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DNA origami is a powerful method to achieve nanoscale folded structures. Despite rapid im-
provements in folding and purification methods, DNA origami objects are still often produced in
small quantities and studied at single molecule scale. Here, we design simple DNA origami-inspired
polymers with complex topologies, and study their rheology and viscoelastic properties in dense con-
ditions. First, we designed and purified topologically distinct DNA nanostructures — linear, circular,
and “tadpole” polymers — to evaluate how polymer architecture influences entanglement and rhe-
ology. Despite their distinct topologies, we observe that all constructs obeyed universal rheological
scalings, likely due to their short length. However, upon thermal annealing in the bulk, the DNA
origami-like polymers displayed significantly different behaviours. Our results suggest that DNA
origami-like polymers could be used to engineer thermoresponsive behaviours in complex fluids by
introducing reversible and topology-dependent crosslinking.

INTRODUCTION

Despite decades of research to develop the synthesis of
polymers with non-trivial topologies and architectures,
to date the vast majority of polymeric materials rely on
simple linear polymers [I]. This is mostly due to three
main challenges: first, synthetic pathways to create pre-
cisely controlled polymers with complex architectures are
often cumbersome and require extensive experience and
know-how [2] B]; second, purification and isolation of ar-
chitecturally complex polymers from linear ones is not
straightforward [4]; third, the presence of even small con-
taminants of linear chains is often enough to dominate
the rheology of the solution [4].

Unconventional and architecturally complex polymers
include ring polymers, i.e. polymers whose free ends
are closed in a loop [, [B] and so-called “topological”
polymers, which are formed by gluing together ring and
linear polymers [6]. Both these families contain archi-
tectures with looped sub-structures, where part of the
polymer contour is topologically closed into a loop. The
physics of ring polymers, i.e. of polymers containing no
free ends, has challenged the polymer physics commu-
nity for decades [7HI2]. Due to the lack of free ends,
they do not follow the well-established reptation dynam-
ics in the melt [13, [14]. Additionally, because of their
closed topology, they can display unconventional topo-
logical constraints called threadings [15] [16]. Threadings,
unlike more conventional entanglements in linear poly-
mers, can induce dynamical heterogeneities and glass-like
behaviours at temperatures much higher than the glass
transition temperature of the system [I7, [I8]. Beyond
theoretical curiosity, solutions of ring polymers display
unconventional rheological behaviours in simulations, for

example, ultra softness when crosslinked into an elas-
tomer [19], extreme non-linear shear thickening in ex-
tensional flow [20], and also affect the phase separation
kinetics and thermodynamics of diblock co-polymers [21].

In blends of ring and linear polymers, linear chains
dominate the relaxation time of the system [4] 22] and
mild cooperative behaviour is found in the regime of
small ring fraction, in which case the solution displays
a moderate two-fold thickening with respect to a solu-
tion of pure linear chains [23].

Whilst these results may suggest that a system con-
taining both linear and ring polymers may not offer in-
teresting rheology, it is interesting to consider polymer
designs where the ring and linear architectures are fused
together in “topological” (or chimeric) polymers [24].
Dense solutions of the simplest “topological” polymer,
i.e. a tadpole-like structure has been studied in silico [24]
and in experiments [2, 3]. Both computer simulations
and experiments suggest that threadings are abundant in
dense solutions of tadpoles, and that they trigger a coop-
erative slowing down due to the formation of hierarchical
constraints which are unique to this polymer architec-
ture [2, [3, 24]. However, the synthesis of pure solutions
of tadpole-like synthetic polymers remains a very difficult
task and higher order topological polymer designs would
be even more challenging to realise and purify.

In an attempt to address the open challenge to synthe-
sise scalable quantities of pure topological polymers with
well defined and complex architectures, we here explore
the use of DNA origami. Specifically, we focus on the sim-
plest topology, i.e. a DNA origami tadpole (see Fig.
We optimised the yield of these DNA-origami polymers
and in turn managed to prepare solutions tadpole poly-
mers at 10C*, i.e. 10 times the overlap concentration
of the polymers and thus well within in the entangled
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regime.

To the best of our knowledge, this is the first time
that DNA origami has been considered to create poly-
mers with complex topologies and to study their rheology
at high concentrations. As we show in this paper, we do
not observe topology-dependent rheological behaviours;
however, we argue that this result is due to the insuffi-
cient length of the chosen DNA origami scaffold. At the
same time, by performing thermal annealing and quench-
ing we do observe topology-dependent gelation pathways
that can be designed and programmed through the choice
of DNA staples.

Overall, we argue that our approach offers a new way
of realising polymers with complex architectures by lever-
aging Watson-Crick base-pairing and thus bypassing the
need of inventing new synthesis pathways. We also ar-
gue that in the future it will be possible to make DNA
origami designs using multiple scaffolds so that they can
be merged into higher-order, larger origami polymers.

MATERIALS AND METHODS
DNA Origami Design and Preparation

The DNA origami structures were designed using cad-
nano software (cadnano.org) with the help of Tilibit
Nanosystems who also provided the scaffold and staples.
Figure[Ip shows simplified design of each topology: circu-
lar, linear and tadpole (where 50% of the scaffold length
comprises the tadpole head and 50% the tail section).
Both the linear and circular designs were prepared using
the same staple stock, containing 193 staples (ranging
in length from 36-48 bases). The tadpole staple stock
contained 189 staples (36-48 bases) and an additional 6
shorter staples (23-26 bases) in the crosslinking section
to loop the scaffold on itself.

All DNA origami samples were prepared using a 8064-
base long single stranded DNA (ssDNA) phage vector
(M13mp18) scaffold widely used in DNA origami proto-
cols [25]. To prepare the linear and tadpole topologies
we first cut the circular scaffold using a single staple that
creates an EcoRI recognition site; upon cleavage with
EcoRI-HF, we obtain a linear scaffold. Specifically, a
23-base ssDNA oligomer, with the sequence 5° AACTA-
GAGCTCGAATTCGTAATC 3’, was annealed using the
following temperature ramp: 65° C for 15 minutes, 64° C
—25° C (-1° C / 1 min). Reaction concentrations were:
85 nM scaffold, 680 nM oligomer, 1X CutSmart Buffer
(50 mM Potassium Acetate, 20 mM Tris-acetate, 10 mM
Magnesium Acetate, 100 ug/ml BSA (Bovine Serum Al-
bumin) ) (NEB B7204). Next, the circular scaffold was
digested into a linear scaffold. The cutting mixture con-
tained: 50 nM scaffold, 0.4 U/uL. EcoRI-HF, and 1X
rCutSmart buffer (50 mM Potassium Acetate, 20 mM
Tris-acetate, 10 mM Magnesium Acetate, 100 pg/ml Re-

combinant Albumin) (NEB B6004). This mixture was
incubated at 37° C for 60 minutes, followed by a 20
minute inactivation step at 65° C . After the digestion
step, ethanol precipitation was performed to concentrate
the DNA, and the DNA pellet was resuspended in 1X TE
buffer (10 mM Tris-HC], pH 8, 1 mM EDTA). The con-
centration of the ssDNA scaffold was determined using a
Nanodrop-Lite UV spectrophotometer at 260 nm.

Since the ratio between the size of the tadpole head and
tail can drastically affect the presence of entanglements
in dense solutions [24], we also designed two additional
tadpole topologies: one with the tadpole head comprising
25% of the scaffold length (1 tadpole), and one with the
tadpole head comprising 75% of the scaffold length (%
tadpole).

A total folding reaction of 100 uL was prepared in 200
uL PCR tubes. A folding buffer (named 1X FoB20, as in
[25]) was added (1 mM EDTA, 5 mM Tris Base, 5 mM
NaCl, 20 mM MgCly, pH 8) alongside 20 nM scaffold and
200 nM staples (both supplied by Tilibit Nanosystems).
The origami was annealed using a temperature ramp: 65°
C for 15 minutes, and 60 — 44° C (at a rate of -1° C per
hour). Samples were stored at -20° C. The folding was
then checked on a 1.5% agarose gel (see Fig. [I| and next
section). Concentrated DNA origami was stored in a
buffer (named 1X FoB5) containing 1 mM EDTA, 5 mM
Tris Base, 5 mM NaCl and 5 mM MgCl, for stability and
to prevent aggregation [25].

Gel Electrophoresis for Analysis of DNA Topologies
and Mass Quantification

Gel electrophoresis was performed using a 1X TAE
buffer (40 mM Tris, 20 mM acetic acid, and 1 mM EDTA)
with 5 mM MgCl, added for DNA origami stability [25].
Without the presence of magnesium, all tadpole DNA
origami topologies would run in line with the linear topol-
ogy. A 1.5% (w/v) agarose gel was required to resolve
the different topologies. A 6X solution of loading buffer
was prepared containing: 0.25% Bromophenol Blue and
15% Ficoll-400. 50 ng of the sample DNA was loaded
into each well and a 1 kbp ladder (NEB N3232S) was
used as the molecular weight marker control. The gel
was run at 4 V/cm for 3 hrs. Following electrophoresis,
the gel was immersed in a solution of 1X TAE buffer with
a 1:10,000 dilution of SYBR Gold Nucleic Acid Gel Stain
(10,000X Concentrate in DMSO) (Thermofisher S11494),
and placed on a shaker for 1 hr. Images were taken using
a UV transilluminator with an exposure of 100 ms.

The DNA origami samples contain excess ssDNA sta-
ples in solution, and therefore it was not possible to ac-
curately determine the mass of DNA origami using UV
spectrophotometry. There are various methods estab-
lished for the purification of DNA origami [25], however,
most result in a loss of DNA origami mass. It was es-
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FIG. 1. DNA origami for the synthesis of topological polymers. (a) Examples of topological polymers made by the
gluing of circular and linear architectures. (b) Design of three distinct DNA origami topologies: circular, linear, and tadpole.
The single stranded DNA (ssDNA) M13m18 scaffold (8064 bp) is shown in blue, and the complementary ssDNA staples are
shown in green. The circular and linear topologies are prepared using the same DNA staples and differ only on the topology of
the scaffold. The tadpole topology has 189 staples tiling the head and tail sections, and 6 staples (pink) to stabilise the loop.
The number of staples depicted is not representative of the true number of staples, which is ~ 200 per origami structure. (c)
Gel electrophoresis confirms the folding of our designs. From left to right: 1kbp molecular weight ladder control (1), circular
origami (2), 2 tadpole (3), 1 tadpole (4), 1 tadpole (5), linear (6). (d) AFM in liquid of linear, tadpole, and circular DNA

origami topologies (from top to bottom).

sential to maximise the yield of DNA origami to obtain
enough material to create entangled solutions for rheo-
logical studies. Therefore, we decided to skip the pu-
rification of excess staples as, arguably, they should not
affect the architecture and therefore the rheology once
the samples have been quenched at room temperature.

To estimate the yield and therefore the mass of the
DNA origami topologies, we used gel electrophoresis and
compared the intensity of the tadpole bands to that of a
standard molecular weight ladder. ImageJ was used to
calculate an intensity-to-mass conversion using six bands
from the 1 kbp ladder of known mass, and an error de-
termined from the standard deviation. At least three
independently prepared agarose gels were imaged under

identical conditions with a +10% error observed between
the gels.

Atomic Force Microscopy

To characterise the correct folding of the DNA origami
tadpoles we performed atomic force microscopy (AFM)
to image them at single molecule resolution.

For imaging in air, the samples were diluted to 2 ng/uL
in a buffer containing 10 mM MgCls. The DNA was ad-
sorbed onto mica (5 mm diameter) for 3 minutes. The
mica disk was then washed once using ultrapure water to
remove any unbound structures, and dried using nitrogen



air. ScanAyst-HR Air cantilevers were used with, k=0.4
N/m, f=130 kHz and 2 nm radius (where k is the can-
tilever spring constant, and f the resonance frequency).
All AFM air images were taken either on a MultiMode
8-HR (Bruker) AFM at TU Delft, or JPK NanoWizard
at the University of Edinburgh.

For imaging in liquid, the sample was diluted to 2
ng/uL in a buffer containing 25 mM MgCly, 10 mM Tris,
and 1 mM EDTA (pH 7.4). The sample was adsorbed
onto the mica for 30 minutes, and then exchanged three
times with a fresh imaging buffer (containing 3 mM NiCls
and 20 mM HEPES, pH 7.4). This method ensured that
all topologies were absorbed to the mica in an open con-
formation. A FastScan-D cantilever probe was used with
a 1 nm tip radius, high resonant frequency (110 kHz in
fluid), and low spring constant (0.23 N/m). Peak force
tapping mode was used with a force of 70-100 pN se-
lected, so that the helix was not deformed [26]. Images
in liquid were taken either using a FastScan Bio AFM sys-
tem (Bruker), or a JPK NanoWizard. All AFM images
were post processed using Gwyddion adapting methods
from [27].

Microrheology

To quantify the rheology of DNA origami tadpoles, we
performed microrheology on = 5 pl. samples. Given the
small amounts of DNA origami that could be purchased
and folded, it would not be possible to perform bulk rhe-
ology on mL samples.

Serial dilutions were prepared by transferring the stock
solution into 1X Fobb buffer, to reach the final desired
concentration. The range of concentration spans that
of the dilute, semi-dilute unentangled, and semi-dilute
entangled regime. To perform microrheology we spiked
BSA-coated 1.1 um diameter particles in the samples and
loaded 3-5 uL of sample into a chamber created on a glass
slide using double sided tape (100 pm thick). Videos
were recorded of the Brownian motion of the particles
embedded in fluids at different DNA concentration and
polymer topology. Videos were taken on a Nikon Eclipse
TS2 microscope with a 60X objective. All microrheology
experiments were performed in a temperature-controlled
Okolab chamber stage-top incubator at 25°C.

We discovered that 400 fps (frames per second) videos
were necessary to observe G’ > G” in entangled DNA
origami. However, recording long 400 fps videos was not
practical due to the extremely large file size, therefore,
short-time behaviour was captured by recording a 400
fps video for 10 s, and long-time behaviour using a 2 fps
video for up to 5 minutes.

The particles were then tracked using Trackpy library
(github.com/soft-matter/trackpy) and custom-written
C++ particle-tracking codes. The time averaged mean
squared displacement (MSD) of the particles was mea-

sured as a function of lag time t as
MSD(t) = ([rs(t + to) — 7i(t0)]”) (1)

where the average is performed over time ¢y and particles
i. We then averaged the MSD along x and y directions,
and used it to extract the diffusion coefficient D of the
beads as D = limy_,oo MSD(t)/2t. The MSD was fit-
ted at a large lag time and computed using 3 different
lag time ranges and then averaged. The Stokes-Einstein
equation n = kgT/(3wDa) was used to estimate the vis-
cosity of each sample.

The viscous and elastic moduli were calculated by us-
ing the generalised Stokes-Einstein relation [28]. Briefly,
we fitted the MSD using a polynomial function and we
then extracted the complex modulus as

- bl )
~ 3raMSD(1/w)T'[1 + a(w))

where a(w) = dlog MSD(t)/dlogt|,_, ,, is the MSD ex-
ponent as a function of lagtime and I' is the Gamma

function. The viscous G~ and elastic G° moduli are then
computed as

G (w) = |G (w)| cos (wa(w)/2) 3)
G (w) = |G* (w)|sin (ra(w)/2). (4)

|G* (w)]

The 400 fps videos were used to determine G’ and G”,
and the 2 fps videos used to estimate a value for 7.

RESULTS

Creating Unique DN A Topologies with DN A
Origami

First, we folded and characterised the topology of the
designed DNA origami polymers. As described in the
Methods, we followed well established DNA origami pro-
tocols to fold our structures [25]. By using gel elec-
trophoresis, we observed that the linear, circular, tadpole
(1/4, 1/2 and 3/4) could all be separated because they
run at different speed along the gel (Fig. ) This is due
to the size of their circular component [29]. The circular
DNA origami sample was estimated to contain =~ 25%
linear contamination.

The circular and linear DNA origami were concen-
trated to concentrations ~ 10C™ using ethanol precip-
itation. Ethanol precipitation was too harsh to conserve
the tadpole topology, and resulted in the structure be-
coming aggregated, therefore, the tadpole topology was
concentrated using Amicon 50K filters. Detailed meth-
ods on the concentration of DNA origami topologies can
be found in the Supplementary Information.

Finally, to further characterise the structures we also
performed AFM, confirming that our structures were
folded in the way we designed them to be (fig. [Id).



The solutions’ rheology is topology independent

Based on recent computational [24] and experimental
work [2], 3], we expected dense solutions of tadpoles to
display significantly different dynamics with respect to
their linear and circular counterpart. Specifically, we hy-
pothesised that the tadpoles solutions would display a
slower dynamics (and hence larger viscosity) than either
linear and ring solutions [3 [24].

To test this hypothesis and quantify the solutions’
viscoelasticity for different topologies and DNA concen-
tration, we performed microrheology and recorded both
short 400 fps video and longer 2 fps videos to monitor
the behaviour of the beads at different timescales. The
MSD of the beads are reported in Fig. [2] where we show
tracking at 2 fps (Fig. 2b) and 400 fps (Fig. [2k) and and
across different topologies. Finally, in Figure[2d, we show
the behaviour of selected G’ and G” curves, obtained as
described in the methods [2§].

From the large time behaviour of the MSDs we ob-
tained the zero shear viscosity of the solution through the
Stokes-Einstein relation (see Methods), while the elastic
plateau is estimated as the value of G at the largest fre-
quency monitored (i.e. the inverse of shortest time, in
practice we use 100 Hz).

From polymer physics theories [30], we expect both the
zero shear viscosity (1) and elastic plateau modulus (G},)
of polymer solutions scale with the concentration (C').
The scalings are expected to follow distinct regimes de-
pending on whether the solutions are dilute, semi-dilute
unentangled, or semi-dilute entangled [I4]. The theoret-
ical predictions for the scaling of viscosity with C' in the
Rouse and reptation regimes are n ~ C'3 and n ~ C39
respectively [14] [30].

However, the reptation model is known to underes-
timate (and in fact neglect) chain-chain correlations,
such as “double reptation” [3I] and dynamical entan-
glement [32], and in turn it underestimates scaling ex-
ponents [30]. For example, Takahashi reported 7 ~ C*5
for entangled poly(a-methylstyrene) in good solvents [33].
Raspaud presented data on the zero shear viscosity (o)
of three different synthetic polymers (all linear topology)
of varying molecular weight [34] and reported that the
data collapsed on a single universal curve when the con-
centration was normalised by the system-specific entan-
glement concentration C.. The relation between 7y and
polymer concentration was predicted to scale as [34]:

C 3.4
770/77rouse ~ (C) P (5)

with

o /31
Nrouse = T]s (C’*) s (6)

and where C. is the entanglement concentration and

Nrouse 18 the Rouse viscosity of an unentangled poly-
mer solution of the same molecular weight. The value
of Nyouse is dependent on polymer concentration (eq. @,
and therefore 7, is predicted to scale as 9y ~ C*7 at
concentrations above C, (when using a Flory exponent
of v = 0.588). This scaling is in good agreement with ex-
perimental data on entangled solutions of linear T2 DNA
(164 kbp) [35], and a scaling of 15, ~ C*3 was discovered
for calf-thymus DNA [36]. Finally, rheological studies on
entangled solutions of A-DNA have been performed up to
concentrations as high as 90C* [37, [38], finding scalings
Nsp ~ C32 up to 3C* and 1, ~ C55 above 3C* [31].

To compare our results with these theoretical and ex-
perimental observations, we gathered all the zero shear
viscosity 1 and elastic plateau G’ data from the dif-
ferent topologies and concentrations (Fig. ,c) and re-
plotted the data by normalising the concentration C by
the topology-specific overlap concentration C* (see sec-
tion ‘Calculating a topology dependent C*’ in Supple-
mentary Information). Figures 7d show that the data
points collapse (within error bars due to errors in estimat-
ing DNA concentration) on top of each other onto a mas-
ter curve. The data is in good agreement with the scal-
ing predictions of n ~ C'*3 in the semidilute unentangled
regime (equation @ and  ~ C*7 in the semidilute en-
tangled regime (equation [5)) (lines in Fig. . We observe
a clear crossover from dilute to entanglement regime (C.)
at approximately 4C* which is in agreement with previ-
ous estimates for 25 kbp and 45 kbp DNA C. ~ 6C* [39)
and for entangled A-DNA C, ~ 3C* [40].

The elastic plateau modulus is predicted to scale as [30]

G;, ~ CBV/(SV*l) ~ C2.3 (7)

where the latter holds for linear polymers in good solvent
(v = 0.588) [34]. This scaling has also been confirmed for
synthetic linear polymers [34] as well as for entangled so-
lutions DNA [37, 4I]. Figure Bp,d show the scaling of
G; for samples of varying topology and length of DNA
normalised with respects to their value of C*. We again
see good agreement between the behaviour of the entan-
gled DNA solutions and that reported for synthetic linear
polymers and linear DNA [34], [37].

While these results appear to be at odd with previous
simulations [24] and experiments [3] of tadpole polymers,
we argue that our topology-insensitive observations are
due to the modest length of our origami structures. Even
at large concentrations of several ug/ul (the maximum we
achieved in this work), the entanglement length of DNA
solutions is of the order of 2 to 3 kbp (see Ref. [42]).
Given that the M13 origami scaffold is about 8 kbp in
total, this means that each polymer experiences at most
3 to 4 entanglements with neighbouring chains, which is
insufficient to develop a deeply threaded state.

Furthermore, previous work investigating the diffusion
of entangled DNA molecules [39, 43] concluded that 6
kbp and 11 kbp DNA molecules were too short to exhibit



Annealing

Q

65°C ==p 25°C

-

W’
\

Entangled solutions
D
@

Linear

—
k/ﬁj) Tadpole

Scaffold
20mM MgClL
a 2@—) Circular
104 ¢ Linear 104y Tadpole
0.1pglL —— 0.1pgluL
10%) oot 10°) et
2| T 102 2den —
& 10 1 Tghil 28uglil. ==
2.0pglulL =+~
E 101f 10"
= 100 100
)]
2 107} 10k
102k 102
10°° 108
1 0-4 " " " : 1 0-4 " " " "
1 10 100 1000 1 10 100 1000
b t[s] t[s]
101 ¢ Linear 101y Tadpole
0.Tuglul. —=- 0.1ughil. =
0-3uglpL o9pghL
0 0-7ugluL 0 TanohL
10 1ougi 10°F o
1:?,‘13% - §'§$§f,’jt -
— -1 2.0uglyl —+ )
N
g 10
c 102
@
= 1073 g
10
1 0-5 L . 1 0-5 . " " "
0.01 0.1 1 10 0.01 0.1 1 10
t[s] t[s]
102 Linear 102 Tadpole
1.0ug/ulL = 1.4pglul
1.40g/UL — 1.9ug/ul
1.7ugluL == - 2.4ug/uL
101 2-0mgL / 101} 2-8mghl =
- -
T w
a, a,
o 10° ‘©
© o
107
102 5 e k 102 i} i A
10 F?’gquency [Hz] 10? 10 Flgquency [Hz] 10?

FIG. 2. Microrheology suggests topology-independent rheology.
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(b) Mean

squared displacement (MSD) as a function of lag time recorded at 2 fps for DNA origami of varying topologies: linear, tadpole
and circular topologies (left to right). (c) MSD as a function of lag time recorded at 400 fps of linear, tadpole and circular
topologies (left to right). The MSD for increasing DNA concentration is shown for each topology. (d) Storage modulus (G')
shown in solid lines and loss (G”') moduli shown in dashed lines, as a function of frequency (Hz). Data for linear, tadpole, and
circular topologies is shown at varying DNA concentrations. For all samples the standard deviation with respect to positions
in the same sample and across at least two samples repeats is represented on the plot by a shaded region, however for most

samples this error was too low to be visualised.
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(a) Scaling of solution viscosity (n) with increasing concentration (C) of DNA for linear, tadpole and circular

topologies. The data was fitted to the function n(C) = AC® for each topology for concentrations C' > 4C*. We find
’r](C)LjNEAR ~ 04‘53i0‘57, U(C)TADPOLE ~ 04‘02 0.48 and U(C)CIRCULAR ~ 04‘69i0‘04. (b) The same data as in (a)
but the DNA concentration is normalised with respects to a topology dependent C*. The predicted scaling above C. is
n ~ C*7 (blue line). (c) Value of Storage moduli (G’) at a 100 Hz with increasing DNA concentration for linear, tadpole and
circular topologies. The data for each topology is fitted using the equation G'(C) = AC®. We find G'(C)rinpar ~ C209£019,
G'(C)rappore ~ C*™E010 and G'(C)crrcurar ~ C*19E047  (d) Same data as (c) with C' normalised via the overlap
concentration (C*) for the specific topology. The predicted scaling for synthetic entangled linear polymers is Gj, ~ C?3 (black

line).

strong entanglement, showing Rouse-like behaviour up
to 1 pg/uL, counsistent with our results. However, we
note that this study did not investigate concentrations
higher than 1 pg/pL, above which in this study we find
a crossover to an entangled reptation-like regime. This
suggests that while the system is entangled, varying DNA
topology does not introduce threading effects but instead
only influences the effective molecular size (R,), which
determines the onset of entanglement.

Programmable gelation by thermal in situ
reconfiguration of DNA origami tadpoles

Having observed that different topologies do not lead
to distinct rheology in dense solutions, we then conjec-
tured we could use the different DNA origami designs to
create programmable gelation. Specifically, we realised
that in the linear (and circular) DNA origami design,
all the staples tile consecutive regions of the scaffold,
whereas in the tadpole design, the overlap staples are
complementary to two distinct (and distant) locations on
the scaffold. We expect that this design may cause the
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and after thermal reconfiguration. The lanes are: 1 kbp ladder control with the location of 8 kbp labelled (1), linear origami
before heating (negative control, NC) (2), linear origami after heating 70 °C at C < C* (=~ 0.1 pg/pnL) (3), linear origami
after heating 70 °C at C > C* (=~ 1 ug/uL) (4), tadpole origami NC before heating (5), tadpole origami after heating 70°C at
C < C" (= 0.1ug/uL) (6), tadpole origami after heating 70°C at C' > C* (= 1lug/unL) (7), 1 kbp ladder (8). (d) Comparison
of linear and tadpole topology DNA origami before (solid lines) and after heating to 70°C and cooling to room temperature
(dashed lines). Data is presented above C* (= 1 pug/uL), and below C* (= 0.1 pg/pL) for each topology. Videos taken at 2
fps. The shaded region corresponds to the standard deviation between repeats within the same sample and between at least

two replicas.

staples to “bridge” between different scaffold molecules.
While this inter-scaffold bridging typically causes mis-
folding of DNA origami, we here consider this effect as
part of the designability of the structures (see Fig. .

To test this hypothesis, we prepared dilute (C =
0.1 pg/uL < C*) and dense (C ~ 1 pg/pL > C*) solu-
tions of linear and tadpole DNA origami polymers. Next,
all four samples (two concentrations and two topologies)
were heated to 70°C for 15 minutes in a heat bath, and
cooled to room temperature on the benchtop. By per-
forming this thermal annealing above 60°C, followed by
quenching, we make sure that the DNA staples melt from
the scaffold and re-hybridise, in turn re-folding the DNA
origami polymer in situ. Finally, aliquots were taken
from each sample to run diagnostic gel electrophoresis
and AFM.

First, gel electrophoresis confirms what we expected, in
situ, annealing and quenching of the linear DNA origami
structure at both low and high concentrations does not
affect the final folded structure. In other words, the
design of the linear DNA origami ensures that the sta-
ples bind to the scaffold in the same way regardless of
concentration, creating dsDNA which migrates the same
distance as the 8 kbp dsDNA control band (see Figure
, linear bands). On the contrary, in situ refolding of

the tadpoles leads to the formation of bands that ran
slower than the control structure (see Figure , tadpole
bands). We then extracted the DNA from the newly
appeared band and visualised it in AFM, which revealed
that, as expected, the refolded tadpoles formed a network
of scaffolds (see Figure 4p). In other words, the major-
ity of DNA tadpole structures were dismantled by the
annealing process and replaced by a network of scaffolds
crosslinked by staples.

We then conjectured that the formation of a network of
DNA scaffolds should result in a significant slowing down
of DNA dynamics and in the onset of gel-like behaviour.
To test this hypothesis we performed microrheology of
each of the eight samples: linear and tadpole designs, re-
folded below/above C* and before/after in situ refolding.

First, we found that for both of the concentrations
investigated (above and below C*), the rheology of the
linear topology remained unaffected by the in situ refold-
ing, and that the solution’s viscosity remained unaffected
( Fig. [4[d, left). This agrees with the structural observa-
tions in Fig. [b-c.

In marked contrast with the behaviour of the linear de-
sign, we observed that the rheology of the tadpole sam-
ples was affected by the in situ refolding. More specifi-
cally, the MSD of the tracers in the solution of tadpole



DNA origami below C* was mostly unaffected by the
refolding (Fig. d{). However, above C* we observed a
dramatic shift of the MSD downward, reflecting a signifi-
cant increase of the solution’s viscosity (Fig.[4l). Specif-
ically, we found that the viscosity of the tadpole solution
above C* after the in situ refolding increased ~ 16 fold.
Additionally, the MSDs displayed subdiffusive behaviour
for the whole lagtime range recorded here (about two
minutes) indicating constrained movement and in turn
elastic, gel-like behaviour of the fluid at these timescales.

Reversible gelation via staple competition

Having observed gelation by in situ refolding, we then
asked if we could leverage the equilibrium nature of DNA
origami structures (and specifically strand displacement)
to modify the solutions’ rheology in situ by adding com-
petitor staples [44].

Opposite to isothermal reconfiguration of complex
DNA origami structures at low concentrations as in
Ref. [44], here we want to investigate the rheological re-
sponse of isothermal, in situ reconfiguration of simple
DNA origami structures at high concentrations, where
the main complexity is found in how the scaffold interact
with each other.

Having demonstrated that re-folding in situ creates
crosslinks between DNA scaffolds mediated by looping
staples, we now ask if by introducing linear staples
that act as competitors to the looping staple, we could
“strand-displace” the crosslinks and disassemble the net-
work.

To test this conjecture, we created a crosslinked solu-
tion of tadpoles as in the previous section. The DNA
origami folding solution contains 1:20 stoichiometry of
scaffold (20 nM) to staple (400 nM). There are 4 staples
in the linear staple stock that bind to the same regions
as the 6 “looping” staples in the tadpole design. To cre-
ate a competition, we therefore introduced a large ex-
cess of the 4 linear staples (final concentration 2 pM) in
the tadpole sample. The sample was mixed thoroughly,
and a dilution taken for gel electrophoresis analysis. The
sample was then immediately loaded onto a slide for time-
resolved microrheology measurements (2 minute videos of
2 fps were taken at 20 minute intervals, with ‘crosslinked
tadpoles’ marking the first video taken after the sample
was loaded onto the slide).

Figure [5h shows gel electrophoresis of a linear origami
control (lane 2), a tadpole control (lane 3) and a sample
made by in situ refolding of tadpoles at C > C* where
linear staples are added in excess (lane 4). The latter
shows a band that travels at the same speed as the lin-
ear DNA structure, in turn suggesting that the strand
displacement took place.

Motivated by these observations, we performed time-
resolved microrheology where 2 minute-long movies were
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FIG. 5. Gel electrophoresis showing reconfiguration of tad-
pole topology DNA origami to a linear topology. Linear DNA
origami (lane 2), tadpole DNA origami (lane 3), tadpole DNA
origami with excess linear staples in solution (lane 4). 1kbp
ladder control (lanes 1 and 5) with 8 kbp labelled. Time-
resolved microrheology of network disruption due to the pres-
ence of competitor staples (corresponding to the linear topol-

ogy)-

taken every 20 minutes after introducing the linear sta-
ples into the crosslinked tadpoles sample.

As shown in Fig. [fb, the MSDs of the tracers increased
over “ageing” time. This indicates that the competitor
strands resolved the network of entanglements and the
corresponding viscosity of the sample decreased ~ 3-fold
between the first data point (crosslinked tadpoles) and
the final at 2 hrs (120 mins). We include the MSD of
the linear alone for reference. Additionally, in this ex-
periment, we were limited by the tracers’ sedimentation
which allowed us to track them only for 2 hours.

Interestingly, in more conventional DNA origami sys-
tems, isothermal reconfiguration (Ref. [44]) occurred
thanks to the large number of unpaired bases, which facil-
itated strand displacement. However, our tadpole DNA
origami design does not contain any unpaired bases, and
we still observe the effect of strand displacement and re-
configuration in situ. We reasoned that this was likely
due to a difference in size and geometric frustration be-
tween the staples. Indeed, the 4 linear staples are each
36 bp, whereas the 6 “looping” staples in the tadpole
design are 23-26 bp in length, rendering them less sta-
ble [45]. Additionally, the linear design staples do not
stabilise a loop in the scaffold, and therefore are not sub-
ject to the free energy penalty due to looping entropy and
electrostatic interactions of the charged DNA backbone
experienced by the tadpole designs [46].

CONCLUSIONS

In summary, our work exemplifies how simple DNA
origami structures can be used as a platform to build
complex and “topological” polymers. Here we tried to
manufacture large amounts of the simplest non-trivial
topological (or chimeric) polymer, i.e. a tadpole, a poly-



mer architecture featuring both circular and linear sub-
structures. Motivated by recent simulations [24] and ex-
perimental [3] work, we expected the tadpoles to display
a significant, cooperative, slowing down in their dynam-
ics due to threading [17, [I8] (Fig. . While we provide
strong evidence that we successfully designed linear, cir-
cular and tadpole DNA origami polymers (Fig. 7 unfor-
tunately we did not observe any signature of the different
architecture on the rheology of the samples (Fig. . In-
stead, we observed scaling laws suggesting that the DNA
origami scaffolds are not long enough to display deep
enough threadings to affect the dynamics of the poly-
mers [47].

However, our findings that the viscosity and elastic-
ity of the samples follow scaling laws expected in clas-
sic polymer theories confirm the idea that DNA origami
structures can be used to make polymer-like objects that
behave according to polymer physics (Fig. [3]).

Motivated by the dynamic and reconfigurable nature
of DNA origami structures [44], we explored the design
of in situ refolding and design-dependent crosslinking of
DNA origami scaffolds. In other words, we showed that
fluids made of DNA origami can easily be made ther-
mally responsive by careful design of the staple sequence.
Specifically, “looping” staples will bridge scaffolds and
create physical crosslinks that can be tuned by staple se-
quence, length and position along the scaffold (Fig. [4]).
Interestingly, given that the networks are made by DNA-
mediated crosslinks, we can leverage strand-displacement
reactions to disassemble the network at room tempera-
ture simply by introducing competitor strands (Fig. |5]).

In the future, it would be interesting to design DNA
origami polymers made by fusing DNA origami scaffolds.
In this way, we could extend structures to 16 kbp (two
scaffolds) or 32 kbp (three scaffolds). However, we expect
the yield to be smaller which raises technical limitations
with performing rheology at high concentrations. An al-
ternative solution to increase the likelihood of threading
would be to make the DNA structures more rigid by phos-
phorylating the 5’ ends of the staples and using T7 ligase
to covalently close the double helical backbone along the
origami. In this way the structures would be made of ds-
DNA which is significantly more rigid than nicked DNA.
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