Practical considerations of DNA as a material
DNA is a biological polymer with a covalent backbone com-
posed of alternating sugar and phosphate groups. The nucleo-
tide side chains come in four varieties: adenine (A), cytosine (C),
guanine (G), and thymine (T), and provide the hydrogen-bond
donors and acceptors that allow specific base pairing of A to
T and C to G of single-stranded DNA (ssDNA) into double-
stranded DNA (dsDNA). The DNA sequence provides infor-
mation storage in the polymer and specifies the complementary
sequence and binding partner ssDNA with which dsDNA can
be formed. Organisms use DNA to store genetic information,
while molecular engineers use DNA to store supramolecular
assembly instructions. Figure 1 provides an overview of DNA
nanotechnology from a materials science perspective.

DNA is soluble in water and can be precipitated by alco-
hols. Standard aqueous solutions of DNA contain a buffer to
maintain a near-neutral pH and a salt (e.g., MgCl,) to provide
cations necessary for shielding negative charges to allow the
highly charged backbone phosphates to pack tightly together.
In solution, the dehybridization of dsDNA into its ssDNA
strands occurs below the boiling point of water, with specific
value dependent upon sequence length and composition.
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DNA nanostructures are a set of materials with well-defined physical, chemical, and biological
properties that can be used on their own or incorporated with other materials for many
applications. Herein, the practical aspects of utilizing DNA nanostructures (structural or
dynamic) as materials are comprehensively covered. This article first summarizes properties
of DNA molecules and practical considerations and then discusses the fundamental design
principles of structural DNA nanostructures. Finally, various aspects of dynamic DNA
nanostructure-based actuation and computation are included.

Regarding characterization techniques, the molecular size of
ssDNA can be determined by denaturing gel electrophoresis,
while supramolecular assemblies can be examined by nonde-
naturing electrophoresis, atomic force microscopy, or electron
microscopy. The absorbance of UV light at 260 nm is used to
estimate the solution concentration of DNA with extinction
coefficients between 0.020-0.027 (ug/ml)™' cm™, depending
upon nucleobase composition and secondary structure.

DNA can be synthesized biologically, enzymatically, or
chemically. Chemical synthesis is limited to molecules of a
couple hundred bases, while biological or enzymatic produc-
tion requires greater commitment during setup, but can then
produce gram or even kilogram quantities of DNA. Hydrated
DNA with high concentrations forms a viscous liquid and can
be noncovalently cross-linked into a gel.! Polymer stiffness/
flexibility measured as persistence length in solution is less than
3 nm for ssDNA, about 50 nm for dsDNA, and orders of mag-
nitude greater for dsDNA helices aligned and joined noncova-
lently in nano-assemblies. The applied tensile force required
to separate two complementary strands of DNA has been
measured at 2050 pN, depending on sequence length.? Using
optical tweezers, a molecule of sSDNA was estimated to have
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Figure 1. Materials science tetrahedron interpreted for DNA-

based nanotechnology. Note: AFM, atomic force microscopy;

TEM, transmission electron microscopy; SEM, scanning electron
microscopy; UV, ultraviolet.

an elastic modulus of approximately 1100 pN.? Given these
mechanical characteristics, DNA is best suited as a build-
ing material for nano- or microscale objects. Further details
regarding properties of DNA important to nanotechnology
have recently been summarized.*

Structural DNA nanotechnology

The fundamental principle for the design of DNA nanostruc-
tures is to program complementarity between ssDNA mol-
ecules using Watson—Crick base pairing, where A pairs with T
and C pairs with G through hydrogen bonding. This molecular
programming language has led to the development of different
design strategies and a large number of DNA nanostructures.
Here, we briefly review the most prevalent design strategies,
DNA tile and DNA origami.

DNA tiles are used to denote discrete building blocks that
can be assembled into objects or periodic lattice structures.
A DNA tile is composed of several short ssDNA of unique
sequences with prescribed geometry. The first synthetic DNA
tile, the immobile nucleic acid junction, consisted of four syn-
thetic ssDNAs that were encoded to hybridize with two neigh-
boring strands to form a branched four-way junction.’ Unlike
a natural Holliday junction, which has symmetric sequences
and is thus mobile through strand migration, sequence sym-
metry was minimized in the synthetic junction to avoid branch
migration. Five-, six-, eight-, and twelve-way junctions were
constructed similarly.

However, none of these first-generation DNA tiles led
to successful assembly of higher-order structures due to high
structural flexibility. DNA double-crossover (DX) molecules
are instead designed to induce structural rigidity by con-
fining two four-way junctions within one tile.® For example,
a three-arm tile is assembled from seven ssDNA with each
arm containing one DX structure. Single-stranded overhangs
(sticky ends) are introduced at the end of each arm. The
sticky-end cohesion enables the tiles to further assemble into
larger structures, including two-dimensional (2D) arrays and

890 W MRS BULLETIN - VOLUME 42 - DECEMBER 2017 + www.mrs.org/bulletin
https://doi.org/10.1557/mrs.2017.272 Published online by Cambridge University Press

three-dimensional (3D) polyhedra (Figure 2a).”® Structures
consisting of alternative patterns can be constructed simply
by varying the number of arms of the tile to, such as, two,
four, five, or six. Three-dimensional DNA crystals can also be
successfully grown from DNA tiles.” Complex structures with
multiple polygonal cavities can be realized by using structur-
ally asymmetric DNA tiles® or by hybridizing multiple tile
designs.!®

A single-stranded tile (DNA brick)''? is a specific type of
tile in which each ssDNA acts like a modular building block
and associates with other bricks to assemble into prescribed
structures (Figure 2b). A master set of DNA bricks serves as a
2D or 3D canvas that allows the construction of various arbi-
trary objects by simply omitting certain strands. The modular
DNA bricks largely enrich the design toolbox of DNA tiles,
and are particularly versatile for building DNA objects of
arbitrary sizes and shapes with unique addressability. Infinite-
sized crystal structures can also be assembled by bridging the
front and end bricks to induce crystallization."

DNA origami produces prescribed 2D or 3D structures
by folding a long single-stranded “scaffold” DNA via hybrid-
ization to hundreds of short single-stranded “staple” DNA
strands.'* There are two basic ways of arranging DNA helices
(Figure 2c)—Ilattice arrangement where helices are packed side
by side or wireframe arrangement. Honeycomb,'® square,'¢
hexagonal, or hybrid lattices'” are available for building close-
packed DNA origami objects. The lattice style is determined
by the relative positions of crossovers between aligned, parallel
DNA helices. In a departure from lattice-based DNA origami,
wireframe origami was developed to fabricate porous structures
that have minimal packing of DNA helices.'®!” DNA origami
objects built from closely packed parallel helices are generally
rigid and serve better as templates for organizing functional
materials.

Wireframe DNA origami are well suited to constructing
porous or hollow structures of large volume and surface area
per number of DNA bases, and are particularly useful for
intracellular applications due to enhanced resistance to cation
depletion in physiological environments, a benefit due to
their lower density of close-packed DNA helices. Longer
DNA scaffolds can be produced via biological (e.g., phage
DNA recombination, where custom DNA is inserted into
the genome of a phage, a virus that infects bacteria, for
amplification)® or enzymatic (e.g., polymerase chain reaction)
methods for assembling larger discrete DNA origami struc-
tures. Alternatively, a cost-effective method to build DNA
nanostructures with expanded dimensions is the hierarchical
assembly of smaller units, through sticky-end cohesion?! or
shape complementarity.”? The assembled structures, discrete
objects, or infinite-sized lattices are typically composed of
repeating units of the precursor structure.

Design software is used extensively to facilitate the design
of DNA nanostructures, especially larger structures. Software,
such as Tiamat,”> UNIQUIMER 3D,** SARSR,*» caDNAno,*
DAEDALUS (DNA origami sequence design algorithm for
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Figure 2. Summary of DNA tile and DNA origami. (a) Multistranded DNA tile. Each tile is composed of several short DNA strands. Strands
of different colors have different sequences. Sticky-end mediated cohesion between tiles leads to the assembly of larger structures such as
2D arrays or 3D polyhedra. Reprinted with permission from References 7 and 8. © 2005 and 2016 American Chemical Society, respectively.
(b) Single-stranded DNA (ssDNA) tile. A number of ssDNAs with unique sequences assemble into prescribed objects, which can serve as
2D and 3D canvases to construct arbitrary objects. Reprinted with permission from References 11 and 12. © 2012 AAAS and Macmillan
Publishers Ltd., respectively. (c) Scaffolded DNA origami. A long ssDNA template serves as a scaffold that is folded by a number of shorter
ssDNAs (staples) into both delicate 2D and 3D objects. DNA duplexes can be organized using parallel lattices'*'® or wireframe structures.

Reprinted with permission from References 14 and 18. © 2006 Macmillan Publishers Ltd. and 2016 AAAS, respectively.

user-defined structures),'® and CanDo (computer aided engi-
neering of DNA origami),”” has been developed for different
applications. Detailed guidelines of the design process can be
found in the referenced publications.

Dynamic DNA nanotechnology

In addition to constructing complex static structures, DNA
nanostructures can change state in response to interactions with
each other and with their environment.?® These transitions can
be used to create sensors, computers, and molecular machines.

Actuation and response

Environmentally responsive structural motifs include guanine-
and cytosine-rich sequences that fold into stable quadru-
plexes® in the presence of specific metal ions and low pH
(Figure 3a), ion- and temperature-sensitive base stacking??
(Figure 3b), and sequences that can be switched from right- to
left-handed.*® Single-stranded aptamers, produced by in vitro
selection,’! can bind a wide variety of ligands (Figure 3c).
The corresponding structural changes can be used to create a
sensor by, for example, modulating interactions between fluor-
ophores or activating a catalyst. Light can trigger motion—
planar azobenzene moieties intercalated between base pairs
isomerize on ultraviolet illumination to destabilize the duplex;
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they can be switched back reversibly using visible light®?
(Figure 3d). Structures can also be changed by site-specific
enzymatic ligation, cleavage, or degradation.’* Response
times range from milliseconds for quadruplex formation to
(typically) seconds or hours for enzymatic modification or
optical actuation. Sensors can be interfaced directly to molecu-
lar computers®® and used to drive simple molecular machines.*

Perhaps the most flexible means of inducing changes in
nucleic acid nanostructures is the displacement of one oligo-
nucleotide from a duplex by another®”*® (Figure 3¢). Strand
displacement is frequently used for signaling and actuation;
it can also be used to sense specific nucleic acid sequences
for medical diagnosis or to interface natural cellular con-
trol mechanisms. The rate of strand invasion can be greatly
increased by the use of “tocholds,” single-stranded regions of
the target complex to which the invader can bind to initiate the
reaction®’ forming additional base pairs that provide a thermo-
dynamic driving force for invasion. Strand displacement reac-
tions are relatively slow (typical systems take from seconds to
hours), but a high degree of control can be achieved through
sequence design.*® Strand-displacement reactions can join and
release components, open and close cages, and change shapes;
they form the basis of a system for molecular computation
capable of calculating a square root.*
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Figure 3. Examples of DNA nanostructure response elements. DNA structure

motifs that can respond to biophysical stimuli include (a) cytosine-rich sequences
that form a secondary structure at acidic pH. Reprinted with permission from
Reference 29. © 2011 Macmillan Publishers Ltd. (b) DNA base-stacking interactions
that dissociate with increasing temperature or decreasing counterion concentrations.
The helices that stack are indicated in red and blue. Reprinted with permission from
Reference 22. © 2015 AAAS. (c) DNA aptamers that bind specific targets and upon
binding, undergo a conformational change that can dissociate a dsDNA duplex.
Reprinted with permission from Reference 45. © 2012 AAAS. (d) DNA duplexes that
incorporate photo-switchable azobenzene molecules, which change conformation
in response to light to influence the stability of DNA hybridization. Reprinted with
permission from Reference 46. © 2007 Macmillan Publishers Ltd. (e) (Left to right)
Elements designed to undergo toehold-mediated strand displacement where one
strand in a duplex is displaced by a new strand that initially binds to a ssDNA region
of the complement strand.®”* Note: A, wavelength; dsDNA, double-stranded DNA;

DNA-based design can be expanded by using
ssDNA, which behaves mechanically like a
flexible polymer, or bundles of many dsDNA
helices that exhibit bending stiffness 3—5 orders
of magnitude higher, with bundles of 250
helices even approaching the bending stiffness
of carbon nanotubes.* In addition, the cross-
sectional shape of bundles can be controlled
to design anisotropic mechanical behavior.*-°
This approach to controlling stiffness and
deformation degrees of freedom by geometric
design is analogous to compliant mechanism
design in micro- or macroscale engineering
systems.’!

Combined with precise control over geom-
etry, the design of component stiffness and
local flexibility enables mechanical and dynamic
functions such as controlled motion,?%?32
tunable stiffness or compliance,*® bistability,>
conformational dynamics,* and mechani-
cally propagated conformational changes.**
Dynamic properties are generally designed
by incorporating flexible ssDNA components,
Holliday junctions, which are rotationally
flexible, or dsDNA, which can deform by
bending. DNA motors, for example, achieve
motion through a series of hybridization inter-
actions with steps between successive bind-
ing sites enabled by thermal fluctuations of

ssDNA, single-stranded DNA.

flexible junctions or ssDNA.® DNA motors

Dynamic DNA systems often require repeated external stimu-
lation to achieve cyclic motion. They can, however, be designed
to run continuously, powered by chemical energy sources such as
hybridization*’ or enzymatic cleavage,*** or by light.* Functions
implemented by autonomous DNA machines include motion
along self-assembled tracks*** and programmable chemical
synthesis.* The ability of nucleic acid nanostructures to operate
autonomously and to sense, compute, and actuate suggests
applications in medical diagnosis and locally controlled
drug delivery;® this is a strong theme in the development
of the field.

Functional properties beyond geometry

The ability to design a response to the environment is a prom-
ising foundation for designing nanomaterials, devices, and
machinery that can sense the local environment, transfer motion,
forces, and energy, and process information at the molecular
scale. From a mechanical standpoint, dSDNA is often treated as
a flexible rod with a diameter of 2 nm and a Young’s modu-
lus of ~300 MPa.****” While more advanced models of DNA
have been developed,* the flexible rod model is a useful
context to consider the mechanical behavior of DNA nano-
structures. The range of accessible mechanical properties in
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can achieve functions, including directional
motion,¥ cargo transport,*® and navigating a
network of tracks®® (Figure 4a).

Mechanical design of DNA origami has also led to expand-
ed function of dynamic nanodevices, for example, to construct
joints for angular motion,*? sliding joints that achieve trans-
lation,> or rotors for continuous rotation.® Integrating these
approaches into multicomponent devices has led to DNA
origami mechanisms such as devices that couple rotation and
translation or compact and expand,> or complex linkages that
couple several rotating elements.?> Additional design capa-
bilities include devices such as tensegrity structures,®' which
integrate and balance components experiencing tension and
compression, and devices that exhibit tunable compliance®
or bistable behavior,* or undergo inherent conformational
dynamics that are responsive to the local environment.**
These nanoscale mechanisms provide a platform to design
nanomachines that function much like macroscopic engineer-
ing machines; or they could be designed with geometries and
shape transformations similar to periodic units of structural
metamaterials.®” Combined with assembly into larger arrays®
and the ability to integrate other materials, response elements,
and computation, DNA nanotechnology presents a foundation
to design nano- and microscale materials systems for a wide
range of applications.
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Figure 4. Dynamic molecular nanosystems operating through DNA-mediated interactions. (a) Left: A DNA track network assembled on
a rectangular DNA origami substrate. Starting from position S1, a motor can navigate left (L) or right (R) at the junctions, based on the instruction
strands added, and reach the corresponding end positions on the other end. Selective displacement of blocking strands from junction stators
(colored crosses) opens just one path (colored circles). Right: Tracks decorated with excess motor visualized by atomic force microscopy.*® Scale
bar = 50 nm. (b) Schematic representation of the spatially localized “DNA domino” circuit architecture. A desired logic function (logic diagram on the
left, Inputs: A-F, Outputs: S,, S,) is (right: top) mapped onto the DNA origami scaffold and specific staple strands are modified with corresponding
hairpin components. (Right: bottom) A top-view representation of the corresponding localized circuit with the basic components: input (blue circles),
intermediate (yellow circles), output (red circles), and threshold (brown circles) hairpins.” (c) Left: Scheme of the pattern-transformation programs.
Note: P, positive image; N, negative image; Pe, positive edge; Ne, negative edge. The resultant two-channel output patterns are detectable through
green and red channels as represented in the scheme in green and red, respectively. Right: A total of 16 different two-channel output patterns
(1A-4D, corresponding pattern transformations for green and red channels shown on the matrix edges) were generated from the same input
pattern through 16 different pattern-transformation programs. Adapted with permission from Reference 73. © 2013 Macmillan Publishers Ltd.
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DNA-based computation

What sets DNA materials apart from other approaches to
engineering environmentally responsive or “programmable”
materials is the high complexity of the control circuits that
could potentially be integrated in such materials and that have
already been demonstrated in DNA computing. The idea of
DNA-based computation goes back at least to Adelman’s
pioneering work,* in which he exploited the specificity of
DNA hybridization to solve difficult computational problems.
However, to be competitive with electronics, unrealistically
large amounts of DNA would be required. This recognition
resulted in a shift in focus for DNA computing away from
general purpose computing toward biomedical® or materials
science applications®® where relatively small amounts of com-
putation could result in considerable improvement in environ-
ments that may not be compatible with electronics.

This second generation of DNA computing resulted in a
wide range of multi-input molecular circuits that realize, at the
molecular level, computing architectures from digital logic
circuits®® to analog circuits®” to neural networks.®® In these
approaches, both the circuit elements and inputs are diffusible
DNA strands or multistranded complexes that encounter each
other at random in solution and react with one another based
on the information encoded in their sequences. Once initiated,
computation proceeds autonomously and in a highly parallel
manner.® Because of the predictability of Watson—Crick base
pairing and because reactions can be tested in cell-free settings,
it has been possible to rapidly scale-up system complexity,
and, at least for now, DNA circuits constitute the largest
molecular circuits fully rationally designed by humanity.

Still, these circuits were not meant to be integrated with
DNA nanostructures or other smart materials. Reactions occur
in well-mixed settings rather than as coordinating components
of a structured nanomaterial, and computational components
were not connected materials. However, recent work that
exploits spatial organization as a lever for controlling how com-
putation occurs suggests a way forward toward the integration
of complex computational controllers with DNA materials.”
In this approach, logic gates or similar building blocks are
attached to a molecular scaffold (the material), and interactions
between elements are constrained to occur between adjacent
components (Figure 4b).”® From a computational perspec-
tive, such spatial organization has two clear advantages. First,
identical sequences can be used throughout the circuits, which
eliminate the sequence design problem. Second, reactions can
be orders of magnitude faster than for architectures with dif-
fusible components because of the high effective concentra-
tions.”! Most importantly, because computation already occurs
on the surface of a nanostructure, it is easy to imagine how
such circuitry could be used to imbue reconfigurable nano-
structures, which currently respond to a small number of sig-
nals, with complex embedded controllers.

Programmed reaction-diffusion patterns provide an intrigu-
ing alternative paradigm for bringing DNA-based embedded
control to materials science.” Because pattern formation is based
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on diffusible materials, it can occur within a matrix of other
materials that provide structural integrity to the target system
(Figure 4c¢).”™ This could reduce the cost and increase the
range of accessible materials characteristics compared to an
all-DNA material. Reaction-diffusion patterning is ubiquitous
in biology, and there are several examples of chemical systems
capable of pattern formation, most famously, the Belousov—
Zhabotinskii reaction, resulting in a nonlinear chemical
oscillator.”* However, such systems tend to lack the program-
mability required for creating precisely defined patterns and
materials. Engineered pattern formation using cell-free bio-
chemical systems, and in particular, DNA-only systems, pro-
vide an intriguing path toward self-patterning materials with
macroscopic extension and customizable properties.”

Conclusion

DNA nanostructures have been used as nanopores for sens-
ing or as masks for lithography. Marrying DNA nanostruc-
tures to biological or nonbiological materials has resulted
in hybrid materials with exciting properties. The other articles
in this issue provide detailed introductions to each aspect.
In spite of the many exciting studies demonstrated, DNA
nanotechnology remains a relatively young area whose poten-
tial needs to be fully explored by an increasing number of
scientists in materials research.
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