Holliday junction

A four-stranded cross-shaped
DNA structure (named after
British geneticist Robin
Holliday) that forms during
the process of genetic
recombination.

DNA nanotechnology

A branch of nanotechnology
concerned with the design,
study and application of
DNA-based synthetic
structures to take advantage
of the physical and chemical
properties of DNA.

DNA tiles

DNA structures that as building
blocks can be tiled into higher
order (usually periodic)
structures.

e-mail: fanchunhai @sjtu.
edu.cn; kvg@chem.au.dk;
lijiang@zjlab.org.cn;
chenxiang.lin@yale.edu;
na.liu@pi2.uni-stuttgart.de;
barbara.sacca@uni-due.de;
simmel@tum.de; hao.yan@
asu.edu
https://doi.org/10.1038
$43586-020-00009-8

M) Check for updates

DNA origami

Swarup Dey', Chunhai Fan
Longfei Liu
Friedrich C. Simmel

Biological materials of living cells are synthesized in a
bottom-up manner. The information encoded in bio-
molecules is exploited to guide their own self-assembly
and the hierarchical formation of larger complexes,
keeping near-atomic precision along sizes spanning
from nanometres to the macroscopic scale. By contrast,
in vitro manufacturing of complex 3D structures down
to the nanometre scale has usually lacked such precision
and controllability. In the 1980s, Seeman first proposed
the rational design of an immobile Holliday junction’,
which turned DNA into a nanoscale polymer extending
in two dimensions instead of simple 1D double helices.
This work signalled the debut of DNA nanotechnology,
which allows massively parallel synthesis of well-defined
nanostructures, with synthesis on a picomole-scale
generating 10'2 copies of a product. Since then, vari-
ous DNA nanostructures including double-crossover?,
triple-crossover?®, 4 x4 (REF.") and three-point star
structures® have been assembled using the junction of
multiple short single-stranded DNAs (ssDNAs). These
DNA tiles can be further assembled into periodic super-
structures including nanotubes, 2D lattices and 3D
structures including polyhedra, hydrogels and crystals®.

DNA origami technology, as a promising branch of
DNA nanotechnology, is an effective technique for
bottom-up fabrication of well-defined nanostructures
ranging from tens of nanometres to sub-micrometres.
DNA origami involves the folding of DNA to create
2D and 3D objects at the nanoscale. The concept of
DNA origami relies on folding a long ssDNA called
the scaffold (typically viral DNA ~7,000 nucleotides
long), with hundreds of designed short ssDNAs called
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Abstract | Biological materials are self-assembled with near-atomic precision in living cells,
whereas synthetic 3D structures generally lack such precision and controllability. Recently,

DNA nanotechnology, especially DNA origami technology, has been useful in the bottom-up
fabrication of well-defined nanostructures ranging from tens of nanometres to sub-micrometres.
In this Primer, we summarize the methodologies of DNA origami technology, including origami
design, synthesis, functionalization and characterization. We highlight applications of origami
structures in nanofabrication, nanophotonics and nanoelectronics, catalysis, computation,
molecular machines, bioimaging, drug delivery and biophysics. We identify challenges for the
field, including size limits, stability issues and the scale of production, and discuss their possible
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solutions. We further provide an outlook on next-generation DNA origami techniques that will
allow in vivo synthesis and multiscale manufacturing.

staples. Each staple has multiple binding domains that
bind and bring together otherwise distant regions of the
scaffold via crossover base pairing, folding the scaffold
in a manner analogous to knitting’ (FIG. 1A). The geom-
etries of the resulting structures can be programmed
with the staple sequences. This programmability enables
computer-aided design and universal synthesis proto-
cols® '’ that make DNA origami an easy to use technol-
ogy amenable to automated fabrication. Compared
with tile-based DNA assembly strategies, DNA origami
synthesis generally exhibits higher yield, robustness and
the ability to build complex non-periodic shapes, which
partially arises from the high cooperativity of multiple
scaffold-staple interactions during origami folding'""*.
Since the original demonstration of 2D patterns’ (FIC. 1B),
virtually any arbitrary shape can be synthesized, from
1D to 3D structures with user-defined asymmetry'*-"°,
cavities'®!” or curvatures'®' (FIC. 1C). More recent pro-
gress includes hierarchical assembly of supramolecu-
lar structures®~** (FIC. 1D), single-stranded origami**»**
(FIC. 1E) and dynamic structures®** (BOX 1; FIG. 1F).

A typical planar DNA origami structure contains
approximately 200 staples with unique sequences and
positions, which can serve as uniquely addressable points
in an area of 8,000-10,000 nm?* (REF.%). The global
addressability with nanometre resolution allows the
structures to serve as elaborate pegboards or frame-
works; by prescribing functional moieties on staples,
various types of material can be site-specifically placed
at specified locations on a DNA origami structure®”’.
These achievements have shown great promise in the
fabrication of structures enhanced by metal, silica, lipid
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DNA origami

A class of technologies for
building DNA nanostructures
by folding a long single-
stranded DNA (scaffold) into
desired shapes via base
pairing.

Scaffold

A long single-stranded

DNA serving as the major
component of a DNA origami
structure, which will be folded
into a defined shape.

Staples

Short single-stranded DNAs
that help fold the scaffold DNA
via crossover base pairing.

Addressable points

The locations of staple DNAs,
including their extensions or
modifications, on a DNA
origami structure. These points
can be prescribed as each
staple has a globally unique
base sequence (a unique
address).

Base stacking

A stacking arrangement of the
planes of nucleobases or base
pairs in the structure of nucleic
acids, leading to a strong n—mnt
interaction vertical to the
planes, which is a major force
that stabilizes DNA duplex
structures.

or polymer coatings***" and as nanosystems for nano-
photonic and nanoelectronic devices’~**. Dynamic DNA
origami structures can be rationally engineered on the
basis of structurally reconfigurable modules (FIC. 1F) that
use strand displacement reactions**, conformationally
switchable domains and base stacking components®,
enabling various applications such as target-responsive
biosensing and bioimaging®, smart drug delivery™*,
biomolecular computing'' and nanodevices allowing
external manipulation with light or other electromagnetic
fields*~*.

In this Primer, we summarize the methodolo-
gies of DNA origami technology, including origami
design, synthesis, functionalization and characteri-
zation (Experimentation and Results). We highlight
applications of origami structures in nanofabrication,
nanophotonics/nanoelectronics, catalysis, computation,
molecular machines, bioimaging, drug delivery and
biophysics (Applications). We provide caution for using
DNA origami with high reproducibility and reliability
(Reproducibility and data deposition). We identify chal-
lenges for the field, including size limits, stability issues
and the scale of production, and discuss their possi-
ble solutions (Limitations and optimizations). Finally,
we discuss next-generation DNA origami techniques
that will allow in vivo synthesis and manufacturing of
multiscale-ordered materials (Outlook).

Experimentation

DNA origami objects with a rich diversity in dimension,
geometry and shape have been produced, ranging from
single layers to multilayers”' as well as from flexible
wireframes to rigid polyhedra'>'>*>. A typical experi-
mental process for fabricating DNA origami is illustrated
inFIG. 2.

Design. The basic principle of DNA origami design
is to translate the desired final shape into the folding
route of a given scaffold and generate corresponding
staple sequences that can fulfil the folding. TABLE 1
presents a comparative summary of the different soft-
ware developed for designing DNA origami structures.

The first-generation (1G) DNA origami design tools
(for example, caDNAno®) were developed for designing
various 2D and 3D origami structures. Detailed insights
into designing origami by 1G software have been cov-
ered extensively elsewhere'® and can also be found in
the references cited in TABLE 1. caDNAno remains the
most mature and routinely used software for designing
DNA origami® (FIC. 2a). Other software such as Tiamat,
SARSE-DNA, Nanoengineer-1, Hex-tiles, GIDEON,
K-router and so on have also been used for DNA ori-
gami designs. These 1G design software require manual
scaffold routing, and manual — or semi-automated, in
the case of caDNAno — scaffold and staple crossover
creation, requiring extensive expertise on this structure
type and more technical knowledge for design of
DNA origami.

Second-generation (2G) design software have been
developed to be more user-friendly and demand less
technical knowledge than their 1G counterparts. The
main advantage of using 2G software is the ability to
generate staple sequences in an automated fashion from
user-provided 3D designs. vHelix'® is the most widely
used software in this category and also contains an inte-
grated simulation platform that can predict the folding
of the designed structures in standard DNA origami
folding buffers. Other software such as DAEDALUS"
and TALOS® for 3D origami and vHelix-BSCOR*,
PERDIX* and METIS" for 2D origami are also availa-
ble. Other automated design tools such as MagicDNA*’
have been reported in preprints.

Recently, two new software have been reported
that enhance the capabilities of DNA origami design
by combining features from the 1G and 2G software.
ATHENA® integrates features of other existing 2G soft-
ware, specifically that of DAEDALUS, PERDIX, TALOS
and METIS. Adenita® is an open source platform that
combines almost all of the 1G and 2G design software
capabilities. It can design lattice-based wireframes, mul-
tilayered structures, free-form tiles and single-stranded
tiles. Adenita also contains an integrated simulation plat-
form to predict the stability of the designed structures in
buffer after their formation. ATHENA and, especially,
Adenita are currently the most versatile design software
available and they offer unprecedented user-friendly
interfaces. Being integrated with the commercial nano-
scale simulation software SAMSON, Adenita is the only
software that also accommodates other biomolecules
such as protein, lipid or drug molecules. This is expected
to improve origami manufacturing feasibility as well
as versatility of design for experts and non-experts
alike. We therefore label Adenita and ATHENA as
third-generation (3G) design software. One consider-
able drawback of 2G and 3G software is that they are
more recent and less widely tested across different labo-
ratories. FIGURE 2 presents a decision-making flow-
chart to choose the right design software for designing
DNA origami.

Screening many different origami designs thor-
oughly through experimental work can be challeng-
ing. It is therefore important to predict the folding of
designed origami computationally. All-atom molec-
ular dynamics simulation has been successfully used
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for characterizing the structural, mechanical and ionic
conductive properties of DNA origami in microscopic
detail at the DNA single base pair level>**. However,
owing to the substantial sizes of DNA origami struc-
tures and the microsecond to millisecond timescales of
complex events such as hybridization and dehybridiza-
tion, it is computationally too expensive to use conven-
tional all-atom molecular dynamics simulation packages
such as AMBER”, NAMD"**” and GROMACS** for
DNA origami structure predictions. Web server-based
coarse-graining packages such as CanDo* and COSM™
offer prediction of mechanical strain in designed ori-
gami structures that help minimize undesired folding in
the assembly. A more comprehensive web server-based
package, oxDNA®-“ offers the most versatile and prac-
tical approach in terms of ease of usage and features.
0xDNA.org is as an entirely web-based application that
uses rigid-body simulation to predict more advanced
structural features such as the root mean square fluc-
tuation structure, average hydrogen-bond occupancy,
distance between user-specified nucleotides and angle

A aples Folding

between each duplex in the nanostructure. oxView, the
graphical user interface of 0xXDNA, also offers de novo
design of DNA nanostructures that is particularly use-
ful when manipulating previously published designs for
specific applications based on 0oxDNA simulations. The
recently reported MrDNA®, which can perform all-atom
molecular dynamics simulation within 30 min, offers the
highest resolution as well as the fastest speed compared
with other simulation packages such as oxDNA. The
bottleneck for using MrDNA, however, is the require-
ment for parallel computing such as a CUDA-enabled
graphical processing unit in a supercomputing cluster
to run simulations, which is resource-intensive and
needs significant coding knowledge. The choice of
appropriate simulation packages is often determined
based on the target applications and availability of
resources®~*,

Assembly. The choice of the scaffold to use for DNA ori-
gami is determined by the size and complexity of the
desired structure. The most commonly used scaffold

DNA origami nanostructure
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Fig. 1| DNA origami technology. A | Principle of classic DNA origami. A long single-stranded scaffold DNA is annealed
with multiple short staples (blue). The staples can bring together distant regions of the scaffold via base pairing (pairing
sequences are marked red, orange, green and blue, for example), resulting in a prescribed shape. B | Representative 2D
planar DNA origami shapes’. C | 3D nanostructures depicting a honeycomb lattice'’ (part Ca), a structure with complex
curvature® (part Cb) and a wireframe structure with arbitrary shape' (part Cc). D | Superstructures hierarchically

assembled from multiple DNA origami structures”. E | Single-stranded DNA/RNA origami”*. The rainbow gradient

represents the folding route starting from the 5" and 3’ ends (red) to the middle of the strand (purple). F,G | Examples of

dynamic DNA origami nanostructures: a DNA origami box* whose lid is initially locked by two DNA duplexes and can be
opened via strand displacement by oligonucleotide keys (blue and orange lines, lock and key strands; pink and green stars,
fluorescent emission from Cy5 and Cy3 labelling; red circle, Cy5 lost emission) (part F); and a dynamic nanodevice?
switchable between two conformations (open and closed) upon the competition between base stacking (arising from the
complement of blue and orange domains) and electrostatic repulsion, which is responsive to the change in temperature
and/or Mg** concentration (part G). Part B adapted from REF’, Springer Nature Limited. Part Ca adapted from REF."/,
Springer Nature Limited. Part Cb adapted with permission from REF.'?, AAAS. Part Cc adapted from REF."*, Springer Nature
Limited. Part D adapted from REF.°, Springer Nature Limited. Part E adapted from REF.**, AAAS. Part F adapted from REF.%,
Springer Nature Limited. Part G adapted with permission from REF.%, AAAS.
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Box 1 | Timeline of representative advances in the field of DNA origami

2006

* The invention of DNA origami’

2009

* 3D DNA origami with twists and
curvatures'’'®

* Configurable DNA box*’

* Placement of DNA origami on
lithographic patterns'*®

* Alignment of carbon nanotubes with
DNA origami?’

¢ Single-molecule super-resolution
imaging’*’

2010

* Walkers on DNA origami'’®

* Single-molecule reactions on DNA

origami*®”

2011
e 2D crystalline arrays’’

* 3D structures with complex curvatures*®

2016
* Top-down automatic design*’

* Precise placement of DNA origami
for hybrid nanodevice'**

* Diamond family of nanoparticle
superlattices'”

* DNA-templated liposomes?**

* Forcemeters’”>**

2017

* Protein-DNA origami**®

e Large single-stranded DNA and RNA
origami”’

* Supersized structures formed by DNA

origami’®*!

* Mass production of DNA origami*®*
 Plasmonic waveguide'*

e Cargo-sorting DNA robot**
2018

* Biomineralization of DNA origami**

2012

* 3D DNA origami crystals®’

* The concept of framework nucleic

e Chiral plasmonic nanostructures'® acids?’

¢ Synthetic lipid membrane channels

* Responsive logic-gated nanorobot for arms
184

smart delivery

2014
* RNA origami**
* DNA moulds*®

2015

* Non-canonical assembly via shape

complement®®

* 3D modelling with polyhedral meshes*

* Routing conjugated polymers

= e Electric field-driven nanoscale robotic

110
¢ Intelligent cancer therapy and renal
therapy*'*

2019
* Enzyme-driven DNA origami rotors***
¢ Single-molecule DNA navigator®

* Free-style metallization**'*%

2020

¢ Single-molecule analysis of

R biomolecular interactions?!>#8:309:310

is the m13mp18 viral genome 7,249 nucleotides long
isolated from the M13 phage. Other typical scaffolds
include p7308, p7560 and p8064, also derived from
M13, which provide alternative scaffold lengths and
sequences. These scaffolds can be purchased from com-
panies, such as New England Biolabs, Guild Biosciences,
Tilibit Nanosystems, Integrated DNA Technologies
(IDT) and so on, or custom-made using asymmetrical
PCR®, using enzymatic single-strand digestion of PCR-
amplified double-stranded DNA (dsDNA)® or by puri-
fying phage-derived single-stranded genomic DNA®<’,
Custom scaffold sequences can provide better control
of the overall size of the final object. However, scaffolds
derived from phages require inclusion of multi-kilobase
DNA sequences that cannot be altered or removed, con-
straining design possibilities. Breaking away from the
M13 genome in terms of production of scaffolds with
custom size (short and long) and sequence could provide
more design possibilities and enhance development of
the DNA origami method®. Clearly, the size of a sin-
gle DNA origami structure is limited by the length of
the scaffold used for folding. Efforts in scaling up the

dimensions of origami units include the use of longer
single-stranded scaffolds®*®>” or the application of
short scaffold-parity strands®. This strategy uses a set
of randomly generated sequences typically 42 nucleo-
tides long that are complementary to segments of staples
extending from the origami shape and partially hybrid-
ized to the scaffold. In this way, additional helical layers
can be bound to the scaffold-related origami structure,
eventually enlarging its dimensions. After exporting
the sequences of the designed staples from the software
as .csv or .txt files, the staple strands are mainly pur-
chased in the form of synthesized oligonucleotides in
96-well plates (from, for example, IDT or ThermoFisher
Scientific).

Given that the stability of DNA base pairing is sensi-
tive to cation concentration, the yield of DNA origami
structures in terms of the fraction of correct structures
is highly dependent on cation concentration. Most pro-
tocols for the assembly of DNA origami involve pH 8
Tris—acetate—-EDTA (TAE) buffers with different con-
centrations (5-20 mM) of Mg** (MgCl,). The optimal
concentration of Mg** varies with the complexity of the
DNA origami structures. The most commonly used
buffer contains 12.5mM Mg*". Higher concentrations
(16.5-20mM) are used for 3D structures, where higher
base pairing stability is desired to maintain highly
folded conformations, whereas lower concentrations
(5-10mM) are used for wireframe origami or tiles. In
addition, many wireframe or closely packed origami
structures can be folded with higher concentrations of
other cations (such as Na*) instead of magnesium””’".
However, DNA origami structures synthesized in buffers
with high Mg?* concentrations may become structurally
unstable when transferred into low-salt solutions™.

DNA origami structures are folded via one-pot
self-assembly””*>7*. TABLE 2 presents the best practices
for working with the reagents necessary to create DNA
origami. In general, to reduce non-specific aggregates,
the concentration of staple strands is 10-20x higher
than the concentration of scaffold strands. For dynamic
DNA structures, the staples involved in dynamic recon-
figuration are often purified by denaturing PAGE to
ensure 100% incorporation of these important staples
into the desired location in the structure. The staple to
scaffold ratio for these staples is generally set as 1.5-2
(REF.”®) to preferentially promote intramolecular over
intermolecular interactions and should be optimized
depending on the desired dynamic function. The mix-
ture undergoes a thermal annealing process, in which
it is heated to near boiling for a short time and then
gradually cooled to allow spontaneous self-assembly of
DNA origami”'"'>”. The specific annealing procedure
depends on the complexity of the DNA origami — small
wireframe structures and 2D origami need a few hours,
whereas multilayer 3D structures may require several
days because the high degree of folding is less thermo-
dynamically favoured. In addition, stepwise assembly
may be involved for creation of structures integrated with
other functional materials, or hierarchical structures as
discussed below”. The ability to fold complex DNA nano-
structures with 100% yield at a constant temperature
would be valuable™.
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Hierarchical assembly. The construction of hierarchical
assemblies made of origami units (also called super-
origami) was first proposed by Rothemund and mainly
based on canonical DNA hybridization’. Subsequent
work demonstrating sticky end-based assembly of

a DNA origami design

Yes Lattice-based

DNA origami tiles into 2D lattices has expanded the
capacity to generate bottom-up pattern complexity”’,
whereas lipid bilayer-assisted self-assembly has offered
the possibility of fabricating supramolecular architec-
tures in a micrometre space’”. Recently, novel methods
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Fig. 2 | General principle of DNA origami design and assembly. a| DNA
origami structures are usually designed using the software shown in the
decision-making flow chart. The coloured boxes (grey, blue and green,
design tools of the first (1G), second (2C) and third (3G) generation,
respectively) represent the software that are best suitable for a given task.
b Staple strands are usually purchased commercially and stored in 96-well
plates. Single-stranded viral DNA (usually from M13 bacteriophage) is
typically used as a scaffold for DNA origami structures. ¢ | The M13 scaffold
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mixed with staple strands (with a large excess) is assembled through thermal
annealing in a saline buffer solution (typically with 12.5mM Mg?*).d | The
structures are usually purified using agarose gel electrophoresis, with
the excision of DNA bands from the gel and purification of the structure.
e | Characterization is mainly done using atomic force microscopy (AFM),
which observes 2D and single-layer origami structures, or transmission
electron microscopy (TEM) to characterize 3D origami structures and
multilayer structures.
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Table 1| Comparison between different DNA origami design software

Software

Ability

First-generation design software

caDNAno®

Tiamat?*°

SARSE-DNA™

oxView

Hex-Tiles***

Lattice-based
(honeycomb or square)
scaffolded DNA origami
design

DNA nanostructure
design without lattice or
scaffold limitations

Lattice-based DNA
origami design

Web-based design
platform designed for
oxDNA

Triangulated wireframe
SST structures

Second-generation design software

vHelix"

DAEDALUS*

TALOS®

Automated design of
scaffolded 3D DNA
origami with single-dual
duplex edges

Automated design for
scaffolded 3D DNA
origami with dual duplex
edges

Automated design for
scaffolded 3D DNA
origami with honeycomb
six-helix edges

Third-generation design software

ATHENA®!

Integrated platform
incorporating features
of DAEDALUS, PERDIX,
TALOS and METIS

Advantages

Simplest user interface among all
first-generation design software

Semi-manual inter-helix crossover creation
Most widely used

Strong community and developer support

Versatile

Suitable for almost any structure, ranging from
wireframes to single-stranded tiles, DNA crystal
motifs, etc.

Parallel, non-parallel and branched helix designs
3D workspace with single-base resolution
Easy downstream design modifications

Custom sequence generator with options to vary
G-C%, unique sequence limit, G-repetition, etc.
that can be used for other applications as well

Very similar to caDNAno

Option to export as all-atom PDB format for
molecular dynamics simulations

Completely web-based, hence minimal system
requirements

Very strong community support

Additional option for coarse-grained molecular
dynamics simulations with oxDNA

SST-wireframe design

Custom arrangement of sequences in 96-well
plates according to experimental convenience

Reusage of existing strands

Automated design of complex 3D structures
from user-drawn polygonal meshes

No parallel helix required

Only design platform with in-built relaxation
algorithms to predict the folding of complex
polyhedral structures

The minimum use of DNA is ensured

Cost-effective and low-salt stable structures

Fully automated design without limitation to
spherical topologies

Less material consuming wireframe designs
ensure cost-effective and low-salt stable
structures

Automated design of mechanically stiff
structures

Control over distribution of staple lengths

An integrated platform containing features of
all second-generation software for wireframe
origami design, hence 2D or 3D, more rigid

or less rigid — any type of wireframes can be
generated using a single software

Can be integrated with caDNAno for custom
sequence editing

Disadvantages

Difficult to design 3D structures owing to the lack of a
3D interface with single-base resolution

Difficulty of downstream design modification, for
example single-stranded staple overhangs

Not suitable for non-parallel helix based-structures
such as 3D wireframes, single-stranded tiles, etc.

Manual creations of crossovers
Prerequisite knowledge required

Less widely applied than caDNAno, when simple
designs are needed

Only Windows version, no macOS version available

Weak community support

No parallel helix based-structures such as wireframes,
single-stranded tiles, etc.

Very similar to caDNAno for scaffolded origami designs

Not suitable to design large and complex structures
such as wireframe or multilayered origami from
scratch

Web-based, hence requires to be operated online
Offline mode is still in beta testing
Limited to SST structures

Not used widely in the community

Polygonal wireframe structures must be topologically
equivalent to a sphere, hence not suitable for simpler
1D, 2D structures or more complex 3D structures

Rely on Autodesk Maya or other 3D design software
to create the mesh design

Different interface requirements for design, relaxation
and sequence generation

Relatively new, less widely tested across laboratories
than caDNAno and Tiamat

No graphical user interface, requires MATLAB to run

No integrated relaxation algorithms to predict
structure folding

Each arm must contain at least two helices, hence
more material-intensive than vHelix

Edges must be multiples of 10.5bp

Material-intensive and incompatible with low-salt,
physiological buffers

Still not widely tested across laboratories

Minimum number of helices per arm is still two, hence
material-intensive
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Table 1 Cont.| Comparison between different DNA origami design software

Software Ability

Advantages

Third-generation design software (cont.)

Adenita’*? =

Most versatile software to date for DNA origami

design

Contains almost all features of all first and
second-generation software

Only software that can accommodate

Disadvantages

Still not widely tested across laboratories

The 3D wireframe design still uses the DAEDALUS
algorithm, hence each arm of the wireframe
structure contains at least two helices, making it
material-intensive

biomolecules other than DNA within the design

Very user-friendly GUl integrated with the
SAMSON commercial nanoscale simulation
software

Options to import part of previously published

structures to build on

Option to predict folding by in-built molecular

dynamics simulation tool makes it useful

have emerged for the predictable self-organization
of origami shapes, making those structures excellent
components for ordered assemblies of micrometre
dimensions®?"**74%-%2 DNA origami structures exploit
stacking®', a kind of nucleobase interaction that takes
advantage of the dense set of blunt ends at the edges
of the structures. Such bases can establish base stack-
ing interactions with exposed terminal bases at the
boundaries of a different origami unit. The binding
force between origami components can therefore be
manipulated by the suitable choice of the number and
base sequence of the edge-staples to promote geometric
matching for maximal surface contact between facing
edges. In other words, shape complementarity emerges
as an additional factor for controlling the hierarchical
assembly of DNA origami architectures*#%,

Purification. Purification and enrichment are crucial
steps to use DNA origami structures for optical/electronic
and biochemical/biomedical applications, especially
when the structures require site-specific functionaliza-
tion. The quality and purity of DNA origami structures
can be assessed with agarose gel electrophoresis owing
to the difference in gel migration rates'” between cor-
rect products and by-products. A detailed overview of
the purification methods has been covered elsewhere*®
and is beyond the scope of this Primer. Commonly used
purification methods include gel purification®, ultrafil-
tration®, polyethylene glycol (PEG) precipitation®, ultra-
centrifugation® and size-exclusion chromatography*c.
Depending on the application, the optimal purification
method should be chosen by comparing quantitative
(yield, duration) and qualitative (volume limitation,
dilution, residuals, damage) measures”. For example,
PEG precipitation promotes a high yield of the target
species but also introduces residual PEG molecules; filter
purification with molecular weight cut-off membranes
provides residual-free separation but is limited in vol-
ume and may lead to non-specific aggregation in some
cases; and gel purification is suitable for bandpass molec-
ular weight separation, for example to separate modified
DNA origami structures and the unbound moieties,
but its yield is low and this method generally introduces
agarose and ethidium bromide contaminants (FIG. 2d).

Results

In this section, we provide typical characterization
data of DNA origami assemblies using ensemble and
single-molecule techniques (TABLE 3). These techniques
can inform users about the self-assembly process by
providing information such as the yield and correct
formation of the target structure, and the fraction of
side products present, including high-molecular weight
aggregates and misfolded and partially assembled
intermediates.

Ensemble characterization. The first piece of informa-
tion needed on the self-assembly process is whether it
succeeded and to what extent. To this end, the assembly
mixture is analysed with ensemble methods such as gel
electrophoresis, UV-visible and fluorescence spectros-
copy, and circular dichroism. These techniques provide
the average chemical or physical characteristics of the
bulk of the molecules in solution, as they are able to
discern between groups of molecules with similar prop-
erties but unable to pick out individual molecules. The
outcome of the assembly reaction is examined in terms
of populations of end products whose molecular details
are unknown.

Gel electrophoresis is the method of choice to assess
self-assembly performance'”*”*’¢. Upon application of
an electric field, DNA molecules migrate along a poly-
mer gel matrix according to their size, charge and shape,
enabling the separation of multimers of different orders
as well as misfolded and/or partially assembled inter-
mediates (FIC. 3a). DNA is then visualized by staining
the gel with an intercalating UV-fluorescent dye, and
products are quantified using fluorescence gel scan-
ners and modern software tools. Alternatively, identi-
fication and isolation of the product of interest can be
done using fluorescent dyes®. These are incorporated
into the DNA nanostructure, substituting selected sta-
ple strands of the origami assembly mixture with their
fluorescently modified analogues, commercially avail-
able in different forms at an affordable price. When
combined, gel electrophoresis and fluorescent probes
can be used to check the extent of staple incorpora-
tion and hybridization defects®. Besides their use as
markers, photoactive compounds capable of Forster
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Table 2 | Best practices for working with the reagents necessary to create DNA origami*®7+2

Keep the unused scaffold part no bigger than 100-200 nucleotides at one end of the desired structure

Component Best practices

Scaffold When designing an origami structure, consume as much scaffold as possible
Keep scaffold frozen at—20 or —80 °C as small aliquots
Avoid frequent freeze-thaw

Staples Order in 96-well plates

Store plates at 4 °C for short-term storage, —20 or —-80 °C for long-term storage

Avoid frequent freeze—thaw

Purify important staples by denaturing PAGE or high-performance liquid chromatography, ensuring
perfect incorporation of the strands into the origami

Order modified staples separately from normal unmodified staples, making it convenient to anneal

the structures

Staple mixes can be created for different parts of the origami for frequent annealing, avoiding the
need to repeatedly freeze—thaw the source plates

Folding buffer  Use freshly prepared buffers

For buffers to be used for sensitive microscopic techniques such as atomic force microscopy or
transmission electron microscopy, filter the buffers using syringe filters and store them in glass vials,

which avoids leaching of plastic fibres

resonance energy transfer (FRET) can be employed to
monitor dynamic processes of structural reconfiguration
in real time'>**-°? (FIG. 3b—d). Indeed, as the number and
distance among the fluorophores in the final construct
are fully predictable, any structural transformation that
implies a change in their spatial configuration can be
monitored and quantified by FRET spectroscopy, allow-
ing, for example, insights into the thermodynamics of
the self-assembly process or the kinetics of isothermal
transformations®.

Less commonly, UV-visible and circular dichroism
spectroscopy have also been used to characterize ensem-
ble optical properties of DNA assemblies modified with
metal nanoparticles. UV-visible spectroscopy has been
used to measure DNA concentration-dependent prop-
erties’, whereas circular dichroism spectroscopy has
typically been employed to identify the chiral signature
of the final compound®.

In general, ensemble techniques are valuable tools to
gather a global picture of the assembly process, where
their focus is to quantify the fraction of the target struc-
ture obtained compared with the side products through
the characterization of an average chemical-physical
property of interest. Their major limitation is a lack of
sufficient spatial-temporal detail. For such purpose,
single-molecule techniques are instead preferable.

Single-molecule characterization. The main feature of a
DNA origami structure is to provide a molecular surface
where desired chemical species can be positioned at pre-
dictable nanometre distances. As each nucleobase of the
DNA object can be chemically functionalized, this would
in principle enable the positioning of two distinct mol-
ecules along two consecutive bases on the same helix,
resulting in a spacing of only 0.34 nm along the helical
axis. In practice, point modifications are separated by
at least one and a half helical turns (ca. 5.4 nm) to allow
easier identification with standard single-molecule tech-
niques (although recent developments enable reaching

sub-5-nm resolution). Both force and optical-based
methods have been employed to characterize the struc-
ture and function of DNA origami objects”, such as
atomic force microscopy (AFM), transmission electron
microscopy (TEM), cryo-EM, single-molecule fluores-
cence microscopy and, more recently, single-molecule
force measurements.

The very beginning of the DNA origami era was
associated with eye-catching AFM images that clearly
demonstrated the success of the method and spurred on
further research’ (FIC. 3¢). By sensing the intermolecular
forces occurring between the tip and the sample, AFM
provides the height profile of the specimen deposited on
an atomically flat surface — its detailed topographical
map — with a lateral resolution of 1-2 nm. The capa-
bility of this technique to reveal fine structural features
has recently been employed to better understand the
folding pathway of planar DNA origami structures by
providing accurate wide-field images of hierarchically
self-assembled constructions!**»?*-1% (F|G. 3f). Modern
AFM instruments also combine high spatial resolution
with a temporal resolution of seconds to sub-seconds”,
sufficient to monitor topological changes in single
molecules'”’ (FIC. 3g) or DNA processing events in real
time'*>'**, Although AFM is a powerful tool to character-
ize 1D and 2D structures, it may not be suitable for the
imaging of 3D or multilayer DNA origami because
the deformation caused by the AFM tip during scanning
makes it difficult to obtain the complete topography of
surface features in low-rigidity structures.

For the characterization of 3D DNA objects, TEM
and cryo-EM are preferred instead. Uranyl formate or
other uranyl salts are commonly used to produce nega-
tive stain contrast in TEM micrographs because they are
excluded from the densely packed DNA structures. The
result is a bright and fine-grained image of the specimen
on a dark background. Image processing (for example,
using EMAN?2 software) can be used to assess the hetero-
geneity of DNA origami, identify structural flaws and
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reconstruct 3D models from TEM images of a single
structure.

The first TEM images of 3D DNA origami struc-
tures showed the suitability of this technique to reveal
the successful formation of the intended space-filled
architectures'”' (FIG. 3h). However, the high vacuum and
dehydration conditions associated with TEM imaging

may result in flattening and distortion of structures
that display inner cavities. In such instances, electron
microscopy imaging in fully hydrated cryogenic con-
ditions is preferred, as it ensures structure preservation
and enables observation of the macromolecule in the
close to native state in solution. Using cryo-EM, the first
pseudo-atomic model of a 3D DNA object was obtained

Table 3 | Comparison of different structural analysis methods and best practices

Method

Gel electrophoresis

Fluorescence
spectroscopy

AFM

Transmission
electron
microscopy

Single-molecule
force measurements

Advantages

Much simpler and resource-friendly
compared with microscopic
methods

Provides bulk estimation about
the yield of structure formation,
its purity and reconfiguration

Allows extraction of the desired
sample population

Highly sensitive

Provides distance-dependent
information when applied to FRET
fluorophore pairs

Can be used to monitor dynamic
events in real time

High fidelity
Lateral resolution up to ca. 1-2 nm
Imaging can be done in fluid or in air

Modified AFM tips can be used to
study the mechanical and elastic
properties of the DNA

High-speed AFM can probe
structural dynamics in real time

Best for 3D structures
Highest resolution

Can be coupled with particle
averaging methods to enhance
resolution

Especially suitable for metal
nanoparticle modified structures

Detects molecular forces with
piconewton resolution

Allows detection of rare

dynamic events (for example,
conformational changes, formation
and disruption of bond)

Disadvantages

Cannot provide in-depth
structuralinsights at the
single-molecule level

Requires fluorescent
modified strands
(expensive)

Structural information is
related to the local dye’s
environment

Unsuitable for 3D
or multilayer DNA
structures

Time-consuming

Negative staining
is cumbersome and
time-consuming

Difficult to obtain sample
height information

Structural deformation
due todrying

Highly specialized
technique

Might be cumbersome
for non-experts

Data analysis requires
good mathematical and
biophysical skills

AFM, atomic force microscopy; FRET, Forster resonance energy transfer.

Best practices

Casting and running gel buffers and sample buffer should
ideally be identical

Gels should run at 0-4 °C to prevent melting and sample
degradation

Running buffer should not contain more than 100mM
monovalent ions

Intercalating dyes tend to fall off after 2-3 h; if longer gel
running times are needed, either perform staining after gel
migration or use fluorescently labelled strands

Intercalating dyes should be avoided if the structure

will be gel-extracted for high-resolution studies; in this
case, visualization of the DNA by fluorescent labels or UV
shadowing is preferred

UV shadowing can be used to visualize unlabelled,
unstained complexes by placing the gel over a silica gel
bed where the DNA would look dark blue and the rest of
the gel would look green; the amount of DNA to be loaded
and the position of the band must be optimized by the user
depending on the structure and application

Fluorescently modified oligomers should be checked for
purity to ensure full incorporation of the desired dyes into
the structure

Accurately prepare control donor-only samples for reliable
quantification of the FRET effect

Cyanine, Alexa or Atto dyes are preferred over fluoresceine
or rhodamine dyes owing to their higher photostability and
wider choice of excitation/emission wavelengths

Nickel acetate can be used to fix the DNA sample on

the mica surface; the amount of Ni?* should be carefully
adjusted for origami type — smaller structures need higher
[Ni?*] to be immobilized on surfaces

Purified samples give best results

Use deionized water to get rid of salts when performing in
air

Tapping mode with SNL-10 or BL-AC40TS-C2 tips is
recommended

Use ScanAsyst mode for best imaging results

Transmission electron microscopy grid should be discharged
to enhance hydrophilicity

Before staining, add NaOH solution to adjust the pH of the
uranyl formate solution

EMANZ2 software can be used to assess the heterogeneity of
DNA origami

A dual optical tweezer is the preferred instrumental
configuration to measure structural changes of the trapped

DNA

Long (ca. 3,000 bp) tethers are recommended to trap the
sample

Use appropriate controls to understand the contributions to
the force—extension curve
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Fig. 3 | Representative examples of ensemble and single-molecule char-
acterizations of DNA origami structures. a| Agarose gel electrophoresis of
the self-assembly products obtained at increasing magnesium ion concen-
trations (from 0 to 32 mM)’°. b | Thermal-dependent Férster resonance energy
transfer (FRET) measurement of the assembly and disassembly of DNA ori-
gami microdomains (green and red dots indicate, respectively, a fluorescein
and a TAMRA molecule)®. ¢ | Ensemble FRET measurements of a closed DNA
box before (blue curve) and after (red curve) the addition of keys®. d | Kinetics
of lid opening monitored by the change in emission of the donor (red curve)
upon addition of key oligonucleotides (black arrow) or an unrelated oligo-
nucleotide (blue curve). Initial fluorescence was normalized to one.
Schematic of the process indicated in the right panel* (blue and orange lines,
lock and key strands; pink and green stars, fluorescent emission from Cy5 and
Cy3 labelling; red circle, Cy5 lost emission). e | First atomic force microscopy
(AFM) images of quasi-planar DNA origami structures’. Scale bar is 100 nm.
f| AFM imaging of hierarchical DNA assemblies decorated with bulky mol-
ecules at predictable positions (shown as white sections)’. Scale bar is 100 nm.
g Topological reconfiguration of G-quadruplex motifs imaged for 60s at 5-s
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intervals using fast-scanning AFM'°', Image size is 160nmx 160 nm. h | First
electron microscope characterization of a space-filled 3D DNA origami struc-
ture under different perspectives'’. Scale bars are 20 nm. i | DNA-based point
accumulation for imaging in nanoscale topography (DNA-PAINT) super-
resolution imaging of a DNA origami structure'® relies on the transient bind-
ing between a dye-conjugated imager strand (blue) and a docking strand
(at the centre of the structure). Schematics of a ‘Wyss!’ pattern on a DNA
origami surface with 5-nm pixel size (each green dot indicates a docking
strand) and resulting single-particle class average (n=85)°"". Scale bar is
10 nm. j| Coupled single-molecule force spectroscopy/optical measurements
of the stepping behaviour of myosin Vlwhen tethered to an optically trapped
DNA origami nanospring***. Part a adapted from REF.”%, CC BY 3.0 (http://
creativecommons.org/licenses/by/3.0). Part b adapted with permission from
REF.%2, ACS. Parts c and d adapted from REF.?°, Springer Nature Limited.
Parts e and f adapted from REF, Springer Nature Limited. Part g adapted with
permission from REF.'%*, ACS. Part h adapted from REF.", Springer Nature
Limited. Part i adapted from REF.*%%, Springer Nature Limited. Part j adapted
from REF.'**, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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with an overall resolution of 11.5 A, confirming the
formation of a structure with the expected topology'*.
Although the structural information gathered by raw
individual electron microscopy images is relatively low,
acquiring large sets of individual particle images and
processing them semi-automatically using sophisticated
post-imaging software tools results in a dramatic increase
of the signal to noise ratio and, in most cases, leads to
full reconstruction of the 3D structure with near-atomic
resolution. TEM provides images of the specimen with
a wide field of view and has successfully been used to
characterize the formation of micrometre-large DNA
origami hierarchical assemblies obtained by base stack-
ing, guided hybridization or a combination of both”**,
Finally, although TEM has a lower time resolution, it
can still be used to distinguish changes in structurally
distinct states upon environmental changes in pH, salt
concentration or temperature, and has revealed the
triggered dynamics of molecular machines®.

Fluorescence-based techniques provide an indirect
characterization of local molecular events occurring near
dye molecules that are attached to the DNA surface using
various bioconjugation methods. As the DNA objects
are typically smaller than the diffraction limit of light
(ca. 200nm), their resolution by ordinary fluorescence
imaging is limited. This has changed with the advent of
single-molecule FRET and super-resolution microscopy.
Whereas FRET relies on the distance-dependent energy
transfer between a donor and an acceptor photoactive
probe, the basic principle behind super-resolution imag-
ing is the consecutive switching of fluorescent molecules
between an ‘o’ and ‘off” state. Stochastic reconstruction
methods, such as point accumulation for imaging in
nanoscale topography (PAINT)®”'%, have been com-
bined with the transient binding of short fluorescent
DNA strands (DNA-PAINT) for the direct observa-
tion of dynamic events on DNA origami scaffolds'**'”
(FIG. 3i). In general, single-molecule fluorescence tech-
niques have been successfully implemented to describe
local dynamic events and quantify distance-dependent
molecular interactions, conformational dynamics and
kinetics of diffusion processes'*-'"".

Finally, although still limited in its use, single-
molecule force spectroscopy based on optical tweezers
is a promising application. This technically challeng-
ing method has already been employed to observe the
unzipping of small DNA origami domains™''>'"* and
the kinetics of G-quadruplex unfolding within a DNA
origami cavity''. Particularly when in combination with
optical methods'", this method promises to be an essen-
tial tool for the investigation of dynamic events at the
single-molecule level (FIC. 3)).

Applications

With proper chemical modification at specific loca-
tions, DNA origami structures provide a versatile
engineering platform where nanoscale entities — from
small-molecule dyes to massive protein complexes, inor-
ganic nanowires and 3D liposomes — can be manip-
ulated in a highly programmable manner. Prominent
examples include nanomaterial fabrication that relies
on precise control of molecular placement, as well
as the study of biological processes resulting from
well-organized molecular assemblies. In this section,
we review selected DNA origami-based applications in
materials science, physics, engineering and biology, with
the hope that these developments of the past decade may
offer a sneak peek into the technology’s future impact.

Nanofabrication. Owing to their highly customizable
geometric properties, such as size and shape, and their
nanometre resolution, DNA origami structures have
been used as templates or frameworks for the assem-
bly or synthesis of diverse materials with nanometre
precision. They have shown great promise in the nano-
fabrication of inorganic (metallic or non-metallic), poly-
meric and biomolecular assemblies and patterns, with
enhanced structural stability and/or desired physico-
chemical properties®*”’*!'. Importantly, DNA origami-
based approaches allow massive parallel fabrication (for
example, 10" copies of products in a single operation)®
either in solution or on a surface.

A representative nanofabrication approach (FIC. 4a)
employs DNA origami templates with site-specific
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anchors (typically the staples or their appendices) to
attach other prefabricated nanomaterials via user-
defined specific interactions. This approach generates
a highly programmable arrangement of atomic-scale
discrete nanostructures such as nanoassemblies in
solution (colloids) or on a surface (patterns), metal and
semiconductor nanoparticle assemblies with prescribed
heterogeneity, anisotropy and/or chirality'"’~'*!, and car-
bon nanotubes with defined alignments™'*»'*. Further
packing or assembly can then generate higher ordered
2D patterns'** or 3D superlattices'*>'®, In addition, the
programmable reconfigurability of DNA origami allows
nanoassemblies to be dynamically rearranged and cre-
ates tuneable physicochemical properties responsive to
environmental stimuli*>"?*'¥".

During in-situ synthesis (FIC. 4b), precursors in solu-
tion (for example, metal ions, silicification precursors
or lipid molecules) adsorb/react/deposit on DNA ori-
gami templates with or without prescribed nucleation
sites'”*"¥> and generate continuous architectures shaped
by the morphologies of the templates or their cavi-
ties'®"**. This approach promotes nanoarchitectures with
almost arbitrary, user-defined geometries in solution or
ona SurfaceZS,l 31,]}2,13‘1.

DNA origami structures and their derivatives have
also been employed as masks or stamps for nanoli-
thography (FIG. 4c), enabling high-fidelity transfer of
prescribed 2D nanoscale patterns onto other 2D or 3D
materials*'*>"¥’. In this way, the size and shape of 2D
nanomaterials such as graphene can be precisely tai-
lored for the fabrication of diverse electronic devices
with nanometre resolution. In addition, the combination
of traditional lithography and DNA origami-enabled
site-specific assembly has facilitated large areas of spa-
tially ordered arrays of functional nanoparticles and
molecules on surfaces'**™'*.

Nanophotonics and nanoelectronics. Attractive optical
and electronic properties arise from structural features
with dimensions below the electromagnetic wavelengths
(typically <100 nm). However, precise sculpting of mate-
rials at that scale is challenging. DNA origami-templated
nanostructures with high structural programmability at
the nanometre level allow tailorable optical or electronic
properties, including tuneable conductivity, plasmon
coupling, Fano resonances and plasmonic chirality, and
hold great promise for applications in nanophotonics
and nanoelectronics®'*".

Owing to localized surface plasmon resonance, the
photonic properties of complex metal nanostructures
composed of multiple nanoparticles are dependent
on particle size, shape and the interparticle spacing
and configuration. Rigid DNA origami templates ena-
ble precise arrangement of heterogeneous plasmonic
nanoparticles, such as the coupling of large-size AuNP
and AgNP (>40nm)'*, as well as small interparticle
spaces (for example, sub-5nm) with little variability'*.
This leads to prominent and predictable plasmon
coupling and Fano resonances'** suitable for studying
nanoplasmonic effects. A DNA origami-templated
multi-particle plasmon coupling chain showed ultra-fast
and low-dissipation energy transfer, exemplifying a new

route to plasmonic waveguides'**'**. In addition, DNA
origami-based nanofabrication enables complex asym-
metrical plasmonic nanoparticle assemblies**!!¢120-146-152
with structural chirality and strong plasmon coupling.
These properties interact differently with left and right
circularly polarized light, leading to pronounced circular
dichroism in the visible spectrum (FIC. 5a).

By organizing multiple chromophores/fluorophores
with distinct spectral properties, prescribed distances,
orientations and/or donor to acceptor ratios, DNA ori-
gami platforms enable efficient light-harvesting anten-
nas and photonic wires with long-range directional
energy transfer’**>>'>* Precise positioning of Raman
chromophores or fluorophores between plasmonic nano-
particles can generate quantitative surface-enhanced
Raman spectroscopic'*>'* or fluorescence spectro-
scopic responses'*®'*” (FIC. 5b), which provide prom-
ising materials for single-molecule sensing when
coupled to target-specific ligands and trigger-responsive
dynamic DNA self-assemblies. Precise placement of
fluorophore-labelled DNA origami onto lithographically
patterned photonic crystal cavities allows engineering of
their coupling and thereby digitally controllable cavity
emission intensity'* (FIC. 5¢).

Finally, DNA origami allows shaping and arrange-
ment of diverse materials with different conductive/
semiconductive/dielectric properties and provides a new
fabrication route for complex nanoelectronic modules
and devices, such as nanowires with tuneable conduc-
tivity'”, field-effect transistors based on spatially organ-
ized carbon nanotubes™'** (FIG. 5d) or DNA-templated
graphene nanoribbons® (FIC. 5e).

Catalysis. Biocatalytic transformations are central to
the production of metabolites, biomolecules and energy
conversion in living systems. In very early DNA nano-
technology considerations, Seeman envisioned DNA
structures with the potential to organize proteins in
spatially well-defined patterns for structural analysis'.
Today, we have realized that DNA nanostructures offer
an excellent platform for spatially organizing enzymes
owing to the unique addressability of DNA origami'*.
The hypothesis motivating spatial organization of
enzymes in reaction cascades is that the diffusion
of small-molecule substrates between enzymes is
proximity-dependent, and thereby the rate of the cas-
cade is also proximity-dependent. The most common
strategy for organizing enzymes (and proteins in gen-
eral) in DNA nanostructures is to conjugate an oligo-
nucleotide strand to each enzyme separately, by one of
the many available methods for protein-DNA conju-
gation''®. The DNA structure is designed with com-
plementary single-stranded domains extending from
the positions where the individual proteins in the cas-
cade will be located, and subsequent addition of the
DNA-protein conjugates attaches the conjugates to
the DNA structure in the desired positions by hybrid-
ization'*"-'**, The proximity hypothesis was challenged in
arecent study, which argued that the negatively charged
DNA structures to which the enzymes are anchored
alter the local pH in favour of catalytic processes'®. This
argument cannot account for all of the proximity effects
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observed experimentally, however, and uncertainty
about the proximity effect remains'®'¢°.

In the studies above, the enzymes are confined in
one or two dimensions. Another strategy is to confine
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Fig. 5| Application examples in nanophotonics and nanoelectronics,
catalysis, computation and molecular machines. a| Left and right-handed
AuNP nanohelices organized by DNA origami, which exhibit mirror
symmetrical circular dichroism signals at visible wavelengths'*®. b | Raman
dye molecules placed precisely in the gap among the AuNPs on DNA
origami, presenting single-molecule surface-enhanced Raman
spectroscopy'*. ¢| Engineering photonic crystal cavity emission via precision
placement of DNA origami'*, enabling the creation of an image with 65,536
pixels (Vincent van Gogh's painting The Starry Night). d,e | Schematic and
atomic force microscopy (AFM) images of vertically crossed carbon
nanotubes (coloured red and blue) arranged by DNA origami®*’ (part d) and
tailored graphene patterns resulted from nanolithography with metallized
DNA origami structures as masks** (part e), enabling field-effect transistor
application. f| An enzyme couple, glucose oxidase (GOx) and horseradish
peroxidase (HRP), encapsulated in the cavity of a DNA origami nanocage.
Their spatial proximity in the confined environment enable enhanced
cascaded catalytic activity'®. g | A cargo-sorting robot on DNA origami that

50 nm

can transport cargos (Cargol and Cargo2, marked with red or green solid
circles) to specified locations (Goall and Goal2, marked with red or green
hollow circles) via toehold (coloured arrows)-mediated strand displacement
reactions. The results visualized by AFM* show cargo transfer from the initial
locations (boxed) to the goal locations (circled). h | ADNA robotic arm driven
by an electric field''°. Upper to lower: side view, perspective view (with a
close-up showing the flexible joint) and top view of the robotic arm (blue
striped) that can rotate on the platform (grey striped). Part a adapted from
REF."*%, Springer Nature Limited. Part b modified from REF.'*%, Fang et al., Sci.
Adv. 2019;5: eaau4506. © The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. Distributed
under a CC BY-NC license. http://creativecommons.org/licenses/by-nc/4.0/.
Part c adapted from REF.**%, Springer Nature Limited. Part d adapted from
REF.*%, Springer Nature Limited. Part e adapted from REF.**, Springer Nature
Limited. Part f adapted from REF.%°, CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/). Part g adapted with permission from REF.*?, AAAS. Part h
adapted with permission from REF.', AAAS.
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Enzyme cascades

Groups of enzymes in which
the reaction product of one
enzyme is the substrate for
the next.

Abstraction

The translation of concrete
DNA reactions into abstracted
algorithms and instructions.
By this method, the complex
details are hidden from the
persons operating the
computing systems.

In vivo computation
Molecular computation
implemented in living
organisms, whose inputs/
outputs are often interfaced
with biological pathways/
functions.

DNA origami robot

A molecular machine made
by DNA origami that can
autonomously perform
specified task(s) with precise
motions at the nanoscale.

structures’”'%'% whereas other cases have demonstrated
encapsulation of enzyme couples (for example, glucose
oxidase and horseradish peroxidase)'**'**'”’, forming
enzyme cascades in DNA origami nanostructures such as
a flat origami sheet'®, an open-ended honeycomb-lattice
DNA origami tube'’’ and a closed honeycomb lattice
nanocage'” (FIG. 50). In all three cases, both significant
rate enhancement of the enzyme cascade and higher
enzyme stability were observed'”’.

Computation. DNA is an information-carrying molecule
with a high degree of thermodynamic and kinetic pro-
grammability because the rate of its toehold-mediated
strand displacement reactions can be tuned*>”’. Rational
sequence design thus enables the formulation of both
potential binding events in a DNA-based system and
when and in what order these events must occur. Owing
to these properties, DNA is a popular substrate for in vitro
signalling networks and molecular computation, starting
with Adleman’s implementation of the travelling sales-
man problem'”%. Rational sequence design — often the
last step in multiple layers of abstraction'”® — finalizes
the encoded algorithm and optimizes the emergent
physical behaviour of DNA-based circuits. This principle
of abstraction is also present in structural DNA nano-
technology. For instance, the CaDNAno design process is
mostly sequence-independent, as it happens on a higher
abstraction level. Compatible base sequences that allow
the design to be physically implemented are generated
only in the final step. The key distinction, however, is
that, instead of structural blueprints, the base sequences
in DNA computation encode algorithms — instructions
on the propagation of cause and effect through binding
events. This has resulted in the embedding of intricate
programs into mixtures of DNA molecules, such as
Winfree’s square-root calculator'”*. However, the scal-
ing and computation speed of these diffusive circuits is
limited by their lack of spatial organization'”".

DNA origami structures therefore provide a frame-
work for scaffolding, co-localizing and compartmen-
talizing circuit components'”®. Spatial organization
of DNA-based circuits through the use of origami
frameworks can be exploited to accelerate reaction
rates'’, modulate stochiometry'”, restrict or promote
specific pathways'”>'”® and outputs'’’, compartmental-
ize distinct functional modules (for example, sensing,
computation and actuation)'®, decrease computation
errors stemming from crosstalk and increase sequence
recyclability'’®. Furthermore, owing to improved
physiological stability over small ssDNA and dsDNA,
structural DNA nanotechnology could open doors for
in vivo computation, including the rewiring of cellular
signalling pathways*-'!.

Although localization mostly presents an optimiza-
tion strategy for deterministic circuits, it enables entirely
novel properties to emerge in systems that rely on sto-
chastic methods. For instance, a DNA origami robot was
designed that sorts unordered cargo into distinct piles,
the algorithm of which relies entirely on a random walk
and localized targets*’ (FIG. 5g). Similarly, random
walkers can be guided by their local landscape'*. In
another application, Chao et al. implemented a parallel

depth-first search algorithm to solve mazes on DNA ori-
gami sheets based on randomly searching DNA navi-
gators®. Other recent developments in DNA computing
seek to use structural reconfiguration or even the
assembly itself as a computational architecture'*'®.
Alternatively, the results from DNA-based combinatorial
selection can be localized on DNA origami structures,
thereby coupling unique structural patterns to specific
input signals'®. Such applications would not be possible
without spatial organization.

Molecular machines. The structural stability of DNA
origami relies mostly on Watson-Crick base pairing and
base stacking, both of which are reversible non-covalent
interactions. Such reversibility has been exploited as a
conscious design choice; for instance, a nanocontainer
that opens and closes has more applications than one that
only encapsulates”'®". Among other strategies, simply
leaving parts of the scaffold or staple strands as single
strands readily introduces flexible and reactive domains
into the origami structure, for example via toehold-
mediated strand displacement. The challenging aspect
is how to reliably navigate the resulting conformational
state expansion. Over the past decade, there has been an
influx of dynamic DNA origami devices that transition
between two or more (semi-)stable states'®”. Dynamic
DNA structures differ in the type of input trigger as well
as in the number of accessible states, their actuation speed
and whether transitions are reversible'*. One approach,
for example, is to use the intrinsic electric properties of
DNA, such as the negative charges on the DNA back-
bone'?, to fabricate an electrically controlled rotating arm
that reversibly explores a continuum of states with only
milliseconds of actuation time''*'**'% (FIG. 5h). Many of
these devices combine the rigidity of dsSDNA with flexible
single-stranded domains in order to achieve a dynamic
function. Alternatively, domains can be mechanically
interlocked to sterically direct their motion'". A major
goal for DNA nanotechnology is to create molecular
machinery and motors that do not just switch between
states upon sensing some external change but also are
progressively fuelled through a closed state path and gen-
erate change externally’”"'*>. This change can be in the
form of potential energy (for example, by establishing
new chemical bonds) or kinetic energy (for example, by
rupturing chemical bonds or by translocation). In order
to fabricate such machines, it will arguably be necessary to
integrate multiple simpler devices, in the same way as dif-
ferent functional parts are combined to create macroscale
machines'®. This includes expanding the chemical scope
beyond that of base pairing and stacking, for instance
through the inclusion of proteins. A recent study com-
bines RNase-based catalytic walkers with steric direction
of a DNA nanostructure, where the resulting system con-
verts potential energy from RNA-based fuel into the uni-
directional microscale movement of an origami roller'*.
Notably, this motor moves autonomously and without the
aid of any external gradient or patterning.

Drug delivery. Exploiting DNA origami structures as
carriers for drug delivery has garnered much interest®.
First, as a natural biomaterial, DNA is biodegradable and
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shows little cytotoxicity'**'*. Second, diverse therapeutic
molecules and materials, including doxorubicin'**"**'%’,
immunostimulatory nucleic acids'**'*, small interfer-
ing RNAs*, antibodies'®, enzymes*’ and so on, can be
readily loaded onto the carriers via various interactions
such as intercalation, base pairing or covalent bind-
ing''® (FIC. 6a). DNA origami structures can also serve as
containers with docking sites in their interior or within
dedicated cavities, protecting the payloads from the
environment and the environment from the payloads.
One outstanding challenge for drug delivery is to
efficiently cross biological barriers to reach the drug
targets with minimal off-target effects®'. Previous stud-
ies have shown that well-folded DNA nanostructures
are more resistant to enzymatic degradation®”” than
ssDNAs/dsDNAs and are capable of entering live mam-
malian cells through energy-dependent endocytic path-
ways in an analogous way to some viral particles?”-%.
They can even cross cell walls in mature plants
The dependency of cellular uptake on size and shape
has also been investigated using DNA origami**?"°.
At the animal level, DNA origami structures are found
to passively accumulate in solid tumours owing to
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enhanced permeability and the retention effect, ena-
bling tumour-targeting drug delivery'*. In addition,
DNA nanostructures can penetrate mouse or human
skin, suggesting applications in transdermal drug deliv-
ery to melanoma tumours®'. Recently, DNA origami
structures were found to preferentially accumulate in
the kidney of a mouse, showing potential for treating
kidney injuries'” (FIC. 6b). As these in vivo distribution
tendencies are believed to correlate to the dimensions
of materials*'?, the high structural customizability and
monodispersity of DNA origami structures make it pos-
sible for them to selectively cross certain biological barri-
ers; meanwhile, they can be retained elsewhere, enabling
controllable distribution that is advantageous in these
delivery studies.

To endow DNA nanostructures with active target-
ing ability, certain ligand molecules®"*'**"* with known
receptors expressed on target cells have been incorpo-
rated into DNA origami carriers. Owing to the address-
ability of DNA nanostructures, the species, numbers,
density and orientation of these ligands can be precisely
defined, allowing optimized cell targeting ability based
on spatial pattern recognition by the cells*.

c Closed

Antibody
fragment

Lipidated
W DNA

Fig. 6 | Application examples in drug delivery, bioimaging and
biophysics. a | Representative drug loading strategies for DNA origami
carriers, on the basis of DNA intercalation, such as intercalating for Dox
delivery*'%1%’ base pairing for delivery of therapeutic nucleic acids such
as immunostimulatory nucleic acids'® and small interfering RNAs*®, and
covalent binding, such as HyNic/4FB coupling for antibody fragments'®".
b | Preferential renal uptake of DNA origami enables the treatment of acute
kidney injury'®. c| A logic-gated DNA nanorobot locked with two different
aptamer motifs (red and blue locks) that can be opened in the presence of
both target molecules (red and blue keys) on the cell surface and expose the
antibody fragments (purple) inside'®". d | A DNA origami rotor enabling
tracking the rotation of double-stranded DNA (dsDNA) relative to a
genome-processing protein’’’. The dsDNA rotates when it is unwound by
the protein bound on the substrate. The rotation can be amplified and
tracked by the DNA origami rotor labelled with fluorescent dye (green star).

e | A DNA origami force clamp?®. Single-stranded DNA (ssDNA) exits the
clamp duplexes in a shear conformation (left inset; scaffold in dark grey and
staple in blue) and spans the 43-nm gap. ssDNA reservoirs are located on
each side of the clamp. The system of interest (here, a DNA duplex) is probed
in shear conformation (right inset; scaffold in dark grey and complementary
DNA in pink). f| An icosahedral DNA origami nanoparticle (blue) presenting
10 copies of an HIV-1 envelope glycoprotein antigen (yellow) in a spatially
organized manner”'®. g | A DNA origami ring (blue) carrying multiple
lipidated handles (pink curl with blue head) as a template allowing
formation of lipid vesicles (grey) with controlled size’**. F, force. Part b
adapted from REF.'*, Springer Nature Limited. Part ¢ adapted with
permission from REF.***, AAAS. Part d adapted from REF.?*, Springer Nature
Limited. Part e adapted with permission from REF.“%, AAAS. Part f adapted
from REF.?**, Springer Nature Limited. Part g adapted from REF.***, Springer
Nature Limited.
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Avidity

The molecular binding strength
as a result of multiple, non-
covalent interactions, for
example between an antibody
and a complex antigen.

Physiological and intracellular environments are
highly heterogeneous and therefore call for smart carri-
ers capable of sensing environmental stimuli at different
delivery stages and switching their structures/properties
to adapt to them. For example, Douglas et al. developed
a logic-gated nanorobot (FIC. 6¢) with a DNA origami
container locked by two different aptamer motifs'®’.
Only when both aptamers bind to the corresponding
cell surface receptors can the container be opened (for
example, an AND logic that gives a positive output only
when all inputs are positive), which allows conditional
exposure of the drug molecules to certain cell types.
A later demonstration successfully cascaded multiple
nanorobots into logic circuits, such as a half adder, in liv-
ing cockroaches, enabling delivery of antibodies towards
their cells based on calculation results'®’. In another
example, a DNA origami nanorobot was constructed
that could be selectively unfolded by nucleolin enriched
in tumour-associated blood vessels. This allowed local
exposure of the encapsulated thrombins and promoted
intravascular thrombosis, resulting in tumour necrosis
and inhibition of tumour growth in mice®.

Compared with smaller DNA objects, such as tetra-
hedral DNA nanostructures that have also been inten-
sively explored for drug delivery application®’"*”,
DNA origami structures yield more complex shapes
spanning a wider range of dimensions (typically 2nm
to hundreds of nanometres). This enables higher load-
ing capacity and more complex patterning of the drug
payloads. Given that many biological effects such as
ligand-receptor recognition”” or cell internalization****"°
are known to be sensitive in this dimension range, DNA
origami may gain more traction for this application than
smaller DNA objects.

Some issues remain, however, such as the stability of
DNA origami structures in a biological environment”
and possible immunogenicity of the exogenous nucleic
acids?'. Nevertheless, the potency of immunogenic-
ity of these structures is highly dependent on the base
sequence’”’, structural properties'” and chemical mod-
ifications®?'. Thus, by rationally engineering those
parameters, the risk of immunotoxicity could be min-
imized®***'*?'S, By contrast, DNA structures with high
immunogenicity can be used as adjuvants for vaccines in
applications such as cancer immunotherapy'*'®.

Bioimaging and biophysics. DNA origami structures
serve as standards, markers or structural support for
molecules of interest in biophysical studies, allowing for
the control and measurement of molecular stoichiome-
try, dimensions and collective behaviour. Placing a desig-
nated number of fluorophores at predefined positions on
DNA origami structures (often sheets and rods) gener-
ates calibration standards or references for fluorescence
microscopy to identify, count and measure the spacing
between molecular species, for example fluorescently
labelled protein constituents within a complex**!¢1-22
(FIG. 30). In some cases, a DNA origami structure helps to
monitor biologically relevant movements just by virtue
of their rigid body and well-defined shapes. For example,
a DNA origami rotor was built with its centre attached
to a dsDNA segment to track dsDNA rotations induced

by the genome-processing enzymes RecBCD and RNA
polymerase®” (FIC. 6d). Similarly, stiff DNA rods enhance
the signal to noise ratio of an optical trap****** or FRET-
based force measurement®, leading to high-resolution
study of weak biological forces (in the order of a few
piconewtons) such as base stacking® and cell-substrate
traction’”. Labelling DNA filaments with motor proteins
and fluorophores enables measurement of the velocity,
processivity and stall force of myosin''>**”?*, dynein and
kinesin®”, both individually and in motor ensembles.

In addition to optical imaging, DNA origami struc-
tures have been used to aid AFM and electron microscopy
studies. 2D DNA origami sheets and frames are common
substrates for AFM visualization of molecular motions*’
(FIG. 3g), including DNA structural transformations such
as the B-Z transition*’ or the G-quadruplex formation'”’,
DNA-enzyme interactions such as transcription?,
recombination’” and methylation”*, and movements of
artificial DNA motors'*'”*%, Clam-shaped DNA ori-
gami structures have facilitated the electron microscopy
analyses of nucleosome interaction and stability, using
their open or closed conformations to signify various
states of nucleosome assembly”**~**°. A DNA origami
‘force clamp’ was built, where a U-shaped body suspends
a segment of DNA under a defined tension of 0-12pN
(FIG. 6¢) and enables single-molecule force spectroscopy
studies of tension-dependent Holliday junction isomer-
ization’*, DNA nuclease activities”' and formation of
the transcription pre-initiation complex*’. Barrel or
clamp-shaped 3D DNA origami structures have found
applications in the cryo-EM structural determination
of proteins, where DNA nanostructures serve to define
the thickness of a vitrified ice sheet*”, create a hydro-
phobic environment to stabilize membrane proteins**
and orient DNA-binding proteins at desired rotation
angles™.

DNA origami creates an artificial microenvironment
to study the molecular mechanisms of biological pro-
cesses. An illustrative example is the study of multivalent
antigen-antibody and protein-aptamer bindings on a
DNA origami platform, where antigens and aptamers
are organized in assorted arrangements to identify the
molecular patterns that contribute to avidity?'>*-2*
(FIC. 6f). Crowding dsDNA with protospacer-adjacent
motifs has led to enhanced Cas9/single guide RNA
binding and more efficient dsSDNA cleavage®®. Varying
the nucleoporin type and grafting density inside a
DNA origami cylinder has been shown to significantly
impact the collective morphology and conductance of
the intrinsically disordered proteins****'. Using DNA
origami-templated liposome formation techniques
(FIC. 6g), liposomes and membrane proteins have also
been placed at defined distances and densities to study
the biophysics of membrane dynamics*>~**. Flat or
curved DNA origami surfaces outfitted with amphipa-
thic molecules such as cholesterol and peptides can lead
to membrane binding and deformation and are useful
for studying membrane mechanics****. Finally, DNA
origami structures bridge the gap between top-down
lithography-based devices, such as solid-state nano-
pores, and bottom-up molecular engineering, such as
chemical synthesis and macromolecule self-assembly.
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They can therefore create advanced analytical tools, for
example signal-enhanced long-distance FRET pairs*' or
nanopores for measuring molecular recognition®>**, for
biophysical experiments.

Reproducibility and data deposition

The general standards of DNA origami assembly have
been continuously developed, ranging from DNA ori-
gami designs to purification methods to reconstruction
models for TEM imaging, among others”***. To ensure
high reproducibility, several important aspects should
be carefully examined.

First, although a one-pot reaction can be used for
the self-assembly of DNA origami, this often results in
many by-products such as dimers, trimers and other
aggregates. Various assembly conditions, such as the
annealing procedure and the cationic strength, can
significantly influence the yields of the target prod-
ucts and by-products. Optimization of the annealing
procedure, especially the annealing temperature inter-
vals, is crucial to achieving the target object with high
yield. Furthermore, cationic strength is another critical
parameter for optimization in order to avoid DNA ori-
gami dissociation through electrostatic repulsion. The
TAE buffer with Mg** (5-20mM) is typically adopted in
most protocols for DNA origami assembly.

Second, purification of the DNA origami is of great
importance. There are five typical purification methods:
PEG precipitation, gel purification, filter purification,
ultracentrifugation and size-exclusion chromatography.
The most appropriate purification method for a particu-
lar experiment should be selected based on the yield and
duration as well as the volume limitation, dilution, resid-
uals and damage*®”* For example, PEG precipitation can
be adapted to enhance the recovery yield of target species
after purification, but it also introduces residual PEG
molecules. Filter purification with molecular weight
cut-off membranes provides residual-free separation.
Although it has volume limitations, this is an effective
method to quickly separate DNA origami from excess
strands (=30 min) and to adjust buffer conditions. Gel
purification is suitable for bandpass molecular weight
separation, such as complex DNA origami structures
and nanoparticles. Size-exclusion chromatography is
suitable for bandpass molecular weight separation with-
out introducing residual compounds and is commonly
employed in protein biochemistry.

Last, the storage temperature and the cationic
strength are both crucial for DNA origami stabilization.
In general, DNA origami is thermally stable at tempera-
tures <55 °C in solution. However, it can also be stable at
temperatures >85 °C with photo-cross-linking-assisted
thermal stability*’. DNA origami can also be lyophilized
and stored under freezing conditions’”. For the cati-
onic strength, many approaches have been reported to
protect DNA origami from destabilization, especially at
low Mg?** concentrations or without Mg?* (REFS”*"!). In
addition, block copolymers could be a reversible pro-
tection and potential long-term storage strategy for
DNA origami nanostructures as they can protect nano-
structures from low-salt denaturation and nuclease
degradation®*.

To ensure data reproducibility, researchers must pro-
vide sufficient general information as well as detailed
experimental conditions and procedures in their pub-
lications. For instance, general information including
DNA origami design, assembly and purification pro-
cedures, quality analysis approaches, AFM and TEM
sample preparations and data pre-processing should be
provided. For hybrid DNA origami structures, modifi-
cations of the attached nanoparticles or proteins, their
conjugations on the DNA origami and the purification
procedures of such DNA origami complexes should be
carefully described. For drug delivery using DNA ori-
gami, it is often difficult to unify the minimum reporting
standards owing to the complexity of biological exper-
iments. Typically, this method can follow the general
rules required by biological journals. In addition, the
experimental protocols and methods, assembly materi-
als and sources, design and analysis software should also
be carefully listed and described in detail. Free software,
such as CaDNAno and EMAN2, may be deposited in an
open source repository. Finally, data deposition in pub-
lic repositories is highly recommended. For example,
scaffold sequences can be deposited in GenBank.

Limitations and optimizations

The remarkable breadth of applications not only
highlights the power of DNA origami but also reveals
roadblocks that need to be removed in order for the
technology to reach its full potential. Somewhat surpris-
ingly, the first limitation is the structural design of DNA
origami, which, to date, remains a hurdle for those new
to DNA nanotechnology and is sometimes challenging
even for users familiar with the technique. Although
many deSIgn and Slmulatlon toolsxf10,15,47730,56,59,61763,73,2677274
have been developed and made available to the public,
the more versatile design tools generally require a con-
siderable amount of user input and technical know-how.
In addition, the better automated tools are typically
geared towards specific types of construct, such as 2D
meshes with a triangulated framework* or wireframe
polyhedrons®'>*. Ideally, we would enjoy a suite of soft-
ware that streamline the design and simulation process,
serving both as a tool to easily convert simple geomet-
rical models into DNA origami designs and as a sand-
box for users to explore new design concepts. The field
has made steady strides towards this goal by interfacing
multiple design-simulation software, developing more
user-friendly interfaces and allowing for post-simulation
touch-up to optimize design iteratively.

Second, the functionalization of DNA nanostructures
in most cases necessitates chemically modifying DNA
with molecules of interest. Even with a multitude of
well-documented DNA-modification chemistries and a
continuous stream of emerging bioconjugation methods,
finding a robust and controllable conjugation method
for a specific application can be a daunting task. A few
review articles''**>?’® summarize the field’s progress in
this area. Although the most appropriate conjugation
method depends on the application, good candidates
are generally easy to perform in that they require few
steps and use commonly available chemicals, generate
stable products with decent yield, allow stoichiometric
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control and retain the structure and function of the
DNA-modifying moieties. Of equal importance to select-
ing a suitable conjugation chemistry are careful optimi-
zation and rigorous quality control when placing guest
molecules on DNA origami structures. These include
purifying functionalized DNA structures®, quantifying
the labelling efficiency and examining/eradicating any
undesired behaviours, such as aggregation or loss of
fluorescence, as a result of DNA attachment.

Third, a clear picture of the DNA origami assembly
mechanism remains elusive. Although we are equipped
with advanced techniques to design and produce
desired DNA origami shapes, we need to better under-
stand how hundreds of DNA strands self-assemble to
form such complex structures. Besides driving a higher
assembly yield of the target structures, the ability to
clearly define DNA origami folding pathways will enable
rationally designed dynamic assemblies that can toggle
between a few metastable conformations with low
energy barriers between them, which is a feature found
in many protein machineries. Numerous high-quality
studies have shed light on this long-standing question,
including systematically testing DNA origami design
variants that lead to different folding outcomes'**”7,
measuring the global thermal transition during DNA
origami assembly and disassembly’®, directly observing
assembly intermediates” and monitoring the incorpo-
ration of selected staple strands'>*>. Many of these stud-
ies suggest a multistage, cooperative folding behaviour.
Future efforts to depict such complex mechanisms will
benefit from high-throughput analytical methods*”®
and simulation frameworks®**¢*%¢1-6373:270271 for DNA
self-assembly.

Fourth, the size of a DNA origami structure is limited
by the length of its scaffold strand, typically 7-8 kb long.
To obtain larger structures, one has to use a longer scaf-
fold*>*” and/or stitch multiple DNA origami structures
together”*"*%*””. Both methods have been successful
thanks to bacteriophage genome engineering and hierar-
chical DNA self-assembly*-***-**? via sticky-end cohesion
or blunt-end base stacking. These successes, however,
often come at the expense of a marginal to severe drop
in assembly yield. Although the field has largely relied
on the M13 phage genome as scaffold strands for DNA
origami production, ssDNAs that are multi-kilobases
long with fully customizable sequences are now avail-
able®®?"”. Thus, in principle, a geometrically complex,
fully addressable DNA origami structure can be synthe-
sized from multiple scaffolds of orthogonal sequences in
one pot, circumventing certain problems associated with
exceedingly long ssDNA, such as instability or kinetic
traps, and hierarchical self-assembly, such as slowness
and reduced efficiency. A related practical issue is how
to generate staple strands in a cost-effective way to fold
these massive structures (that can reach the gigadalton
scale) in large quantities. The most promising solutions
today are enzyme-mediated in vitro amplification of
synthetic DNA oligonucleotides***** and biological pro-
duction of DNA strands in bacteriophages®***. Using
the latter approach, several hundred milligrams of DNA
origami structures were produced at a fraction of the
cost of using conventional synthetic DNA*®.

Last, certain intrinsic properties of DNA, such as its
negative charge and susceptibility to enzyme degrada-
tion, may limit its applications, especially in a biolog-
ical environment (for example, to deliver drugs to the
bloodstream or the intracellular space)”. On the other
hand, certain applications in physics and materials
science, such as high-temperature etching or 3D litho-
graphy, can test the thermal and mechanical stability
of DNA origami structures. In this case, the physical
performance of DNA origami can be enhanced with a
combination of DNA modification chemistries such as
photo-cross-linking DNA nucleotides®****¥", wrapping
exposed DNA surfaces with lipid bilayers®, shielding
DNA backbones with polycationic polymers’!%266:288-2%
and coating DNA with silica®®. By chemically or phys-
ically separating DNA from the environment and
strengthening the links between DNA strands, these
modifications help DNA origami structures survive
low-salt, high-heat conditions, resist nuclease digestion,
evade immune surveillance, prolong in vivo circulation
and avoid surface deformation.

Outlook

The future of the DNA origami technique, and structural
DNA nanotechnology more generally, will be shaped by
ambitious technology developers constantly pushing
technological frontiers and a diverse group of users, who
will introduce new inspirations and challenges to fuel
future innovations. Interesting scientific questions that
will have to be addressed involve improvement of the
chemical versatility of the structures, further improving
speed and robustness of folding, and the realization of
isothermal and in vivo assembly of nucleic acid nano-
structures. Improved chemical versatility will enable
novel applications in materials science, catalysis, nano-
medicine and molecular robotics, whereas isothermal
and in vivo assembly will be important for biomedical
applications and synthetic biology.

Molecular programming and automation. DNA origami
is a robust, sequence-programmable, nanometre-precise
self-assembly technique, which is amenable to automa-
tion. It is not incidental that researchers in DNA nano-
technology and computing have dubbed their approach
molecular programming. Quite literally, DNA origami
structures can be programmed using computer-aided
tools®" without much knowledge about their chemi-
cal details. Arguably, the development of the caDNAno
design program was one of the major catalysts for the
field®, allowing even newcomers to design complicated
supramolecular structures with a good chance of suc-
cess. Since then, a series of other design software pack-
ages have been developed for different types of origami
structure (TABLE 1).

It is therefore expected that one line of research will
continue to be devoted to the molecular programming of
nanostructures. This will involve an even stronger inter-
connection between computational design, automated
synthesis and assembly of the structures. This could ulti-
mately lead to a completely automated process for the
generation of DNA-based nanostructures potentially
combined with on-demand DNA synthesis*’ (FIG. 7A).
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Design rules are expected to further improve based on a
better biophysical understanding of the origami folding
process.

Chemistry for applications. DNA origami has become
popular because it meets the need for a molecular
technology that enables the positioning of molecules
and nanoparticles with nanometre precision and with
a defined stoichiometry, potentially addressing a wide
range of problems in nanoscience and in the life sciences.

As the origami field moves more towards applications,
most researchers will deal less with the refinement of
the technique itself than with coping with the specifics
of their application. Much future research will therefore

be devoted to resolving chemical requirements specific
to certain applications, such as making DNA origami
chemically and physically stable, and developing mol-
ecular adaptors for functional components''®. Chemical
stability will involve modified DNA and the careful
design of sequence and structure to avoid undesired
binding and degradation or disruption by enzymes.
Physical stability — by which we mean both thermal
and mechanical — can be enhanced by cross-linking
or addition of stabilizing ions and surfactants. In addi-
tion, a better mechanistic understanding of the origami
assembly/disassembly process will also clarify which
types of origami design provide the highest physical
stability.
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