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Abstract
Artificial biomolecular nanotubes are a promising approach to build materials mimicking the
capacity of the cellular cytoskeleton to grow and self-organize dynamically. Nucleic acid
nanotechnology has demonstrated a variety of self-assembling nanotubes with
programmable, robust features, and morphological similarities to actual cytoskeleton
components. However their production typically requires thermal annealing that is not only
incompatible with physiological conditions but also hinders the possibility for continuous
growth and dynamic self-organization. Here we report DNA nanotubes that self-assemble
from a simple mixture of five short DNA strands at constant room temperature, with
remarkable capability to sustainably grow over prolonged time. The assembly, done in a
monovalent salt buffer (here, 100 mM NaCl), ensures that the nanoscale features of the
nanotubes are preserved under these isothermal conditions, enabling continuous growth up
to 20 days and the formation of individual nanotubes with near flawless arrangement, a
diameter of 22 ± 4 nm, and length of several tens of micrometers. We demonstrate the
crucial role of the monovalent cation to achieve such properties. We finally encapsulate the
strands in micro-sized compartments, such as water-in-oil microdroplets and giant
unilamellar vesicles serving as simple cell models. Notably, nanotubes not only isothermally
grow in these conditions, but also self-organize into dynamic higher-order structures, such
as rings and dynamic networks, demonstrating that cytoskeleton-like properties can emerge
from a combination of sustained growth and confinement. Our study suggests a method for
engineering biomolecular scaffolds and materials that display sustained dynamic and life-like
properties.

Introduction
Through billions of years of evolution, Nature came up with complex self-assembled
architectures capable of performing functions crucial for biological machinery to operate
seamlessly. These self-assembled structures are highly dynamic and possess the capability
to grow, adapt and reconfigure. For example, the cytoskeleton protein filaments are highly
dynamic non-equilibrium self-assemblies that show remarkable spatiotemporal control over
functions that regulate cell life-cycle, motility and so forth.[1,2] Creating synthetic
self-assembled architectures that can demonstrate such dynamic and adaptive behavior can
lead to materials with precise control over properties with potential application in diverse
fields, from drug delivery to sensing.[3] Nucleic acid (NA) nanotechnology is a powerful tool in
this regard as it offers great programmability and versatility through simple modification of
strand sequences.[4] By rationally designing the NA sequences according to
Watson-Crick-Franklin base-pairing rules, parts of the different strands can be made
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complementary to each other, which can then hybridize to give rise to desired
morphologies.[5,6] Using the assembly of DNA tiles interacting through their sticky ends,
self-assembled nanotubes have been produced[7–9] which resemble the cytoskeleton and
actin filaments from a structural viewpoint.[9–14]

Although reconfigurability of DNA nanostructures is possible by using strategies such as
strand displacement,[15] electrostatic suprafolding[16] and photocontrol,[8,17–19] building
structures capable of spontaneous growth and morphological adaptation is challenging yet
highly desirable. In fact, most DNA nanostructures produced to date have a definite size and
shape with limitations in both space and time. In the case of DNA origami, for instance, the
limitation in space is mainly due to the use of a scaffold that restricts the size of the final
objects to around or below 100 nm.[5,20] Several alternatives to this approach have been
proposed, from scaffold-free self-assembly protocols[21] to self-assembly of pre-formed
origamis.[22–25] However, in most of these cases, the formation of the targeted assembly has
required the use of a thermal annealing step where the initial mixture containing the DNA
strands is heated above the DNA melting temperature prior to a slow cooling down process.
This creates a strong temporal constraint as the resulting nanostructures are
thermodynamically stable and usually do not display dynamic behavior or evolve anymore in
shape and size over time.

Figure 1. Formation of micrometer-long DNA nanotubes at constant room temperature. A) A
mixture of five DNA strands in TANa buffer (Trizma base 40 mM, acetic acid 20 mM, 100 mM NaCl)
self-assemble isothermally into a self-repeating tile motif forming nanotubes which grow in solution at
room temperature over a prolonged period of time. B) Representative transmission electron
microscopy (TEM) images of nanotubes obtained after 1, 3, 10 and 20 days of self-assembly at room
temperature in TANa. Each strand concentration was 500 nM.

Isothermal assembly is an interesting alternative to achieve dynamic structures because, by
fixing the temperature, structures can be intrinsically more reconfigurable and free to evolve,
and potentially grow, without any time constraints. It was shown, for instance, that using a
simple buffer composed of NaCl, complex cocktails of DNA strands could self-assemble at
room temperature into elaborate nanostructures, which not only reproduced the desired
DNA-encoded morphology but were also highly reconfigurable and capable of shape
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selection, optimisation and transformation.[26] This approach was applied to the isothermal
self-assembly of DNA origamis and single-stranded tiles, leading to two- or
three-dimensional objects no larger than 100 nm. Using strands coding for self-repeating
units, nanogrids were produced but defect-free assembly of a maximum of a few hundred of
nm were observed.[26] To explore the possibility of building longer-growing nanostructures
that could approach cytoskeleton dimensions and dynamic organization, we selected a
system consisting of merely five oligonucleotides forming a double-crossover tile that further
assembles into cylindrical nanostructures called nanotubes.[7] This design has been studied
for many years, including for constructing biomimetic endo- or exo-cytoskeletons,[10,11,14] but
nanotubes were always obtained either by thermal annealing or by the self-assembly of
pre-annealed tiles, limiting possibilities of growth and evolution at fixed temperature. In this
work, the oligonucleotides are mixed in an NaCl buffer and we study their evolution over time
at room temperature, without any thermal pre- or post-treatment (Figure 1A). Notably, we
observe the autonomous formation of nanotubes growing into very large dimensions and
self-organizing into dynamic networks when confined in biomimetic compartments. Using
fluorescence, transmission electron and cryo-electron microscopy, we characterize the
dynamic and structural features of these live-growing structures in bulk, in droplets and in
giant liposomes.

Results
We chose DNA nanotubes assembling from double-crossover (DX) tiles[7] requiring the
presence of only five short, distinct DNA strands designed to interact as depicted in Figure
1A left. These strands form two DNA double helices held together as three of the strands
(yellow, blue, and gray in Figure 1A) cross over from one helix to the other, forming two
junctions that confer rigidity to the tile. The 5’-end of the strand in the center of the tile (blue
in Figure 1A) was modified with the Cy3 dye to enable fluorescence microscopy observation.
Tiles interact via complementary single stranded domains known as sticky ends (at the 5’
and 3’ end of the yellow and gray strands). The inter-tile crossover distance is chosen so
that individual tiles bind to each other at an angle, and thus form micrometer-scale tubular
structures rather than flat lattices[7,27,28]. Because these DNA nanotubes can be engineered to
work as scaffolds with the capacity to respond to biochemical and physical stimuli, they are
excellent components to build an “artificial cytoskeleton” for synthetic cells and responsive
biomaterials[9,10,14]. A notable limitation toward this has been the requirement to thermally
anneal the DX tiles[7,27–29], which is at odds with the goal of building life-like systems
operating at constant temperature. With the objective to build nanostructures that can grow
under life-compatible conditions, we placed the DNA strands in a buffer exclusively
composed of monovalent cations, dubbed “TANa” buffer (Trizma base 40 mM, acetic acid 20
mM, 100 mM NaCl), which was recently shown to enable successful assembly of complex
DNA nanostructures at constant room temperature.[26] Doing so, we questioned not only
whether DNA nanotubes could assemble isothermally at room temperature but also how
they would self-organize over time (Figure 1A middle, right). To evaluate the performance
and understand the advantage of using monovalent salts, we compared the results to those
obtained with the magnesium-containing buffers conventionally used for DNA self-assembly,
either TAMg (Trizma base 40 mM, acetic acid 20 mM, 12.5 mM MgCl2) or TAEMg (TAMg + 1
mM EDTA).
Incubation of the five tile-forming DNA strands in TANa buffer readily produced DNA
nanotubes, which grew in solution for days at room temperature as observed by
fluorescence microscopy (Movie S1). Transmission electron microscopy (TEM) qualitatively
shows that short nanotubes slowly disappear while longer ones become predominant
(Figure 1B). After 20 days, very long nanotubes (>10 µm) dominate in the sample, with a
vanishing number of shorter tubes (1-2 µm), signifying the ongoing growth of the nanotubes
over a long period of time. To analyze the effect of ions on nanotubes stability, we used
fluorescence microscopy image analysis to estimate the nanotube melting temperature (Tm).
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We found that nanotubes formed by isothermal assembly in TANa have a lower Tm (~ 32°C)
when compared to those obtained by thermal annealing in TAEMg buffer (Tm ~ 38°C), as
discussed in the Supplementary Information (SI) Section 4.
TEM images at higher magnification in Figures 2A, top confirm that isothermal assembly in
TANa enables enough reconfigurability for the formation of distinct individual nanotubes
while allowing their continuous growth over time up to micrometer length. When the same
isothermal formation experiment was done in TAMg buffer, replacing NaCl with 12.5 mM
MgCl2, nanotubes could still be detected in TEM images but were highly clustered in the
form of micrometer-sized aggregates (Figure 2A, bottom, Movie S2) that can be attributed to
a stronger stabilization of the DNA nanostructures by divalent Mg2+ cations.
Cryo-electron microscopy revealed a highly regular internal structure of the nanotubes with
well-defined tiles aligned with the principal axis of the nanotubes (Figure 2B), confirming that
the circumference of a nanotube generally includes 6-7 tiles, an internal structure
comparable to that obtained by thermal annealing in the presence of magnesium (Figure
S1).[7] However, we noted that the diameter obtained by isothermal assembly in TANa (22 ±
4 nm, Figure S2A) was shifted to higher values compared to the one obtained by thermal
annealing in TAMg (12 ± 2 nm, Figure S2B) probably due to higher flexibility provided by the
monovalent salt conditions. Isothermal assembly thus allowed both faithful assembly of DNA
strands and sustained growth into soft and well-defined individual DNA nanotubes.
To get insights into the dynamics underlying the first hours of isothermal self-assembly, we
used fluorescence microscopy and automated image analysis to establish the length
distribution of nanotubes adsorbed on glass slides at different assembly times (Figure 3). In
TANa buffer (Figure 3A), the average nanotube length progressively increased with time,
reaching up to 5.7 ± 0.35 µm at 24 h (Figure 3B, S3) accompanied by a progressive shift of
the distribution (Fig 3C top). To get a clearer picture of how monomers are distributed in the
tubes, we also plotted the fraction of the total measured nanotube length occupied by each
size range (Figure 3C bottom). These length fraction plots show that the contribution of short
nanotubes diminishes over time, as longer ones dominate, consistent with what we observed
on a longer time scale by TEM (Figure 1B). To better understand the specificity of NaCl for
isothermal growth, we set-up a protocol allowing isothermal assembly in the presence of
Mg2+. Four tile strands were first thermally annealed in TAEMg, prior to introduction of the
fifth strand (gray strand in Figure 1A, time zero) and isothermal assembly at room
temperature (Figure 3D). Representative microscopy images show the growth of the tubes
over time (Figure 3E, S3). The average length of nanotubes in TAEMgplateaus after around
30 minutes, in striking contrast to the growth in TANa buffer. The early saturation was also
evident from both the frequency-based and length fraction histograms (Figure 3F).
To gain more insights on the growth mechanisms in TANa buffer when compared to TAEMg
buffer, we plotted the cumulative complementary distribution function (CCDF) of the
nanotube length in each case (Figure 3G-J). These CCDF plots estimate the likelihood to
find a nanotube larger than a given value. DNA nanotube length is expected to follow an
exponential distribution[27], whose CCDF is a straight line in a semilogarithmic plot, as
confirmed in Figures 3G and I. When normalized with respect to its average, any exponential
CCDF should collapse on a straight line with slope -1 [30]. While data for both TANa and
TAEMg incubated nanotubes generally follow this trend (Figure 3H, J), we note significant
discrepancy with respect to the exponential model for TANa incubated nanotubes. In
particular, during the initial phases of growth the system is less likely to present long
nanotubes when compared to the exponential case, while at later phases it is more likely to
produce long nanotubes. A possible explanation for this behavior is that TANa-assembled
tiles may be initially less abundant, hindering polymerization; alternatively, nucleation events
may be very frequent in TANa conditions due to the more dynamic interactions among DNA
strands, which would result in a larger number of shorter nanotubes. At a longer timescale,
we hypothesize that again the enhanced capacity of tiles to dynamically interact in TANa
may promote end-joining of existing nanotubes, resulting in overall longer assemblies.
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Figure 2. NaCl allows the isothermal assembly of individual, well-defined nanotubes at room
temperature. A) TEM images of DNA nanotube self-assembly at room temperature for 20 days in a
TA buffered solution containing either 100 mM NaCl (TANa, top) or 12.5 mM MgCl2 (TAMg, bottom), at
three magnifications. Each DNA strand was 500 nM. B) Cryo-electron microscopy images of DNA
nanotubes obtained by isothermal assembly at room temperature in TANa . Each DNA strand was
500 nM with assembly times of 10 days (left) and 5 h (bottom right)
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Figure 3. Growth of DNA nanotubes made from single-tile designs in TANa and TAEMg buffers.
(A) Scheme showing the isothermal assembly process in TANa buffer, (B) microscopy images and
average nanotube length at different time points, and (C) frequency and length fraction histograms.
(D) Scheme showing the isothermal assembly process of nanotubes in TAEMg buffer; (E) microscopy
images and average nanotube length at different time points, (F) frequency and length fraction
histograms. (G-J) Normalized and non-normalized CCDF plots of nanotube length for samples in
TANa (G, H) and in TAEMg (I, J). The concentration of each strand in these experiments is 1 µM.
Scale bars= 10 µm. Error bars represent the standard deviation of the mean over 3 experimental
replicates.

We then verified that a different nanotube variant, including two distinct tiles (a total of ten
DNA strands), assembles correctly in TANa buffer (Figure S4,S5). These tiles (dubbed SEp
and REp by Rothemund [7]) have mutually complementary sticky ends that result in the
assembly of nanotubes with parallel “rings” of distinct tiles (Figure S4).[9] Surprisingly, the
average length of these nanotubes does not increase as much as in the single tile case,
although trends for the length histograms, length fractions, and CCDF plots are consistent
with the single tile case when compared with tiles annealed in TAEMg (Figure S6-S11). We
hypothesize that the lack of sustained growth may be due to a loss of end-joining capability
introduced by “irregular” growth edges when the parallel rings are incomplete. Interestingly,
the TANa buffer allows the growth of the nanotubes with or without prior incubation of the
strands to form the tiles (Figure S4, S5, S9-S11).
Overall, we demonstrated that the TANa isothermal conditions allow a simple mix of five
DNA strands to self-assemble into nanotubes that grow over days, exceeding the average
length achievable with the conventional TAEMg assembly buffer. Given the growing interest
in using DNA scaffolds toward the development of composite biomaterials and synthetic
cells, we then studied how TANa-assembled nanotubes self-organize when confined in
micro-compartments, starting with water-in-oil (W/O) emulsion droplets made of a fluorinated
oil and biocompatible-surfactant mixture (Figure 4A)[9,31]. The five strands of the single tile
design (100 nM in TANa) were encapsulated inside the droplets and the system was
incubated at room temperature. With time, the tubes were formed and grew inside the
droplets. Notably, after a day, the nanotubes formed started to reorganize inside the droplets
to create branched networks (Figure 4B), in contrast with the bulk conditions where only
longitudinal structures were detected. (Figure 1B, 2). After two days, dense networks were
observed inside the droplets, suggesting continued nanotube growth as tiles polymerize.
Growth in confinement also induced the formation of bent structures and ring-like
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morphologies (Figure 4C). Further, example time-lapse microscopy images and
supplementary videos (Figure S12, Movie S4) show the mobile nature of the nanotubes
inside the droplets.
Next, we asked if isothermal assembly can be extended to compartments that have a
membrane, using Giant Unilamellar Vesicles (GUVs) as closer mimics of synthetic cellular
micro-environments. GUVs were prepared by adapting emulsion transfer protocols (Figure
4D, Supplementary Information for details).[32–34] Contrary to previous works,[10,14] we did not
encapsulate preformed tiles or nanotubes, but directly the five strands (1-5, 500 nM each in
TANa) in the GUVs, and let the system evolve over time. Encapsulation of the DNA strands
within the lipid membrane was successful as indicated by the observation of fluorescence
(Cy3-labeled strand 3) in the vesicle interior (Figure 4E) and its membrane (Figure S13). We
subsequently monitored the isothermal growth and reorganization of nanotubes inside the
liposomes. After 2 days, individual nanotubes could be observed inside the vesicles,
showing that isothermal growth was also occurring in these cell-like microenvironments.
From day 4, nanotubes self-organized into dynamic higher-order structures, such as
networks and ring-like morphologies (Figures 4E, 4F, Movie S3), recapitulating the behavior
observed in microdroplets. Interestingly, similar reorganization of DNA nanotubes into
cytoskeleton-like assemblies inside GUVs has been recently reported, but it always involves
the addition of condensing agents, such as crowding agents or high concentration of
Mg2+.[10,14] Here we find that the combination of isothermal self-assembly from molecular
bricks (DNA strands) with confinement is enough to generate such highly-dynamic
self-organization, in a way probably close to how living systems actually work. Overall, the
isothermal growth of DNA nanotubes inside W/O droplets and vesicles suggest that they are
a viable approach to build dynamic, responsive scaffolds in synthetic cells and living
materials. Isothermally assembling DNA nanotubes can form adaptive architectures that may
be engineered to achieve spatiotemporal control over compartment functions and mimic the
dynamic and highly reconfigurable nature of cytoskeleton components.

Discussion and conclusions
We demonstrated the isothermal growth of DNA nanotubes at room temperature using a
Mg-free monovalent NaCl containing buffer (TANa) without the need of an annealing step.
Starting from a mixture of 5 different DNA strands, nanotubes with the desired structure grow
for days as verified through different microscopic techniques such as TEM, cryo-electron
microscopy and fluorescence microscopy. Frequency and length fraction analysis show the
gradual disappearance of smaller nanotubes and appearance of longer nanotubes over time,
likely because joining events are more favorable when compared to the case of assembly
using divalent cations that favor kinetic trapping. This results in a sustained growth over days
allowing a simple molecular program of a few elementary self-assembling bricks to reach
mesoscopic dimensions (1 - 100 µm) while ensuring near flawless assembly at the
nanoscale level. This characteristic constitutes a promising asset for the design of future
self-assembled smart materials capable of adaptation and self-healing.
The NaCl-based buffer allowed the nanotubes to self-assemble isothermally inside
compartments (water-in-oil droplets as well as giant unilamellar vesicles serving as cell
models), where they not only grow but also spontaneously reorganize, without addition of
any crosslinking or condensing agents, into dynamic higher-order assemblies such as
networks and ring-like structures, forming a valuable example of confinement-induced
self-organization in a synthetic cell-mimicking system.
We found that the use of TANa buffer caused a decrease in the nanotube melting
temperature relative to when they were grown in TAEMg. This suggests a lower
thermodynamic stability of the nanotubes formed in TANa buffer: this is an advantage in
terms of dynamic reconfigurability of the structures, but could pose a challenge for growing
nanotubes at physiological temperatures in biological applications[35]. However, stability could
be easily improved by increasing the length of the tile sticky ends. Another approach could
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be to optimize the buffer composition to include limited amounts of MgCl2 to enhance thermal
stability. Inclusion of MgCl2 is often also required for proper enzyme activity, for example in
the case of in vitro RNA transcription that has been used to generate adaptive responses in
nanotube systems[8,36]. Buffers with a mixture of monovalent and divalent cations may enable
isothermal assembly as well as stability in the presence of enzymatic reactions.

Figure 4: Isothermal growth and self-organization of DNA nanotubes in biomimetic
confinement. A) Scheme showing the protocol for encapsulation of DNA strands inside water-in-oil
droplets. B) Representative fluorescence microscopy images of nanotubes encapsulated in
water-in-oil droplets in presence of TANa buffer at different time points (each strand concentration is
100 nM). C) Fluorescence microscopy image showing network and ring-like structure formation from
the self-assembly of DNA strands inside droplets at room temperature. D) Scheme showing the
protocol for encapsulation of DNA strands inside giant unilamellar vesicles (GUVs) using TANa buffer
(100 mM NaCl) and glucose as the outer medium. Each GUVs contains the DNA strands and sucrose
(to ensure iso-osmotic conditions) in the same buffer and is kept at room temperature. E)
Representative fluorescence microscopy images of nanotubes growing and reorganizing inside the
GUVs at different times after the DNA strands encapsulation. F) Time lapse fluorescence microscopy
images of a representative GUV taken after 4 days of encapsulation, showing the dynamics of the
formed networks. Each row is a different time lapse acquisition starting at t = 0.
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The conditions used here to assemble DNA nanotubes also enable the isothermal assembly
of more complex DNA structures including various types of DNA origami[26]. For this reason,
our work indicates that it may become possible to create DNA systems that take advantage
of both origami methods[37], known for achieving arbitrary nanometer scale patterning, as
well as of tiling methods[38], which easily produce micrometer scale assemblies. Strand- and
tile-based assemblies also constitute convenient ingredients for algorithmic self-assembly,[39]
allowing to program higher-order morphologies through computation. The combination of all
these traits may lead to the development of multiscale DNA materials rivaling the complexity
and adaptability of biological assemblies. These materials may in turn be made responsive
to strand displacement networks[40] or to physical inputs[18] to achieve an even greater level of
adaptation.
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