therein,22 force ap-
plication geometry, whether static or varying
tension is applied and for how long,18–20 and
solution conditions including temperature19,23

and salt concentration.24,25 Under shear stress,
when tension is applied at either end of one
strand of the duplex, DNA duplexes typically
unbind at forces between 30 and 65 pN,8,21

while in an unzipping geometry, where tension
is applied to both strands at the same end of
the duplex, yielding occurs at forces between
10 and 20 pN.18,26,27 The marked di↵erence be-
tween the critical forces in shearing and unzip-
ping geometries can be understood by consid-
ering the extension gained per base pair broken

in each case. Since a force F biases the un-
folding landscape by an amount ⇠ F�z, with
z the extension of the DNA along the force di-
rection, the breaking of a single base pair in a
shearing geometry, which allows an extension
gain of �z/bp ⇠ 0.3 nm, will be less favor-
able than base pair breakage in an unzipping
geometry, which allows for an extension gain of
�z/bp ⇠ 1.3 nm.19

The drive to produce DNA modules su�-
ciently rigid for use as building blocks for crys-
talline arrays and nanomechanical devices cul-
tivated more complex arrangements of the well-
studied DNA duplex28,29 – namely, DNA helices
linked by multiple crossover junctions. One of
the simplest and earliest of these designs is two
helices bundled together by a double crossover
(DX) to form a modular tile.30 Such basic tile
motifs can be expanded to construct 3D struc-
tures, including triangular tensegrity lattices,31

polyhedra,32 and nanotubes.33

The advent of DNA origami34 – a construc-
tion technique employing kilobase-long scaf-
fold strands joined together by shorter, sta-
ple strands to form arbitrary shapes – al-
lowed the construction of even larger and more
intricate designs, which expanded the reach
of DNA nanotechnology to nanosensing,35,36

nanomedicine,37 and nanoelectronics.38 Finally,
a similar, but sca↵old-free, approach was pro-
posed by Peng Yin and coworkers,39 in which
only short single strands with four distinct
binding domains are used. These versatile
single-stranded tiles (SSTs) can also be fash-
ioned into a wide array of 2D40 and 3D41

shapes.
As many applications depend on the increased

structural rigidity of nanostructures as com-
pared to duplex DNA, there has been a signif-
icant e↵ort to characterize their elastic prop-
erties. Ligation closure experiments on the
DX tile revealed a persistence length about
twice that of duplex DNA.42 Even larger per-
sistence lengths, ⇠ 10 � 20⇥ that of duplex
DNA, have been achieved with nanotubes com-
prised of 6 helices;43,44 for bundles of more
helices, persistence lengths 40 � 200⇥ that
of dsDNA have been observed.45 Computa-
tional models have also contributed to the
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exploration of nanostructure mechanical be-
haviour. At the finest levels of detail, atom-
istic MD simulations have successfully captured
the structural rigidity of simple DNA origami
and SST structures.46,47 Coarse-grained de-
scriptions such as finite-element models48,49 and
models that coarse grain at the level of multiple
base pairs50 or single nucleotides51 have like-
wise provided useful analyses of the mechanical
flexibility of origami structures.
More sophisticated applications of DNA nan-

otechnology require an understanding of the
force response beyond that of the basic elastic
properties. Such understanding is crucial par-
ticularly for applications that exploit behaviour
under force, such as biosensors,36,52,53 springs,54

force probes,55,56 and tensegrity structures.57,58

Further, characterizing the long-term stability
of nanostructures under constant or intermit-
tent stress is necessary for their use as movable
joints and mechanical components like hinges59

and as hybrid nanopores, which undergo a
constant denaturing stress from ionic current
flow.60,61 The recent use of DNA nanotube hy-
drogels to study theoretical models of semiflex-
ible polymers underscores the importance of
knowledge of DNA nanostructural stability un-
der force, as it hinged upon the robustness of
the nanotubes under shear force.62

Given their substantial contribution to our
understanding of the DNA duplex, force spec-
troscopy experiments are a logical stride in
the development of DNA nanotechnology. Ex-
periments have only just begun to explore
more complex force-response behaviour of DNA
nanostructures, however; magnetic tweezer ex-
periments have revealed torsional rigidities of
origami 6-helix bundles in excess of ⇠ 4⇥ those
of dsDNA,43 and recent optical tweezer exper-
iments on origami nanotubes found disassem-
bly forces of 40-50 pN.63 Here, we build a more
comprehensive picture of DNA origami force
response by combining coarse-grained simula-
tions with AFM experiments to characterize the
unraveling of a standard origami system: the
Rothemund tile.34 We also perform simulations
of two previously-published experimental sys-
tems for which force-extension data are avail-
able: a 10-helix bundle64 and a biosensor36 de-

signed such that its force-extension behaviour
signals the presence of aptamers in solution.
By pursuing a combined simulation and ex-

perimental approach, we are able to correlate
features in force-extension data directly with
underlying structural changes, yielding insights
inaccessible via experiment alone. Finite-
element approaches to modelling origami and
models that coarse grain on scales larger than
a single nucleotide cannot capture the base-pair
breakage fundamental to force spectroscopy
studies.49 On the other hand, while capable
of investigating unravelling, all-atom origami
simulations cannot currently probe timescales
longer than ⇠100 ns or structures larger than
a few thousand base pairs.46 To access large
origami systems on timescales relevant to ex-
periments while maintaining the ability to de-
scribe base pair breakage, we therefore use
oxDNA,65,66 a nucleotide-level coarse-grained
model. Because of oxDNA’s previous suc-
cess in reproducing DNA nanostructures,51,67,68

capturing DNA mechanical response to ten-
sion,19,69 and describing DNA twist,70,71 it is
well-suited to the present study.
By forcibly unravelling DNA origami, we ex-

plore departures from duplex behaviour and
probe the basic physics of origami force compli-
ance, as well as the dynamics of force propaga-
tion through the structures. We also probe the
mechanical limits of DNA nanostructures un-
der external stress, knowledge of which is cru-
cial for applications that utilize nanostructures
to apply or resist force.54,57,58 Our results pro-
vide further validation of oxDNA’s robustness
in treating DNA origami. More importantly,
they illustrate the possible fruits of combining
experimental force spectroscopy with simula-
tion to explore unfolding pathways and examine
origami mechanical resistance to force in exten-
sive detail, which can inform rational design of
future nanomechanical structures.
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Figure 1: The two main systems studied in this work. (a) An AFM image of Rothemund tiles
deposited on a surface. (b) An oxDNA representation of the Rothemund tile. The 20bp-stem
hairpin indicated by the red arrow was excised in Rothemund’s original origami design.34 (c) An
oxDNA representation of the 10-helix bundle presented in Bae et al.64 For both simulated systems,
forces were applied to the nucleotides at the ends of the sca↵old, as indicated by the black arrows.

Results and Discussion

Rothemund tile

Our system, shown in Figures 1(a) and (b), is
very similar to Rothemund’s original origami
design, although we retain a 20-bp stem hairpin
that Rothemund excised. The 6909-nucleotide
sca↵old is bound by 30-nucleotide (nt) and 32-
nt staples, most of which have three domains,
with one long (binding) and two short (linker)
domains. The design has 24 rows with a central
seam dividing the origami into two equivalent
halves, and a very regular pattern of staples
(Fig. S1).
To mimic the AFM pulling procedure,

in which one end of the enzymatically lin-
earized sca↵old is fixed to a glass coverslip
via maleimide-thiol coupling and the other
to the retractable AFM cantilever via non-
covalent biotin-streptativin link, simulations
were performed by placing the ends of the tile
in harmonic traps (see arrows in Figure 1(b))
and moving one relative to the other at a con-
stant rate. Simulated force loading rates were

3.2⇥ 108 pN/s and 3.2⇥ 109 pN/s, and experi-
mental force loading rates were 1.4 ⇥ 104 pN/s
and 1.8 ⇥ 105 pN/s. By ‘force loading rate’,
we mean the average rate of force increase as
given by the product of harmonic trap sti↵ness
and speed. This value is thus an instrumental
property, and the loading rate the molecule ac-
tually ‘feels’ di↵ers due to the presence of linker
strands as well as the particular configuration
of the molecule; estimates of the experimental
force loading rate from fits to force-extension
curves yield values 1-3 orders of magnitude
lower than instrumental loading rates. While
our simulated loading rates are many times
greater than the experimental loading rates,
any conversions of coarse-grained timescales to
absolute time units must be interpreted with
caution. The values above give a “worst-case”
disparity; since coarse-graining speeds up di↵u-
sive dynamics relative to the microscopic time
scales that set the coarse-grained time unit,72

the resulting telescoping of timescales73 renders
the e↵ective force loading rates for simulations
closer to experiment than they would appear
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from the above values.
Figure 2 contains the experimental (a) and

simulated ((b) and (c)) force-extension curves
(FECs) for the Rothemund tile. The experi-
mental curves terminate before the full struc-
ture is unraveled – which simulations indicate
would occur around 4000 nm – because the
pulling handle between the molecule and the
AFM tip breaks. For domains under mechan-
ical load, there is a non-zero probability that
statistically stronger ones break before weaker
ones. This probability scales with the mag-
nitude of overlap between the rupture force
distributions of both domains.74,75 In the sin-
gle molecule force spectroscopy (SMFS) exper-
iments performed here, the pulling handle is
loaded throughout the whole retraction and
force rarely drops to near zero between rup-
ture events. The state of the pulling handle
therefore does not get reset completely, and the
probability of rupture increases with extension.
It is thus unsurprising to see SMFS curves that
do not unfold the whole origami structure in a
single pulling cycle.
Nonetheless, several salient features are vis-

ible in the data. Immediately striking is the
regular, sawtooth pattern present in all of the
traces, a signature of the regularity of the tile
design. The tile unravels in units evidenced
by these sawtooth rips, indicative of coopera-
tive unfolding within each subunit. Notable,
though, is that each ‘rip’ occurs at more or less
the same rupture force: the unfolding of one
unit does not render subsequent units easier to
unfold.
Also evident in both experimental and sim-

ulated curves is the fundamental stochasticity
of the process: even under an identical external
protocol, the tile unfolds along a slightly di↵er-
ent pathway every time. The pink and green
experimental curves in (a), both collected at
the same force loading rate, and the simulated
curves in (c), also collected at the same rate,
di↵er nonetheless from one another since bar-
rier crossing is a thermally-activated di↵usive
process.76

Both the experimental and simulated FECs
exhibit a decrease in the slope of the force rise
preceding each sawtooth ‘rip’ as more of the tile

unravels, indicating a decrease in the apparent
force loading rate.77,78 This is a direct conse-
quence of the e↵ective increase in the linker
length as the origami subunits closest to the
handles unfold, releasing ssDNA, which behaves
as an entropic spring that couples to the har-
monic traps to govern the overall force response
of the system. The elastic behaviour of ssDNA
– typically modelled as a modified freely-jointed
chain1 or a worm-like chain79 – is highly non-
linear, and is known to reduce the loading rate
transmitted to a molecule.77 Thus, as more ss-
DNA unravels, the apparent force loading rate
decreases.77 This accounts for the sharper, more
jagged features visible near the beginning of
the traces being softened, as sharp features are
smoothed through convolution with the soft
force response of the increasingly long poly-
meric tethers.80 The stochasticity in the force-
extension traces is more pronounced the farther
from equilibrium the protocol is; in the (non-
physical, Ḟ = 0) limit of quasi-static pulling,
the traces would appear identical for every re-
alisation. As the apparent force loading rate
decreases, therefore, so too does the variation
from pull to pull. We can rationalise this by
considering that the width of the characteris-
tic rupture force distribution for a given struc-
tural element increases with force loading rate,
so a smaller spread in observed rupture forces is
expected as loading rate decreases.81,82 This ex-
plains the increased regularity and reproducibil-
ity of features as the extension grows, apparent
in Fig. 2(c). We note that the final segment
of the simulated force-extension curves corre-
sponds to the force response of ssDNA.
The FECs also exhibit a dependence of rup-

ture force on probe velocity, with the force re-
quired to unravel specific features increasing
with pulling speed. This behaviour of rupture
force under dynamic loads was first described
by Evans and Ritchie,20 following Bell,83 who
predicted that rupture force is an increasing
function of pulling speed. Later, more refined
theories have corroborated this,81,82,84 and ex-
periments are frequently analyzed using this
framework.5,85,86 In this context, we can ratio-
nalize the maximum rupture force increasing
from ⇠50 pN for the lower experimental load-

5



Figure 2: Force-extension curves for the Rothemund tile. (a) Experimental AFM curves at force
loading rates of Ḟ = 1.8⇥105 pN/s (green and pink) and Ḟ = 1.4⇥104 pN/s (purple). (b) Simulated
pulling curves at Ḟ = 3.2⇥109 pN/s (blue) and Ḟ = 3.2⇥108 pN/s (orange). (c) Simulated pulling
curves, both collected at Ḟ = 3.2 ⇥ 109 pN/s; the blue curve is identical to the one shown in
(b), reproduced here to facilitate comparison between pulling simulations carried out at the same
loading rate. In all cases, colored traces are averages of gray curves and represent e↵ective sampling
rates of 250 s�1 (experiment), 1.3 ⇥ 107 s�1 (simulated, slower rate), and 6.6 ⇥ 107 s�1 (simulated,
faster rate).
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ing rate to ⇠75 pN for the higher experimental
loading rate, and from ⇠65 pN for the slower
simulated rate to ⇠ 100 pN for the fastest sim-
ulated rate. We reiterate that comparing sim-
ulation and experimental timescales is a subtle
task, as coarse graining speeds up intrinsic dy-
namics.72

A key advantage of simulations lies in the abil-
ity to correlate force-extension data with struc-
tural changes. Figure 3 tracks the breakage of
native base pairs as the tile unravels for two
pulling speeds. By ‘native’, we mean staple-
sca↵old base pairs designed to be present in
the correctly-folded tile. At t = 0, the tile is
fully natively bonded. Each yellow block corre-
sponds to two half-rows: the blue ‘stripes’ punc-
tuating the yellow regions are regions of single-
stranded sca↵old, which can be seen in Fig-
ure 1(b) at the end of each row. The nucleotide
labelled ‘0’ is subjected to the moving harmonic
trap, while the nucleotide labelled ‘6908’ sits in
a stationary trap. Clearly, the structure unrav-
els from the sca↵old ends inwards, correspond-
ing to the location of applied force.
From the plots of base pair breakage ver-

sus time, we can glean the basic mechanism
by which the Rothemund tile unfolds. First,
note that the routing pattern for the tile’s rows
means that the force is alternately antiparal-
lel and parallel to the duplex; see Figure 4.
The gain in free energy per broken base pair
is ⇠ F�z/bp, where �z/bp is the extension
gain per base pair broken. For rows where
the sca↵old strand is anti-parallel to the force
(Fig. 4(a)), each broken base pair contributes
the base-base distance along the backbone plus
the rise of a base pair in the duplex – in oxDNA,
9.8 Å. By contrast, when the sca↵old strand is
parallel to the force (Fig. 4(b)) �z/bp is a more
modest ⇠3 Å, the di↵erence between the back-
bone length and the base-pair rise of the du-
plex. Consequently, the force required to break
a base pair in the parallel geometry is much
greater than the force required to break a base
pair in the antiparallel geometry. This is anal-
ogous to the fact that the DNA duplex rupture
force for a shear geometry is much higher than
that for an unzipping geometry.19,27,69,87

Consider the upper half of Figures 3(a) and

(b). The top half of each yellow block corre-
sponds to a half-row with ‘shear-like,’ or par-
allel, pulling geometry, and the bottom half
corresponds to a half-row with ‘unzipping-like,’
or antiparallel, pulling geometry. The inset
of Fig. 3(b) shows the unfolding of three half-
rows: in parallel pulling geometry (upper half of
top yellow block), antiparallel pulling geometry
(lower half of top yellow block), and again in
parallel pulling geometry (upper half of bottom
yellow block).
The force increases roughly linearly in the

parallel pulling geometry until a maximum
force is reached that allows a full half-row to be
sheared o↵. Once the final seam staple in this
half-row is removed, the subsequent half-row,
now in antiparallel pulling geometry, can begin
to unfold immediately because the force already
exceeds the critical unzipping force. Most of
the base pairs in the lower half of each yellow
block – the ones that are ‘unzipped’ – break
over a short period of time, as evident in the
inset of Fig. 3(b). The consequent rapid release
of sca↵old strand leads to the sudden drop in
the force seen in the sawtooth features of Fig. 2.
Also, for those staples whose long domain is in
the half-row that unzips, yielding generally oc-
curs by the unbinding of the shorter domain
from the half-row below it, leaving the staple
attached to the released sca↵old. This is vis-
ible in Fig. 3 as a series of blue lines in the
top halves of the yellow blocks (the half-rows
in ‘shearing’ geometry), as well as the thin yel-
low lines associated with ‘persistent domains’ in
the bottom halves of the yellow blocks (corre-
sponding to ‘unzipping’ geometry). By ‘persis-
tent domains’, we mean regions where staples
remain partially bound by a single domain to
the sca↵old strand even after the part of the
sca↵old they are on has been pulled away from
the main structure.
This mechanism, wherein two rows unravel

in parallel, leads to the regular features in the
FECs. This can be quantified by performing
a Lomb-Scargle88 periodicity analysis of one of
the FECs in Figure 2. Fig. S4 shows a strong
peak that occurs very close to the length of two
rows of the tile.
An additional feature evident from Fig. 3 is
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Figure 3: The pattern of native-bond unfolding in pulling simulations of the Rothemund tile.
Yellow regions indicate bonds that are still in their native configuration; blue regions indicate an
unbonded sca↵old nucleotide. (a) Slower pulling rate; (b) faster pulling rate, corresponding to the
blue trace in Fig. 2 (b) and (c). The inset shows detail of the unfolding mechanism for three half
rows. Nucleotide 0 corresponds to the end associated with the moving trap. (c) An illustration
of a ‘persistent’ staple domain (red) with three remaining base pairs connecting it to the sca↵old
(blue); these last base pairs do not prevent the sca↵old backbone aligning with the force, which
makes them more resistant to force-induced melting. By ‘persistent domain’, we mean a domain
that remains bound after the part of the sca↵old it is on has been pulled away from the main
structure; such domains are visible as the thin yellow lines in (a) and (b).
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Figure 4: Antiparallel (a) and parallel (b) force application modalities. When force is applied
antiparallel to the helix, the geometry is ‘unzipping-like’ and carries an extension gain per broken
base pair of 9.8 Å. Applying force parallel to the helix, or in a ‘shear-like’ geometry, by contrast only
yields an extension gain per broken base pair of ⇠3 Å. This di↵erence renders the forces observed
for rows that are ‘sheared’ to be much higher than those for rows that are ‘unzipped’.

that there is a tendency for the corresponding
left-hand and right-hand pairs of half-rows to
yield almost simultaneously, giving these plots
their rough mirror symmetry. This tendency is
more evident both at the slower pulling rate,
and at later times. One of the e↵ects of this
synchronization is to reduce the variability in
the FECs at later times.
Some asymmetry in the application of force

is visible in the plots: persistent domains are
more numerous in the lower half of the plots,
corresponding to the half of the structure fur-
thest from the moving trap. For example, in
the faster simulations, at 5.0 µs in Fig. 3(b) (af-
ter 15 rows have unfolded), there are 39 persis-
tent domains in this lower half, while the upper
half contains only 22 such domains. Similarly,
at 8.0 µs, after all rows have unfolded, 44 per-
sistent domains remain in the lower half and
only 21 in the upper region. This asymmetry
is an indication that the timescale over which
force is increasing is faster than the time re-
quired for the force to propagate through the
structure; that is, one half of the tile ‘feels’ a
somewhat larger instantaneous force than the
other half, making the force-induced melting
of these persistent domains more likely. This
e↵ect is thus more pronounced for the faster
pulling rate. Indeed, in the slower simulations,

there is much less asymmetry in the persis-
tent domains; e.g. just after ⇠34.0 µs (after 11
rows have unfolded), there are 10 persistent do-
mains in the lower half and 13 in the upper half.
Such delayed propagation of stress along poly-
mer chains has been noted elsewhere.89

A further di↵erence between the two rates
is visible in the recurrent breakage and re-
formation of base pairs in persistent staple do-
mains, which occurs much more frequently at
the slowest pulling rate. When the force ap-
proaches a maximum, the persistent domains
begin to melt and the number of base pairs in
these domains diminishes; but once the “rip”
has occurred and the force in the system de-
creases, at the slowest rates there is su�cient
time for the domain to reanneal. Note that the
last few base pairs between staple and sca↵old
are significantly more resistant to force-induced
melting, because the sca↵old back-bone can
then approximately align itself with the direc-
tion of the force and so the extensional gain
from strand melting is much reduced;19 see Fig-
ure 3(c).
The simulations also allow us to directly vi-

sualize the changes in configuration underlying
these events. Figure 5 depicts the mechanisms
underlying a typical “sawtooth” feature in the
FEC. At point I, the top row is in a ‘shear-like’
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Figure 5: Structural illustration of the unfolding mechanism of the tile. A section of a simulated
force-extension curve at Ḟ = 3.2 ⇥ 108 pN/s is shown; the gray curve is an average. I, II, III
and IV are configurations at di↵erent times, as marked on the force-extension curve. I denotes
a configuration at the beginning of a shearing mode. The sawtooth feature that peaks at point
II corresponds to the top row being sheared open (see also blowup); subsequently, the next row
unzips. The small bump at III occurs because the right half of the row unzips at a slightly later
time than the left. Like I, IV is a configuration at the beginning of a shearing mode, but after a
row has been pulled o↵.
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pulling geometry. As force increases, the base
pairs become increasingly strained, particularly
on the left-hand side of the tile, corresponding
to the moving harmonic trap. Structure II re-
veals the tile immediately after the final staple
of the topmost left-hand half-row – the central
seam – has been broken, but with the seam sta-
ple between the lower two half-rows still just
in place. The half-row underneath then be-
gins to unzip, and the left-hand half-row has
completely unzipped by stage III. The conse-
quent removal of the second bridging seam sta-
ple has a significant e↵ect on the unravelling
of the right-hand side. It allows the section
nearest the seam to rotate about the nearest
junction, dramatically changing the geometry
of the pulling. At III, unzipping of the second
half-row on the right-hand side has begun, even
though the staples nearest the seam are still in-
tact in a subunit that is now roughly vertical.
The small peak in the FEC at III corresponds
to this yielding of the right-hand side. The key
role of the seam staples underlies the synchro-
nized unravelling of the pairs of half-rows. Two
rows, corresponding to the basic sawtooth unit
in the force-extension plots, have been unrav-
elled between I and IV – further confirmation
of our picture of the basic mechanism of unfold-
ing for the Rothemund tile.

10-helix bundle

The 10-helix bundle was originally designed
by Bae et al.

64 to explore the concept of me-
chanical origami assembly as an alternative
to annealing—the sca↵old was held at con-
stant tension to eliminate transient secondary
structure as folding progressed—but the force-
extension curve associated with disassembly
was also probed. It is both topologically and
structurally more complex than the Rothe-
mund tile. Firstly, the staple routings on
the 1768-nucleotide sca↵old are more non-local,
with some staples spanning up to 5 domains
(see Fig. S2). Secondly, the structure is 3D
rather than 2D. Despite these di↵erences, the
simulated FECs share many common features
with those of the Rothemund tile: the basic
sawtooth-like, ‘stick-slip’ dynamics, shown in

Figure 6; an overall increase in rupture forces
as pulling rate increases; and increased re-
producibility with increasing extension in the
traces performed under the same conditions.
One consequence of the more complex struc-

ture, however, is that there is a less obvious pre-
ferred folding pathway; a multiplicity of possi-
ble unfolding events may yield the same change
in extension. Figure 7 shows that the helix bun-
dle samples di↵erent unfolding pathways at dif-
ferent loading rates, and Figure 8 establishes
that multiple unfolding pathways are sampled
even under identical simulation conditions. For
example, in one simulation, the bundle unfolds
along a single helix before other helices un-
ravel (Fig. 8, right panel). In another trace,
collected under identical simulation conditions,
other helices begin to yield from the opposite
sca↵old end before the first is finished unrav-
elling (Fig. 8, left panel). Even along a single
pathway, there is no clear uniformity in terms
of a repeating unfolding unit; Figure S4 reveals
an absence of periodic signatures in Fig. 6(a)
associated with any particular length scales.
Also notable is the fact that in many regions,

successive rupture events occur at progressively
lower forces. For all traces, the highest forces
reached occur near the start of the unravelling
process. This ‘strain-softening’ e↵ect arises be-
cause, unlike with the Rothemund tile, the gain
in extension per base pair broken varies signif-
icantly as the helix bundle unravels. Figure 9
reveals the di↵erence: whereas the behaviour
of �z/bp is essentially linear for the tile, the
helix bundle �z/bp contains regions of curva-
ture, wherein breaking of key domains renders
the structure increasingly compliant; it ‘catas-
trophically’ fails. This unfolding behaviour
has been described previously as ‘shielded’ un-
folding, in which structural topology prevents
weaker barriers from being compromised before
stronger ones.90 A specific structural example
of this shielding is shown in Figure 10: once the
first full helix has unravelled at ⇠ 170 nm, the
remainder of the bundle is comparatively easier
to unfold. Given the multi-domain nature of
the staples, unravelling the first helix weakens
many of the staples holding subsequent helices
in place; this gives rise to the strain-softening
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(b)

(a)

Figure 6: (a) Force-extension curves corresponding to unfolding the 10-helix bundle with moving
harmonic traps at loading rates of Ḟ = 3.2 ⇥ 109 pN/s (blue) and Ḟ = 3.2 ⇥ 108 pN/s (red and
orange). (b) Structural snapshot, corresponding to the black marker and arrow in (a), of the final
rupture feature in the force-extension curves: three helices are in a shear geometry.
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Figure 7: The pattern of native-bond unfolding in pulling simulations of the 10-helix bundle at (a)
Ḟ = 3.2 ⇥ 108 pN/s (the dark red curve in Fig. 6(a)) and (b) Ḟ = 3.2 ⇥ 109 pN/s (the blue curve
in Fig. 6(a)). Yellow regions indicate bonds that are still in their native configuration; blue regions
indicate an unbonded sca↵old nucleotide. In contrast to the Rothemund tile, the plot for the faster
pulling rate is more symmetric because the faster rate makes it less likely for the structure to find
the more favourable asymmetric unfolding pathway.

observed. The plots in Fig. 7 (particularly (b))
illustrate the weakening of the interior regions
of the bundle. Unravelling does not simply oc-
cur from the ends inwards, as with the tile;
as the final failure is approached, the struc-
ture appears to separate into multiple blocks.
Strain-softening is visible up to ⇠ 650 nm ex-
tension. At this point, as illustrated in Fig-
ure 6(b), three helices remain and force appli-
cation occurs roughly in a shearing geometry,
accounting for the ⇠ 75 pN force required to
unfold this final feature – not far below the ini-
tial maximum force of ⇠ 85 pN.
Employing a linearly increasing force protocol

rather than harmonic traps makes the bundle’s
catastrophic failure even more evident: Fig-
ure 11 contains FECs for a range of force load-
ing rates, where sca↵old ends are both held at
the same, linearly increasing, tension. Again,
we note the increase in rupture force for in-
creasing force loading rate. After a few initial
rupture events, visible in the inset of Fig. 11,
the bundle essentially unfolds ‘all at once,’ ev-

idenced by the long linear regions in the force-
extension data. Once the monotonically in-
creasing force surpasses the critical force at
which all landscape barriers are removed, un-
folding enters a purely downhill regime. Thus,
the force application protocol is clearly of cen-
tral importance in the analysis of molecular
mechanical properties; in the case of harmonic
traps, the molecule has opportunities to par-
tially relax, allowing us to distinguish more de-
tailed features in the force-extension curves.
Bae et al.

64 also noted cooperative unfolding
of the helix bundle, which in their magnetic
tweezer pulling experiments began to yield at
⇠ 30 pN – a rupture force half as large as for our
systems, which yield at⇠ 60 pN under the slow-
est pulling rate. Their experimental force load-
ing rate was not provided, but it was certainly
smaller than our slowest rate, which probably
accounts for most of the discrepancy.
It is noticeable that there is a pronounced

asymmetry with respect to sca↵old ends in
Fig. 7(a), but to a much lesser extent for the
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Figure 8: Structures exemplary of the stochasticity in the force-extension unfolding curves for the
10-helix bundle. Curves for each simulation, performed at the force loading rate Ḟ = 3.2⇥108 pN/s,
are shown at top, and the locations of the structural snapshots are indicated. The unfolding pathway
of the orange force-extension curve, shown on the left, exhibits unravelling from both ends before
the first helix has completely yielded. The unfolding pathway of the red force-extension curve,
however, features a complete unfolding of the first helix before others begin to yield.
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Figure 9: The fraction of native base pairs unfolded as a function of the fractional extension
(measured with respect to the extension at 100 pN) for the Rothemund tile and 10-helix bundle
for a pulling rate of Ḟ = 3.2⇥ 108 pN/s. The Rothemund tile exhibits a regular, linear pattern of
�z/bp as rows alternately shear and unzip. By contrast, the curve for the helix bundle is much
more non-linear, and curvature in the plot indicates a strain-softening, or shielding, e↵ect: once
certain key base pairs unfold, subsequent base pairs are easier to break.
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Figure 10: Structural illustration of the first large unfolding rip in a force-extension curve collected
at Ḟ = 3.2 ⇥ 108 pN/s. The origin of the ‘strain-softening e↵ect’, in which subsequent unfolding
rips occur at lower forces, can be seen in the images: once the first helix (red) completely unwinds
between I and II, many of the multiple-domain staples (white) attached to other helices (blue) have
been compromised. Subsequent helices thus require lower forces to yield.
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Figure 11: Simulated force-extension curves for the 10-helix bundle collected under a linearly
increasing force protocol. Force loading rates decrease from top to bottom: Ḟ = 3.2 ⇥ 108 pN/s,
3.2 ⇥ 107 pN/s, 3.2 ⇥ 106 pN/s. The inset shows details of the initial rupture events preceding
catastrophic unfolding.
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faster pulling rate, Fig. 7(b). This pulling-rate
dependence is the opposite of the behaviour ob-
served for the tile (Fig. 3(a) and (b)), and is a
result of an asymmetry in the helix bundle’s
design. Specifically, there is an additional nick
close to the end of helix 3 (see Fig. S2) that will
lead to a somewhat lower barrier for unravelling
to be initiated from this end. If initiation occurs
from just one end, the origami will then tend
to rotate so that the points at which the force
acts on the origami are co-linear, which in turn
leads to a greater extensional release if that row
continues to unravel. Furthermore, the result-
ing localized strain-softening will make it more
likely that subsequent unraveling will continue
from this end. When the pulling rate is higher,
as in Figure 7(b), the system has less time to
find the most favorable pathway, and a more
symmetric picture emerges.

7-tile biosensor

To illustrate the insights that can be obtained
even for very large systems, for which simu-
lated pulling rates are necessarily much greater
than experimental rates, we also simulated the
7-tile biosensor of Koirala et al.

36 . The 14 761-
nucleotide origami consists of seven rectangu-
lar tiles joined by 44-base pair duplex ‘locks’,
where the breaking of the locks can be observed
as a large change in extension due to the con-
nected tiles then being able to re-orient along
the direction of applied force. In the experi-
ments, the locks opened sequentially. Even at
our slowest pulling rate of Ḟ = 3.2⇥ 108 pN/s,
we observed the locks opening at the same time
(Figs. S9 and S10). Nevertheless, the locks
break in the order expected, outermost to in-
nermost; Figure 12 illustrates the unlocking
mechanism. Despite the fact that the resolu-
tion of individual events is not comparable to
the experimental force-extension curves36 given
the relatively high force loading rate, the signa-
ture of the locks opening can still be seen in
the force-extension data (Figure S10). Further-
more, at this high rate, the tiles themselves be-
gin to unravel somewhat before all of the locks
have broken, a sign that our simulations are
far from equilibrium. This example of a large

system illustrates some of the limits of of our
simulation method; however, we are still able
to capture salient insights, indicating that sim-
ulated SMFS can still be valuable for very large
systems.

Conclusion

We have used molecular simulations performed
using the oxDNA coarse-grained model to char-
acterize the mechanical force response of two
archetypal DNA origami systems, the Rothe-
mund tile and a 10-helix bundle, and to ex-
plore the force response of a 7-tile biosensor.
We also performed AFM pulling experiments
on the Rothemund tile, enabling us to corre-
late features in experimental data with struc-
tural changes revealed in simulation. Both
experiments and simulations exhibited regu-
lar, sawtooth unfolding behaviour in the force-
extension curves for the Rothemund tile, and
captured yielding at similar forces, ⇠65 pN–
75 pN.
Our force-extension data yield insight into

the complex free-energy landscapes for origami
unfolding, underscoring the much richer force-
induced melting behaviour of origami compared
to dsDNA. We observe stochasticity in the
unfolding process for both systems; multiple
pathways, cooperative unfolding, and strain-
softening in the unfolding of the 10-helix bun-
dle; and geometry-dependent �z/bp. Since
force biases the pathways taken through the un-
folding landscape, we expect the assembly land-
scapes for these systems to exhibit even greater
complexity.
Variations in rupture forces with pulling rates

imply that any designed structural resistance to
force will be loading rate dependent.19 The ef-
fect of design on force-response behaviour has
been highlighted by the disparate results ob-
tained for the Rothemund tile, which unfolds
modularly, and the 10-helix bundle, whose non-
local staple routings lead to strain-softening
and catastrophic failure. Di↵erences between
results obtained using linear and harmonic force
pulling also underscore the importance of care-
fully planning the force application protocol in
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Figure 12: Structural snapshots illustrating the unfolding mechanism of the 7-tile biosensor
of Koirala et al.

36 at a force-loading rate of Ḟ = 3.2 ⇥ 108 pN/s. The duplex ‘locks’ are labelled
with red arrows in the first panel. The end-to-end length in the leftmost panel is 181 nm, and in
the rightmost panel is 475 nm. As expected and experimentally observed, the locks open outermost
to innermost.
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SMFS studies.
Our results also reveal a glimpse of the com-

plexities of force propagation through origami
structures, manifesting in asymmetric unravel-
ling behaviour. Valuable future investigations
could consider in more detail how force prop-
agation dynamics are complicated by the pres-
ence of junctions and multi-domain staples.
We have demonstrated the possibilities for

improving comprehension of origami mechan-
ical response and informing rational design of
nanostructures through joint simulation and ex-
perimental studies. Because it is capable of cap-
turing the unravelling of large DNA nanostruc-
tures, our simulation strategy complements ex-
isting approaches to modelling the mechanical
properties of origami, and we hope future work
will continue to profit from the insights o↵ered
by DNA origami force spectroscopy.

Methods

Experiments

Briefly, sca↵old ‘7560’91 from bacteriophage
M13mp1834 was double functionalized by lig-
ation with biotin and thiol groups to facil-
itate attachment to either the streptavidin-
coated AFM tips or maleimide-functionalized
substrate, respectively. The circular, single
stranded sca↵old was digested by BamHI-HF
and EcoRI-HF after partial pre-hybridization
at restriction sites. The linearized sca↵old was
purified by solid phase extraction. Afterwards,
partially double-stranded sca↵old was ligated
with 10⇥ excess of double-stranded inserts car-
rying either biotin or thiol (5’-BIO; 3’-THIOL
+ 5’-Phosphate) by T4 DNA ligase. This lig-
ated sca↵old was either used in its unpurified
form (Fig. 2(a), green and pink curves) to fold
DNA origami rectangles,92 or was purified from
excess functionalization strands by size exclu-
sion (Fig. 2(a), purple curve) in spin filtration
columns and subsequently folded. The fold-
ing procedure has been reported elsewhere.92

The freshly folded DNA origami was purified
by PEG precipitation.93 Prior to ‘unzipping’
experiments, the origami pellet was resolved

in 1⇥ TE bu↵er (pH 8) supplemented with
10mm MgCl2 and 2mm TCEP. TCEP is re-
quired to reduce oxidized thiol-groups and en-
able maleimide conjugation reaction on sur-
faces. Afterwards, the resolved origami samples
were coupled to AFM sample slides.
Correct DNA origami folding from digested

sca↵old was confirmed by AFM imaging; see
Fig 1. Freshly cleaved mica surfaces were
coated by 0.01% poly-L-ornithine to facilitate
origami immobilization. Imaging was carried
out in intermittent contact mode.

AFM Sample Preparation

Clean glass cover slides and UV-ozone cleaned
silicon nitride AFM cantilevers were cova-
lently functionalized first with amino-silane and
subsequently with 5kDa NHS-PEG-maleimide
polymer linkers. Reduced sulfhydryl groups
of DNA origami were coupled to the free
maleimide groups on the cover slides by forming
permanent thiol-ether bonds.74,94 Maleimide
groups on the cantilevers were bound to coen-
zyme A, and subsequently to a monovalent
variant of StrepTactin (monoST)95,96 or a
monomeric variant of streptavidin97

via Sfp
phosphopantetheinyl transferase (SFP) with
ybbR tags (amino acid sequence DSLEFI-
ASKLA) for use as specific AFM pulling han-
dles.98,99

SMFS Measurement Protocol

SMFS experiments were performed in TE bu↵er
supplemented with magnesium at room temper-
ature with custom-built instruments. Pulling
velocities were set to 1 µms�1 or 1.6 µms�1.
Cantilever and glass slide positioning was con-
trolled by PID feedback loops during measure-
ment. For analysis, curves with peaks at more
than 150 nm extension and more than 30 pN
force were sorted automatically, after thermal
cantilever calibration, interferometric piezo cal-
ibration, and data conversion, similar to previ-
ous work.99–102
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Simulations

We ran molecular dynamics (MD) simulations
using oxDNA, a coarse-grained model whose
basic unit is a rigid nucleotide that inter-
acts with other nucleotides through stacking,
hydrogen-bonding, excluded volume, electro-
static and backbone potentials. An Andersen-
like thermostat103 ensured di↵usive particle mo-
tion in the canonical ensemble. Simulations
were performed on GPUs and ranged in dura-
tion from O(108) to O(109) steps. At the slow-
est pulling rate, the Rothemund tile simulation
took ⇠240 days, the 10-helix bundle simulation
took ⇠30 days, and the 7-tile biosensor simula-
tion took ⇠50 days on a single GPU. Tempera-
tures relevant to experiments were used: 20 �C
for the tile, 36 �C for the helix bundle,64 and
30 �C for the 7-tile assembly; and we used a
high salt concentration typical of origami stud-
ies, [Na+] = 0.5m.
Sequence dependence did not significantly al-

ter the unfolding behaviour for the tile, and was
only incorporated into the tile simulations at
3.2 ⇥ 109 pN/s. Simulations of the 10 HB and
7-tile structures did not incorporate sequence
dependence.
In all cases of harmonic pulling, the centres-

of-mass of the sca↵old end nucleotides were sub-
jected to 3D harmonic traps. Sca↵old end-to-
end separation along the axis separating the
traps was measured and subtracted from the
separation between trap centres to yield an ‘ef-
fective’ trap displacement, which was multi-
plied by the sti↵ness of the traps in series to
give the instantaneous force. For linear pulling,
a constantly increasing tension was applied to
sca↵old end nucleotides.
Additional simulation details are provided in

the supplementary material.
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