DNA ORIGAMI TILES

Nanoscale mazes

The programmable disorder often seen in biological networks has now been demonstrated with DNA origami tiles
using a stochastic algorithm.
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LiVing cells typically differentiate Programmed disorder in nature
also roll the dice in some cases, because QOO OOO OO
stochasticity plays an important role at the O Q
molecular level. One example is rhodopsin OO
photopigment expression in the fly retina’. O O O O Q Q Q
independently becomes a green or blue Q
type (Fig. 1a). The ratio of blue to green O OOO Q
photoreceptor cells indicates that the choice 880 8
is not simply stochastic; rather, there are
during the expression process. Writing
in Nature Nanotechnology, Lulu Qian Q OOOO QQO
and colleagues at California Institute of A A o
Technology now report that DNA origami Programmed disorder with DNA origami
with designed internal and external
a random-yet-controlled process, leading
to programmable disorder that mimics
biomolecular pattern formation in nature?.

In DNA nanotechnology, tiles with
be constructed using DNA nanostructures
with rationally designed geometries and
programmable interactions between
building blocks. Particularly, the
the creation of complex structural
patterns, using only a few building blocks
with matching rules defined by logic
input and output. Qian and co-workers

dekicii aars. Bowever el . Q000000
Each photoreceptor cell arbitrarily and
nondeterministic and deterministic qualities QO OO Q QO
features can programme DNA tiles using
periodic®® or aperiodic®” symmetry can
algorithmic assembly® method facilitates
introduce DNA origami nanostructures

as algorithmic nanoscale building blocks Figure 1| Programmed disorder exists in nature and can now be generated by using DNA self-assembly.

(Fig. 1b) to utilize Truchet tiling (Fig. 1c), a, The fly retina is usually shared by green-fluorescing receptors (comprising 70% of the retina) and non-

which represents an important milestone fluorescing receptors (comprising 30% of the retina). However, the pattern in the retina formed by these

in programming disorder at the molecular two groups of receptors is random. b, DNA origami nanostructures (blue and grey) with internal patterns

and nanoscale levels. (red) used as building blocks to generate programmed disorder. c-f, Representative patterns that contain
DNA origami’ is a widely used programmed disorder, including Truchet tiling (c), trees (d), loops (e) and mazes (f).

technique in which designer nanostructures
are created by folding long single-stranded

DNA into custom shapes with the help with nanoscale accuracy. Compared with square-shaped DNA origami with fourfold
of a set of staple strands. Hundreds of smaller DNA tiles, the larger surface of rotational symmetry. The scaffold route
short DNA strands ranging from 15 to DNA origami allows researchers to create ensured that the continuous surface

60 bases are designed to be complementary  internal patterns by extending helical areas of the origami tile were maximized
to certain regions of the long scaffold features at desired sites. The internal with minimized possible gaps between
strand and guide scaffold folding. This patterns enable DNA origami arrays the assembled origami structures. To
allows rationally designed DNA origami to build sophisticated patterns, such as construct large, planar two-dimensional

to provide thousands of independently Truchet tiling. DNA origami arrays, the authors exploited
addressable base-pairing locations, To create Truchet tiles, Qian and hybrid interactions between the origami
producing the desired configuration colleagues designed two-dimensional tiles by combining blunt-end stacking
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and sticky-end interactions. By tuning the
binding strength, they were able to select
a desired combination between stacking
and short sticky-end interactions, and
this was sufficiently strong to provide

an optimal range of binding affinity to
reverse spurious tile-tile interactions.
Large Truchet patterns were achieved
with single crystalline domains up to
several micrometres.

Next, the researchers systematically
demonstrated the programmability of
their random-yet-controlled method.
Varying internal patterns on the tiles
created maze-like patterns with different
branching rules (Fig. 1f). Adjusting the
ratio of different types of tiles gave trees
and loops with controlled dimensions
(Fig. le). Programming the matching
rules between the tiles allowed the
creation of trees with different growing
directions, branching properties and sizes
(Fig. 1d). Grids with designed finite sizes
were also realized, showing that their
design principles could be used to scale
up the assembly of finite DNA origami
arrays. Furthermore, random mazes with

designed entrances and exits were built,
demonstrating the programmability of this
method for controlling the configurations
at specific locations.

A stochastic algorithm provides a simple
solution for producing a wide variety of
sophisticated arrays in a massively parallel
fashion with a one-pot assembly process,
but separating a single target pattern from a
mixture remains challenging. One possible
solution is to label and create responsive
signal circuits with specific configurations
that will facilitate the isolation of specific
target patterns.

The creation of maze-like nanostructures
with programmable disorder demonstrates
the power of stochastic algorithmic self-
assembly. By mimicking the complex
environments inhabited by naturally
existing molecular motors, mazes made of
DNA origami nanostructures can provide
a wide range of test conditions for DNA
motors or walkers'®. More importantly,
the massively parallel production of
complex nano-objects with programmable
disorder could be combined with inorganic
or biological functional materials to

evolve molecular devices with novel
functionalities that rival the biomolecular
machineries in living systems. 0
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2D MATERIALS

Graphene is one of the best materials
in terms of mechanical strength and
stiffness; yet in its porous form, also
known as graphene aerogel, it can
become lighter than air, a property for
which graphene has been proposed
as a substitute for relatively rare and
expensive helium. However, what
makes graphene so special — its atomic
thickness — often turns into a limiting
factor as many applications rely on
bulk materials properties. Extending
the mechanical properties of graphene
into the three-dimensional world is not
straightforward. Fusing graphene flakes
together into a bulk, for example, may
quickly result in partial or complete
loss of desired properties. To address
this issue, Qin etal. have conducted
a computational study with the aim
of finding the optimal 3D graphene
architecture with mechanical properties
similar to those found in atomically thin
graphene (Sci. Adv. 3, 2375; 2017).

The process of gradual fusion of
graphene flakes into a 3D assembly
was reconstructed using a full atomic

AAAS

Airborne graphene

model. The resulting structures were built
from graphene similar to that obtained
via chemical vapour deposition growth.
Because of the highly curved nature of
graphene, the geometry of the resulting
3D assembly resembled a periodic gyroid.

These modelled structures were then
3D-printed (pictured) and used to study
the effect of scaling on the mechanical
properties of graphene. Qin etal. found
that the scaling laws are dominated by
material architecture rather than the
mechanics of graphene itself. Under
optimized conditions, tensile strength
can be one order of magnitude higher
than that of steel. What's more, the
simulations can predict the optimum
aerogel density according to a specific
mechanical requirement. The results

of the study imply that optimally high
mechanical strength and low total
material usage for a graphene 3D aerogel
can now be achieved in practice. However,
the findings also suggest that these 3D
structures made of curvy graphene flakes
become too soft and weak with increasing
density. Therefore, further optimization
of the structural design is required for
this lightweight material to regain the
necessary strength to compete with
state-of-the-art materials.
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