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Abstract

DNA origami technology enables the precise assembly of well-defined two-dimensional and three-dimensional
nanostructures with DNA, an inherently biocompatible material. Given their modularity and addressability, DNA
origami objects can be used as scaffolds to fabricate larger higher-order structures with other functional biomolecules
and engineer these molecules with nanometer precision. Over the past decade, these higher-order functional
structures have shown potential as powerful tools to study the function of various bio-objects, revealing the
corresponding biological processes, from the single-molecule level to the cell level. To inspire more creative and
fantastic research, herein, we highlight seminal works in four emerging areas of bioapplications of higher-order DNA
origami structures: (1) assisting in single-molecule studies, including protein structural analysis, biomolecule interaction
analysis, and protein functional analysis, (2) manipulating lipid membranes, (3) directing cell behaviors, and (4)
delivering drugs as smart nanocarriers. Finally, current challenges and opportunities in the fabrication and application
of DNA origami-based functional structures are discussed.

Introduction

The hierarchical self-assembly of simple units, such as
proteins and nucleic acids, into sophisticated objects, such
as organelles and cells, is the basic characteristic of life.
Biological processes at different scales jointly determine
the fate of living organisms. For example, nucleosome
remodeling can influence gene expression; motor proteins
are responsible for transporting various cargos; and cells
communicate with each other to exchange materials or
work together. Significant efforts have been devoted to
developing methods to study these processes at multiple
scales. However, they are more or less limited by the low
precision and harsh experimental conditions. DNA
nanotechnology, especially DNA origami technology,
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which is known for its high programmability and nanos-
cale precision, provides a powerful tool to study the
function of various objects and reveal the corresponding
biological processes.

DNA, as a self-assembly unit, is known for its unique
properties: predictable and specific interactions, well-
studied structural characteristics, convenient synthesis,
and customizable functional modification. These proper-
ties make DNA the most potent material for nanofabri-
cation. The history of DNA nanotechnology can be traced
back to the proposal of “immobile junctions” by Ned
Seeman in 1982'. Subsequently, various DNA nanos-
tructures were created and assembled into larger struc-
tures, including one-dimensional (1D) ribbons, two-
dimensional (2D) arrays, and three-dimensional (3D)
crystals®. Another milestone of DNA nanotechnology was
the development of DNA origami, proposed by Rothe-
mund in 2006 which enables the fabrication of almost
arbitrarily shaped 2D and 3D DNA nanostructures”.
These DNA origami nanostructures can be assembled
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into higher-order structures with other functional bio-
molecules, in which the DNA origami objects act as
robust scaffolds to control the guest molecules at
nanoscale precision®. Over the past decade, an increasing
number of higher-order functional DNA origami struc-
tures have been created to probe the functions of mole-
cules and cells during biological processes.

In this review, we intend to summarize recent advances
in this field and inspire more fantastic research and
applications. After a brief introduction to the develop-
ment of DNA origami nanotechnology, we highlight
design strategies for the fabrication of higher-order DNA
origami structures, including the hierarchical assembly of
DNA origami structures and the construction of hybrid
DNA origami structures. Then, we focus on recent
advances in using higher-order DNA origami structures
as powerful tools to probe biological processes at multiple
scales, from the single-molecule level to the cell level
(Scheme 1). We illustrate how these functional structures
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have been used to facilitate protein structural analysis,
detect interactions between biomolecules, study protein
functions, regulate lipid membranes, and direct cell
behavior. Design strategies to obtain DNA origami-based
smart drug delivery systems for therapy are also discussed.
Finally, we outline questions that remain outstanding and
put forward our thoughts on future applications.

DNA origami nanotechnology and higher-order
assembly of DNA origami nanostructures

DNA origami is a bottom-up nanofabrication approach
in which long single-stranded DNA (called scaffold DNA)
is folded into well-defined shapes with the help of a set of
short “staple strands” designed to be complementary to
different parts of the scaffold DNA (Fig. 1a). In the ori-
ginal work, Rothemund created several single-layered
planar structures, such as the rectangle, the triangle,
the five-pointed star, and the representative smiley face
(Fig. 1b)*. Subsequently, a variety of intricate 2D shapes
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Scheme 1 Fabrication of higher-order functional DNA origami structures and their biological applications at multiple scales: manipulating
biomolecules, regulating lipid membranes, directing cell behavior, and delivering drugs.
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Fig. 1 DNA origami technology for the construction of 2D and 3D DNA nanostructures. a Schematic illustration of the assembly of DNA
origami structures. A long single-stranded scaffold DNA (blue) is folded by a set of short staples (colored) into a prescribed shape. b DNA origami
smiley face. (Reproduced with permission®, Copyright 2006, Macmillan Publishing Ltd.). ¢ Square nut constructed from a honeycomb DNA lattice.
(Reproduced with permission®, Copyright 2009, Macmillan Publishing Ltd.). d Solid block constructed from a square lattice. (Reproduced with
permission®, Copyright 2009, American Chemical Society). e A curved 6-helix bundle. (Reproduced with permission'”, Copyright 2009, AAAS). f A DNA
nanoflask constructed from concentric rings. (Reproduced with permission'?, Copyright 2011, AAAS). g A flower-and-bird image constructed from
multiarmed DNA junctions. (Reproduced with permission'®, Copyright 2015, Macmillan Publishing Ltd.

were constructed, including a map of China and a dol-
phin®’. To construct 3D DNA origami objects, different
strategies have been developed®™**. Douglas and collea-
gues created various solid 3D objects by stacking pleated
layers of helices into a honeycomb lattice in which each
DNA helix is connected to three neighboring helices by
crossovers (Fig. 1c)®. Later, Ke et al. proposed a square
lattice to arrange DNA helices at a higher density (Fig.
1d)°. In their initial design, the double-helical twist den-
sity was higher than the preferred 10.5 bp per turn, which
led to a compensatory global right-handed twist of the
entire structure. By deleting some bases periodically, the
twist can be diminished. In contrast, by rational design of
the base density gradient, Dietz and coworkers created 3D
DNA origami nanostructures with programmable twists
and curvatures (Fig. 1e)'". In addition to the rigid lattice
model, Han et al. constructed intricate DNA objects with
curved surfaces, such as a DNA nanoflask (Fig. 1f), by
manipulating the position and pattern of crossovers
among a series of concentric rings'”. Another vital strat-
egy for DNA origami design was wireframe DNA origami.
In 2013, Han et al. developed this strategy and used four-

arm junctions to construct gridiron-like DNA nanos-
tructures'®. Subsequently, Zhang et al. used multiarmed
junctions with tunable angles to construct a series of
intricate finite-size wireframe DNA origami nanos-
tructures, such as a flower-and-bird image (Fig. 1g)"°.
Compared to conventional DNA origami objects, whose
helices are densely packed, the relatively loose wireframe
origami structure requires fewer cations to shield the
electrostatic repulsion between the helices, which may
facilitate its bioapplications under the physiological
environment.

DNA origami structures with larger sizes and more
complex conformations are desired to accomplish
sophisticated tasks. Extending the length of the scaffold is
a direct way to build larger DNA origami objects'®'%,
Alexandria and colleagues produced an ultralong 51-knt
ssDNA scaffold using a A/M13 hybrid virus and experi-
mentally demonstrated the efficient assembly of the
scaffold into asymmetric origami sheets'®, However, as
the length of the scaffold increases, many more staple
strands are needed to fold it, which increases the cost. The
hierarchical assembly of DNA origami nanostructures is a
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Fig. 2 Fabrication of higher-order DNA origami structures. a A hexagonal prism assembled from 12 DNA origami tripods. (Reproduced with
permission®?, Copyright 2014, AAAS). b A 2D honeycomb lattice assembled from DNA origami hexagonal tiles. (Reproduced with permission®?,
Copyright 2016, American Chemical Society). ¢ A 3D dodecahedron structure assembled from a DNA origami vertex. (Reproduced with permission®,
Copyright 2017, Macmillan Publishing Ltd.). d A two-stranded filament assembled from a DNA origami hexagonal prism. (Reproduced with
permission®’, Copyright 2015 AAAS). e A 2D DNA origami array with a pattern of Mona Lisa. (Reproduced with permission'®, Copyright 2017,
Macmillan Publishing Ltd.). f Assembly of the 2D streptavidin protein array on the biotin-tagged DNA origami plate. (Reproduced with permission®,
Copyright 2010, Macmillan Publishing Ltd.). g Spatially assembled thrombin nanoarray on the aptamer-tagged DNA origami plate. (Reproduced with
permission®*, Copyright 2007, American Chemical Society). h In situ assembly of tobacco mosaic virus coat protein on the DNA origami bond
directed by RNA templates. (Reproduced with permission®>, Copyright 2018, American Chemical Society). i Hierarchical assembly of DNA origami
cuboid and coiled-coil peptide into 1D nanofibers. (Reproduced with permission®?, Copyright 2020, American Chemical Society). j Hierarchical
assembly of DNA origami plates and collagen-mimetic peptides into face-to-face stacking nanostructures via electrostatic attraction. (Reproduced

more feasible approach. Taking individual DNA origami
objects as building blocks, we are able to fabricate various
higher-order DNA origami structures, both finite and
infinite'”~*". Sticky-end hybridization and shape com-
plementarity are two basic strategies for the hierarchical
assembly of DNA origami objects. linuma et al. employed
a self-limiting design strategy for the one-step self-
assembly of wireframe DNA polyhedra via sticky ends
(Fig. 2a)*%. In this work, they tested two connector designs

for the assembly of polyhedra and demonstrated that the
dynamic connector design could increase assembly yields.
Various wireframe DNA polyhedra were constructed
using a stiff three-arm-junction DNA origami building
block with controlled angles and arm lengths*>. A DNA
origami lattice was also constructed via sticky-end
hybridization. Ke and coworkers designed a family
of hexagonal DNA origami tiles and successfully con-
structed micrometer-scale 2D honeycomb lattices and
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Table 1 Representative examples of covalent DNA-protein conjugation.

Conjugation method Site on protein Modified DNA Specificity Reference
EDC-NHS Carboxyl or Amino Amino or Carboxyl X

SPDP Cysteine residue Amino X

Sulfo-SMCC Cysteine residue Amino X

Azide-alkyne Azide tag Alkyne V 3
Peptide MKHKGS Peptide MKHKGS N-carbobenzyloxy glutaminyl glycine \J 401
SNAP-tag SNAP-tag 0°-benzylguanine V A2
Halo-tag Halo-tag Chlorohexane V 42
CLIP-tag CLIP-tag Benzylcytosine V s
SpyTag/SpyCatcher SpyTag SpyCatcher-DNA conjugate V .
p-Benzoylphenylalanine Methionine residue p-Benzoylphenyl-alanine J v
p-Azido-L-phenylalanine azF Bicyclononyne J 8

tubes (Fig. 2b)?3. It should be noted that the two interfaces
responsible for connection should match each other, and
nonspecific interactions between two interfaces would
cause the unexpected aggregation of structures®**, Con-
sidering DNA origami tiles as patch particles and adding
flexible spacer segments between the long sticky ends and
the main structure can avoid the impact of complex
interfaces but sacrifices structural integrity>>. However,
the flexibility brought by the spacer segments could
facilitate the assembly of DNA origami crystals***’. The
shape-complementarity strategy depends on base stack-
ing, which is considered the primary force stabilizing
DNA duplex structures®®. In 2011, Rothemund et al. used
base stacking to establish orthogonal stacking bonds, in
the form of binary codes or shape complementarity, for
the hierarchical assembly of 2D DNA origami tiles™.
Subsequently, the Dietz group further expanded this
method to establish specific stacking bonds at both the
edges and the surfaces of 3D DNA origami nanos-
tructures. Using this strategy, they created a variety of
higher-order DNA origami structures with sizes
approaching those of viruses and cellular organelles, such
as 3D polyhedral assemblies and DNA origami lattices
(Fig. 2c, d)*>*'. In addition, they constructed many
reversibly reconfigurable multistate DNA devices, e.g., the
DNA origami robot®', based on the responsiveness of
stacking bonds to environmental parameters, including
temperature and cation concentrations. Other ingenious
assemblies were constructed through special strategies.
For example, a fractal assembly process was used to create
micrometer-scale DNA origami arrays with arbitrary
patterns, such as Mona Lisa (Fig. 2¢)". In addition, “meta-
base pairs” were established to fold DNA origami six-helix
bundles into meta DNA structures’”. Recently, by

integrating computer-aided engineering with a versatile
computer-aided design approach, Huang et al. developed
an iterative design pipeline and were able to design large,
multicomponent DNA origami superstructures within
several minutes®”.

Because of the modularity and addressability of DNA
origami building blocks, other functional materials can
also participate in the hierarchical assembly of DNA ori-
gami objects into higher-order structures, such as inor-
ganic nanoparticles, polymers, and biomolecules®*~°,
Protein is the most important biological machine, and
great effort has been devoted to the construction of DNA-
protein hybrid complexes®”*®. A straightforward method
is the use of a bifunctional crosslinking reagent to cova-
lently conjugate an oligonucleotide tag to the reactive
residues (e.g., lysine and cysteine) on the protein surface,
which can hybridize to the complementary strand
anchored on the DNA origami scaffold (Table 1). How-
ever, the abundant homogenous residues on the protein
surface could result in poor control of the number and
position of oligonucleotide tags, which could cause loss of
activity of the protein and uncontrolled orientation of
protein on the scaffold. Many efforts have been devoted to
developing controllable protein modification strategies,
such as reactive tag fusion and noncanonical amino acid
mutation (Table 1)**~*%, The histidine tag is widely used
in the purification of proteins because of its high binding
affinity for a nitrilotriacetic acid-Ni** (NTA-Ni*") sub-
strate through metal ion-mediated chelation. Goodman
et al. designed a simple modification strategy that allows
DNA functionalized with three NTA groups to be linked
to the Hise-tag of the recombinant proteins®. This non-
covalent linkage is reversible and site specific, and has a
high affinity (Kq~6nM). Shen et al. used NTA-DNA
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handles to pattern histidine-tagged enhanced green
fluorescent proteins (EGFR) onto a 2D DNA origami
nanosheet™. In addition to building connections directly,
the concept of DNA-templated protein conjugation
(DPTC) was proposed based on reversible His-tag-Ni*"-
NTA-DNA conjugation®’. A complementary DNA strand
carrying a reactive group, e.g., N-hydroxysuccinimide
(NHS), hybridizes with the tris(NTA)-DNA template,
which carries the NHS group to a target area on the
protein and facilitates the formation of a covalent cross-
link of NHS to a lysine e-amine. Due to the templating
effect, the reaction is relatively rapid and stoichiome-
trically controllable. Natural histidine clusters on the
protein surface could also be used to direct covalent
conjugation®"?, Using this strategy, Ouyang and cow-
orkers docked antibodies into the cavities of a DNA ori-
gami structure. Two tris(NTA)-DNA strands are fixed in
the cavity to form NTA-Ni*" complexes with the histi-
dine clusters on the Fc domain. Subsequently, activated
NHS esters form covalent linkages to the antibody. As a
result, antibodies are immobilized on the DNA origami
substrate, and the cavity allows fine control over the
orientation of the antibody. Other noncovalent receptor-
ligand interactions could also be utilized to immobilize
proteins without chemical modification. The advantages
of such strategies are the predictable number of linkages
and binding sites, which can facilitate the precise control
of protein molecules and prevent the adverse effects of
chemical modification on protein function. Voigt et al.
utilized biotinylated DNA handles to assemble a 2D
streptavidin (STV) array on a DNA origami plate (Fig.
2f)°%. By selectively cleaving or coupling the biotin linkers,
they also demonstrated single-molecule chemical reac-
tions on the DNA origami. This strategy is attractive
because of the high affinity of STV-biotin binding (Kd =
107 M). However, due to the large size of STV, many
proteins may not be appropriate for STV fusion due to the
potential disruption of native protein structures®®.
Aptamer-protein interaction is another attractive strat-
egy to attach proteins onto the DNA origami scaffold
since aptamers can readily hybridize to the DNA origami
templates and bind to a specific site on the target protein
as the natural antibody does. As a proof of concept,
thrombin aptamers were placed on the DNA origami
surface to pattern thrombin proteins into defined shapes
(Fig. 2g), and the specificity of the aptamer-protein
interaction also allows the precise patterning of different
proteins on the same template®®. In addition, RNA tem-
plates can be used to assemble proteins, such as virus coat
protein, and DNA origami tiles into higher-order struc-
tures. Zhou and colleagues used tobacco mosaic virus
(TMV) genome-mimicking RNA strands to guide the
assembly of TMV coat proteins onto DNA origami scaf-
folds (Fig. 2h)*°. They also showed the dynamic assembly
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of TMV coat proteins via controlled release of the RNA
template from the DNA origami scaffold®®. Similar to
RNA templates, we can utilize specific binding between
DNA and protein to fabricate hybrid structures as well.
An exciting design was presented by Praetorius et al. in
which transcription activator-like (TAL) effector protein
dimers can be used as staple proteins to fold double-
stranded DNA templates into user-defined shapes®”.
Every staple protein is built by connecting the C-terminus
of one TAL to the N-terminus of another TAL and can
recognize two distinct sites of the dsDNA scaffold. By
carefully arranging the binding sites, the dsDNA scaffold
could coassemble with TAL staple proteins into user-
defined geometric shapes, such as the circle, the square,
and the four-helix bundle. In another case, Mayo et al.
used a computational approach to construct a DNA-
protein hybrid structure. They fused a three-helix protein,
Drosophila engrailed homeodomain (ENH), which con-
tains a native DNA-binding domain, with a two-helix
homodimerization protein. The authors constructed
irregular bulk nanoparticles or nanowires with single-
molecule widths by tuning the number and position of
protein-binding sites on the DNA strand”®. Although the
structures in these works are not strictly DNA origami
structures, these cleaving strategies could be readily
applied to the construction of other higher-order DNA
origami structures.

The conjugation of oligonucleotide tags with other
biomolecules, such as peptides and lipids, is relatively
easy. Buchberger et al. hybridized two DNA-modified
peptides to the opposite surfaces of a cubic DNA origami
block (Fig. 2i)°°. The two peptides can comprise a coiled-
coil heterodimer pair and assemble the DNA origami
building blocks into micrometer-long 1D bundles. A
similar structure was assembled to quantify the interac-
tion between two peptides®®. In addition, peptides can
control the assembly of DNA origami objects by
mimicking collagen. Jiang et al. designed two peptides,
CP*" and sCP" ™, with a sequence comprising a central
neutral block and two positively charged domains at the
N- and C-termini. The collagen-mimetic peptides can
bind to the negatively charged DNA origami objects and
direct face-to-face stacking of the 2D DNA origami
nanosheets to form 1D nanowires (Fig. 2j)°'. Additionally,
Udomprasert and coworkers created a DNA origami
platform to guide the assembly of amyloid fibrils®*. They
positioned an amyloid fibril peptide-DNA conjugate
inside the DNA origami nanotube, which could serve as a
nucleation site and organize amyloid fibrils. The DNA
nanotube-fibril complex could be further assembled with
a DNA origami platform, thereby controlling the orien-
tation and location of the amyloid fibril. Lipid molecules
could be covalently crosslinked with functionalized DNA
handles and precisely anchored on the surface of DNA
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origami. These lipid molecules could anchor DNA ori-
gami tiles onto the lipid membrane surface and assist the
hierarchical assembly of DNA origami tiles®’. They can
also act as nucleation sites to recruit other free lipid
molecules to direct the assembly of lipid molecules under
the control of DNA origami scaffolds®*. We will discuss
some interesting examples in Section “Regulating lipid
membranes”.

Elucidation of biological processes with higher-
order DNA origami structures

With the development of DNA origami technology, the
focus of attention in this field has turned from the con-
struction of sophisticated and beautiful structures to the
fabrication of higher-order functional structures as pow-
erful tools to explore problems in other fields, e.g., phy-
sics, biophysics, biology, materials science, and computer
science® %%, Over the past decade, DNA origami nano-
technology has shown potential in various bioapplica-
tions. At the heart of all these applications lies the precise
control of biomolecules by DNA origami scaffolds in
these higher-order structures. There are three key para-
meters. First, the number of biomolecules can be well
controlled by the DNA origami nanostructure. The most
direct method is to attach a defined number of handles
that can catch biomolecules to the DNA origami tem-
plate. By controlling the number of different handles, two
or more biomolecules can be combined in a specific
stoichiometric ratio. As mentioned above, two proteins
can be patterned on the same DNA origami plate without
interfering with each other by controlling the number and
position of two different aptamers®*. The precise control
of protein number is of great significance for exploring a
series of biological processes, including molecule trans-
portation in vivo and the catalytic mechanism of enzymes.

Second, the position of biomolecules can be regulated via
protruding handles at different sites on the DNA origami
object. Most DNA origami structures are based on B-form
DNA, which is a right-handed double helix with a helical
pitch of 10.5 base pairs or 3.4-3.6 nm and a diameter of
2nm. Along the direction of the DNA helix, the orienta-
tion of the staple strand changes periodically, and any
outward point can be set as an anchor point to immobilize
guest molecules. It should be noted that not all outward
points can be utilized at the same time. The resolution is
generally limited to the minimal distance between handles
attached to staple strands, typically 3-5nm. In 2020,
Wickham et al. designed a 3D DNA-barrel pegboard that
provides a rhombic-lattice canvas of a thousand pixels with
a pitch of ~8nm®. When two or more molecules are
placed on the DNA origami object, the spacing can also be
precisely tuned by adjusting the position of each molecule.
With this ingenious design, the average distance between
fluorescent molecules could be adjusted from 1.5 to 9 nm.
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The smallest displacement step possible is 0.04 nm, which
is slightly less than the Bohr radius”®.

Third, the orientation of each biomolecule can be
controlled as well. Early studies on the control over the
orientation of biomolecules were mainly carried out on
small DNA nanostructures. In 2006, Erben et al. con-
structed a rigid tetrahedral DNA cage and used the
intrinsic helicity of DNA to control the orientation of
cytochrome ¢”*. The protein was covalently conjugated to
the 5 end of oligonucleotide S1, which combined with
other DNA strands to form tetrahedra. By altering the
sequence of S1, the orientation of cytochrome c was
shifted from the inside to the outside of the cage. In DNA
origami systems, the linker used to immobilize biomole-
cules to DNA origami objects is usually soft and does not
participate in the assembly of the main structure, resulting
in relatively poor control over the biomolecule. Selecting
the appropriate fixed point according to the shape of the
DNA origami structure can help control the orientation of
the protein molecule’®. In an interesting case, Ouyang
et al. designed a DNA origami cube with a cavity to
control the orientation of a Y-shaped antibody. The Fc
domain of the antibody was docked into the cavity, and
the wall of the cavity oriented the Fab domain outward®?.
Recently, Zhou et al. demonstrated that the relative
orientation of TMV rods could be controlled with DNA
origami. By tuning the position and length of the TMV
genome mimic RNA strands on the DNA origami tem-
plate, the orientation of TMV rods was precisely con-
trolled®®. This kind of control is mainly derived from the
steric hindrance of the DNA origami structure. Addi-
tionally, precise control of protein orientation can be
achieved by utilizing specific interactions between protein
and DNA-binding sites. Martin et al. designed a hollow
3D DNA origami structure with a binding site for tran-
scription factor p53 lying in the center. Thus, the orien-
tation of the p53 protein can be tuned by changing the
position of the binding site”®. In addition, using a rigid
connector could be helpful in controlling the orientation
of the protein”™.

We emphasize that all the biological applications of
higher-order DNA origami structures discussed in this
section are based on precise control of the number,
position and orientation of biomolecules by the DNA
origami scaffolds. Therefore, in the following parts of this
section, we focus on utilizing higher-order functional
structures to reveal biological processes at different scales,
from manipulating biomolecules to regulating lipid
membranes to directing cell behaviors.

Manipulating biomolecules
Assisting in structural analysis of protein

Proteins are the basic building blocks of living issues
and the most important players in almost all biological
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processes. How a protein works and what it does is
determined by its 3D shape. Solving the structure of
proteins is crucial to elucidating their functional
mechanisms. DNA origami structures have been applied
to assist in the structural analysis of proteins. Indeed, the
birth of nanotechnology originated from the idea of
Professor Seeman to use oligonucleotides as a structural
material to create self-assembled 3D crystals and then to
use these addressable frameworks to immobilize proteins
in a periodic 3D array’’. Significant efforts have been
devoted to constructing protein-DNA hybrid crystals
while obtaining a good crystal and solving the structure of
the protein in the crystal remain challenging’®””.

The development of cryo-electron microscopy tech-
nology dramatically facilitates the determination of pro-
tein structure, while it remains challenging to obtain a
high resolution of the target protein, especially for those
that are small and prone to aggregation’®”®, Higher-order
DNA origami structures could assist in the structural
analysis of proteins in many ways. First is image acquisi-
tion: by combination with large DNA origami signposts,
small proteins, which have a low contrast against the
background, can be more easily discerned in images. In
addition, DNA origami can protect the protein from the
detrimental effects of cryo-EM sample preparation, such
as adsorbing to the air-water interface, which also facil-
itates the acquisition of high-quality images. Second, the
position and orientation of the target protein can be tuned
precisely in the higher-order DNA origami structure, and
the robust and highly anisotropic structure of DNA ori-
gami can function as a marker to facilitate the class
averaging of images of the target protein. In 2016, Martin
et al. designed a hollow 3D DNA origami structure with a
tunable binding site for transcription factor p53 lying in
the center (Fig. 3a)’®. The helix containing the binding
site could be used to adjust the relative orientation of p53
complexes to provide more structural information. They
reconstructed the structure to a final resolution of ~15 A
and settled an ongoing debate about the symmetry of the
p53 tetramer bound to DNA. In 2020, Aksel and cow-
orkers constructed another DNA origami goniometer to
solve the structure of a DNA binding protein, BurrH, to a
resolution of 6.5 A. The DNA origami goniometers had 14
different stage configurations to orient the protein, and
each of them had a distinct barcode pattern, which
facilitated particle classification®. Last but not least,
higher-order DNA origami structures can provide a
favorable environment for characterizing the structure of
membrane proteins by attaching lipids in the cavity of a
DNA origami object®’. Dong et al. designed a barrel-like
DNA origami object with an inner hydrophobic lipid
channel to accommodate a membrane protein®. The
membrane proteins docked into the cavity could maintain
the monodispersed and native-like state. Using this
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method, they successfully characterized the 3D structure
of a-hemolysin at a resolution of approximately 30 A.
Compared to lipid nanodiscs, the DNA origami scaffold
can be readily tuned to match membrane proteins with
different sizes. In early experiments, the use of DNA
origami structures to assist in the structural analysis of
proteins did not meet expectations. Many factors could
hinder the application of DNA origami objects in this
area, such as the relative displacement between the DNA
origami support and protein and the superposition of the
signal from the support structure and the target protein.
Developing a method capable of establishing rigid and
well-defined connections between proteins and DNA
origami scaffolds is key to facilitating this application.
Although the development of structural biology methods
has made it easier to solve protein structures, DNA ori-
gami can still help in several ways. For example, DNA
origami templates can be used to fix the conformation of a
protein. By controlling the distance between two inter-
acting proteins, such as antibodies and antigens, the
protein structure under a specific situation could be
determined. More structural details could be obtained in
such a way.
Assisting in  the interactions  between
biomolecules

Identifying interactions between biomolecules, such as
protein—protein interactions (PPIs), is of pivotal impor-
tance in revealing many biological processes because most
proteins do not function alone®*®* Previous studies
proved that abnormal PPIs account for many diseases,
including cancer, neurodegenerative diseases, and auto-
immune diseases®*°. As a result, determining the mode
and strength of PPIs is of great clinical significance and
could facilitate drug discovery, such as inhibitors and
oncology drugs®”*. Many methods have been developed
to detect PPIs, e.g., coimmunoprecipitation technology,
yeast two-hybrid technology, surface plasmon resonance
technology, and protein microarray technology®. How-
ever, conventional detection techniques are usually
experimentally time-consuming and lack single-molecule
manipulation precision.

The programmable flexibility and addressability of DNA
origami objects enable the fabrication of nanodevices that
show great potential for detecting interactions between
proteins. Proteins of interest can be placed at designed
spacing and relative orientation on the DNA origami
scaffold at nanoscale resolution, which permits the ana-
lysis of the interaction between two biomolecules in a
given mode. More specifically, DNA origami scaffolds can
engineer two molecules in an unusual status, which could
be associated with the protein status in disease.

Ke et al. designed a rhombus-shaped DNA-protein
hybrid “nanoactuator” that can serve as a general platform

analysis  of
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protein is protected in the hollow support structure from the detrimental effects of sample preparation. (Reproduced with permission’?, Copyright
2016, Proceedings of the National Academy of Sciences). b A DNA origami clip consists of two beams and a torsional spring for determining the
interaction between two nucleosomes. The distance and relative orientation of two nucleosomes can be adjusted, and the interaction between two
nucleosomes will shift the angle distribution of the clips, which reflects the energy landscape of nucleosome-nucleosome stacking. (Reproduced with
permission®, Copyright 2016, AAAS). ¢ A DNA origami rod for exploring the mechanisms of the coordinate motor ensemble. Dynein and kinesin can
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structure on the microtubule track. (Reproduced with permissionm, Copyright 2012, AAAS). d The GOx/HRP enzyme pair arranged at different
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nucleoporins. (Reproduced with permission'*°, Copyright 2021, American Chemical Society).

for studying weak molecular interactions at the single-
molecule level®. Two split eGFP fragments were
anchored on two arms of the “nanoactuator”, the con-
formations of which could be controlled by adding dif-
ferent struct-locking strands. Then, they used
fluorescence to monitor the conformational change of the
hybrid “nanoactuator” and thus reveal the interaction
between the two split eGFP fragments. In this study, the
eGFP fragments were hybridized to extending handles on
the arms, although the flexibility of the handles may dis-
advantage the control of the orientation of the protein
fragment. In the design created by Shaw and colleagues,
the oligonucleotide handles conjugated to the protein
were involved in forming the main structure of the DNA
origami plate rather than bonded to the flexible handles to
achieve more precise control of the spacing between
antigens. Using this system, they found the tolerance of
IgG antibodies to be between 3 and 17nm and

demonstrated considerable differences in spatial tolerance
between IgM and IgG and between low- and high-affinity
antibodies”!. The structure and dynamics of nucleosomes
regulate the interaction of genomic DNA with transcrip-
tion, replication, and DNA repair. To investigate the
structural dynamics of nucleosomes, Le et al. designed a
DNA-based nanocaliper and attached the two DNA ends
of the nucleosome to the ends of the two arms. Thus, the
angle of the nanocaliper can be used as a direct readout of
structural changes in nucleosomes. With this device, the
authors detected the process of transcription factor (TF)
binding to its target site and demonstrated that TF
binding would partially unwrap the nucleosome and
increase the probability of TF occupancy’®. At almost the
same time, Funke and colleagues constructed a high-
resolution DNA origami spectrometer to analyze the
interactions within nucleosome complexes”**, They first
studied the salt-induced disassembly of nucleosome core
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particles”®. The unwrapping of the nucleosomal template
DNA was coupled to the conformation of the DNA
spectrometer and could be directly measured by TEM and
Forster resonance energy transfer (FRET). They found
that nucleosome dissociation was constant at different
ionic strengths and was not affected by the integration of
nucleosomes. The same group also employed the DNA
origami positioning spectrometer to reveal the energy
landscape for nucleosome association (Fig. 3b)**. In their
device, single DNA strands, which hybridize with the
complementary strands on the beams of the DNA origami
scaffold, are added to the nucleosome template DNA to
immobilize nucleosomes at selected positions on the two
beams. Then, the positioning device placed the two
nucleosomes close to each other in a defined relative
orientation, and a tunable DNA spring at the hinge was
used to counteract the attraction interactions between the
nucleosomes. With this device, Funke et al. were able to
measure nucleosome-nucleosome distance frequencies
via single-particle electron imaging and derived the
energy landscape for nucleosome pair interactions. As a
result, they found a shallow but long-range (~6nm)
attractive nucleosome pair potential with a minimum of
—1.6 kcal/mol close to direct contact distances. Further-
more, they also found that modification of histones, such
as H4 acetylation and removal of the histone tail, dra-
matically decreased the interaction strength.

In addition, DNA origami nanostructures could be used
to analyze DNA-DNA interactions and DNA-protein
interactions. Nickels et al. created a DNA origami nano-
scopic force clamp that can work as an array, enabling
high-throughput study of interactions®. The single-
stranded DNA springs exerted tunable tension in the
low piconewton range on a molecular system whose
conformational changes could be monitored by measur-
ing single-molecule FRET between two dyes on the DNA
origami framework. Using this force clamp, they observed
the TATA-binding protein-induced bending of a DNA
duplex under tension and further proved the mechan-
osensitivity of gene regulation. In 2020, Kramm used the
same device to analyze the effect of DNA strain on the
formation of the initiation complex™. Increasing the
number of binding partners is a routine approach to
obtain robust binding of the target molecule. At the same
time, the arrangement of the binding partners in space
also plays an important role. Rafat and coworkers con-
structed a 2D array of DNA origami-based nanocavities in
which aptamers could be placed with known mechanical
properties at defined distances and orientations, and each
type of nanocavity was labeled with specific barcodes for
distinction®”. The DNA origami array allowed analysis of
the interaction between aptamers and the target protein
in parallel under the same conditions and in high
throughput. They concluded that the binding geometry
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and mechanical properties of aptamers have a dramatic
effect on the binding strength. Such higher-order DNA
origami structures could be extended to probe interac-
tions between protein ligands and receptors or between
small molecules and protein receptors after appropriate
modification. By arranging single DNA origami structures
into arrays, interactions between larger objects could also
be detected. Dutta et al. designed the first DNA origami
tension probe (DOTP), which reflects the changes in
tension on the probe via changes in fluorescence intensity.
They used the DOTP to measure tension forces applied
by human blood platelets during initial adhesion and
activation”®.

Due to their customizability and excellent mechanical
properties, DNA origami objects can also be used as
components to advance other molecular mechanical
technologies. Optical tweezers are a method to exert
forces or torques on individual molecules or to directly
measure the forces or torques generated in their bio-
chemical reactions”. Molecules of interest are linked to
the probes of optical tweezer via a molecular linker.
However, the flexibility of the linker is disadvantageous
for measurement with a low force since it could result in a
low signal-to-noise ratio. DNA origami objects can
function as a stiff linker to enhance the signal-to-noise
ratio and arrange the biomolecules in a defined con-
formation. To demonstrate this concept, Pfitzner et al.
used a stiff DNA helix bundle as the molecular linker to
probe the interaction of the DNA hairpins'®. In such a
way, they improved the resolution of single-molecule
force spectroscopy in the low-force regime and provided a
multivalent platform for conjugating other target mole-
cules. Similarly, Kilchherr and colleagues designed a stiff
beam-like DNA origami nanostructure as the linker to
measure the forces and lifetimes of DNA base-pairing and
base-stacking interactions with dual-beam optical twee-
zers'!. The stiff DNA origami beams not only suppressed
noise but also enabled the repeated detection of unbind-
ing and rebinding of stacking contacts through a flexible
polymer tethering two beams. They tested all 16 sequence
combinations of blunt ends and found that the strength of
the base stacking was sequence dependent: the strongest
stacking force (—3.42kcal/mol) occurred between a
CG:CG pair, and the weakest stacking was between a
TA:CG pair (—0.81kcal/mol)'®". In these studies, in
addition to serving as a rigid linker to suppress back-
ground noise, DNA origami objects also provided a
template to precisely control the number and position of
the molecules to be detected. This approach has the
potential to detect some complex molecular interactions,
such as the interaction between bispecific antibodies and
antigens. With some ingenious design, it allows the
repeated probing of a given pair of molecules, which is
critical in the analysis of biomolecule interactions'°’.
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Assisting in functional studies of proteins

In organisms, the realization of a function often requires
the cooperation of multiple biomolecules. By controlling
how they cooperate, we can regulate their function and
thus dissect the underlying mechanism. Relying on the
precise controllability of DNA nanotechnology, a wide
variety of higher-order DNA origami structures were
fabricated to study the function of biomolecules, espe-
cially proteins. In this section, we discuss the construction
of DNA-protein hybrid structures to probe motor protein
movement, enzyme catalysis, and the function of nuclear
pore proteins as typical examples.

Cytoplasmic dynein and kinesin are microtubule-based
motors that transport cargos in opposite directions and
are involved in various essential biological processes'*> In
2012, Derr and colleagues designed a DNA origami-based
system to investigate the mechanisms that coordinate
motor ensemble behavior (Fig. 3c)'®>. Motor proteins
were anchored at the surface of the DNA origami bundle
in tunable types, numbers, spacings, and orientations. By
monitoring the movement of the DNA origami-motor
protein complex on the microtubule (MT) at the single-
molecule level using a fluorescence signal, they demon-
strated that the motor number had a minimal effect on
directional velocity. When opposite-polarity motor pro-
teins were placed on the same DNA origami, they engaged
in a tug-of-war, and the motor with higher affinity won
the game. Recently, Abdellatef et al. fabricated a model
system to study the oscillatory movement of dynein'®*,
Two kinesin-modified DNA origami bundles were used to
crosslink two MTs to restrict their relative movements
caused by dynein. They observed obvious oscillatory
movement and bending motions of the dynein-MT-DNA-
origami complexes. Myosin, which interacts with actin to
generate force and movement, is the motor protein
responsible for muscle function. Hariadi and coworkers
assembled groups of myosin V and VI motors onto a 2D
DNA origami scaffold to investigate the collective motion
in myosins'®®. They found that single myosin V and VI
dimers displayed similar skewed trajectories on the ker-
atocyte actin network. However, compared to myosin V
with a flexible arm, the trajectories of myosin VI, whose
arm is relatively rigid, progressively straightened as the
number of myosin VI molecules increased. The results of
Hariadi et al. suggested that structural features of myosin
may confer selective advantages in cellular functions. The
same group also applied a DNA origami tube to reveal the
motion of larger ensembles of motors'. Myosins were
anchored on the DNA origami tubes at various spacing,
and DNA origami objects were hierarchically assembled
into long crystalline 1D tracks with several micrometers.
In this way, this higher-order structure could be used to
mimic the interactions on the length scale of a muscle
sarcomere. Interestingly, similar to cytoplasmic dynein
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and kinesin, neither myosin density nor spacing had a
significant effect on the gliding speed of actin filaments. In
the above examples, myosin proteins are directly
anchored to the DNA origami structure by DNA hybri-
dization. However, in native thick filament and thin fila-
ment complexes, myosin is subject to geometric
restriction in force generation. To further explore this
process, Fujita and colleagues constructed a DNA
origami-based thick filament in which myosin proteins
were attached to the DNA bundle backbone in a restricted
geometry to mimic the native thick filament’*, Using
high-speed atomic force microscopy to monitor the
movement of the artificial complex, they found that the
free myosin head interacted weakly with actin filaments
and bound firmly to the forward region. Upon binding,
the two-step lever-arm swing stopped mainly at the first
step and occasionally reversed direction. In another
interesting case, Iwaki and coworkers constructed a DNA
origami nanospring to investigate the effect of mechanical
forces on the stepping mode of myosin VI proteins'®’.
The authors demonstrated that a hand-over-hand
mechanism was used for the transport of cargos at low
load, and an inchworm-like mechanism was used at high
loads. Recently, Rai et al. used DNA origami nanotubes to
explore the multimodal regulation of myosin VI activity
through the cargo adaptor GAIP-interacting protein'%®,
Enzymes, as unique catalysts in organisms, have always
attracted great attention. Almost all metabolic processes
in cells are inseparable from enzymes. Enzymes can
greatly accelerate the rate of chemical reactions in these
processes so that the substances and energy produced by
metabolism can meet the needs of organisms. DNA ori-
gami structures are used to study the function of enzymes
in two main approaches The first one is to act as an
artificial nanocompartment to regulate the protein and
substrate reactions. Indeed, one of the first 3D DNA
origami structures was envisioned to encapsulate
enzymes'®”. Grossi et al. constructed a DNA origami
nanoscale vault and loaded a bovine alpha-chymotrypsin
in its cavity''®. The DNA vault could be reversibly
opened/closed via a multilock mechanism and thus con-
trol the access of substrates to the enzyme in the cavity.
Similarly, Ijés et al. designed a DNA origami nanocapsule
to encapsulate horseradish peroxidase'''. The DNA
nanocapsule was locked by a DNA triplex that is sensitive
to the pH of the surrounding solution. Therefore, the
nanocapsule could be opened and closed by changing the
pH to control the catalysis reaction. To achieve controlled
release, other “locks” were also used, including protein
recognition and light irradiation, which will be discussed
in Section “DNA origami-based smart drug delivery sys-
tems”. In another case, a DNA origami plate containing a
T7 RNA polymerase and multiple target-gene substrates
was created to function as a gene logic chip''’. By
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controlling the intermolecular distances between the
enzyme and the target genes, gene expression could be
regulated.

The second approach is to study the enzyme cascades. It
should be noted that early explorations of enzymatic
cascades were performed on nanostructures assembled by
DNA tiles''>. With the development of DNA origami
technology, its structural rigidity and addressability enable
more precise control over the number, position and
orientation of enzymes, making it an ideal platform for
exploring enzyme cascade reactions''*~''%, Fu et al. were
the first to demonstrate this concept by organizing dis-
crete glucose oxidase-horseradish peroxidase (Gox-HRP)
enzyme pairs on a 2D DNA origami plate with tunable
spacing (from 10 to 20, 45 and 60 nm) to investigate the
distance-dependent catalysis activity (Fig. 3d)''*. Strongly
enhanced activity was observed when enzyme pairs were
closely spaced, while the activity dropped dramatically for
enzyme pairs separated by 20 nm or more. The authors
proposed that Brownian diffusion of intermediates (H,O,
to this enzyme pair) in solution governed the variations in
activity at long distances, while the dimensionally limited
diffusion of intermediates contributed to the enhance-
ment in activity at shorter distances. They also found that
a noncatalytic protein bridge connecting the hydration
shells of the enzyme pair could enhance the activity.
Subsequently, Morii et al. used a DNA origami template
to study two different enzymes, xylose reductase and
xylitol dehydrogenase, at defined distances''”. In this
study, the authors demonstrated that the intermediate,
NADH, diffused to the second enzyme by Brownian
motion and contributed to the increased yield when two
enzymes were placed in close proximity, which is con-
sistent with the work of Fu et al. Instead of controlling the
distance between two paired enzymes, the Yan group
developed another exciting strategy to regulate the activity
of the enzyme cascade’®. In their design, an NAD™"
molecule (the intermediate of glucose-6-phosphate
dehydrogenase (G6pDH) and malic dehydrogenase
(MDH)) was directly organized between the enzymes by a
DNA handle to mimic the natural swinging arm, facil-
itating the direct transfer of substrate between the
G6pDH-MDH enzyme pair. Using this device, they sys-
tematically studied the effects of interenzyme distances,
enzyme orientations, and stoichiometry on enzymatic
activity. This swinging arm also afforded high specificity
in a complex environment by selectively establishing a
substrate channel between two defined enzymes. Subse-
quently, the same group applied this strategy to study the
selective enzyme cascade reaction on a DNA origami
scaffold'*. The NAD" swinging arm was anchored
among three enzymes (G6pDH, MDH, and lactate dehy-
drogenase (LDH)) and fixed with two anchor strands
between the enzymes. By reconfiguring the swinging arm
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between different enzyme pathways, they could control
substrate channeling and thus regulate the ON-OFF states
of different enzyme pairs'*’. In 2018, Yang et al. assem-
bled an artificial 2D enzyme network of GopDH-LDH on
a wireframe DNA origami scaffold. They found a higher
reaction efficiency than that of single enzyme pairs due to
the enhanced transfer'*'.

The strategies mentioned above are mainly based on
substrate channeling. Recent work, however, offered dif-
ferent viewpoints. Zhang et al. have shown that the
activity of enzymes benefits from the lower pH environ-
ment near the protein surface, caused by the negatively
charged DNA origami structure, compared to that in the
bulk solution, which provides a better reaction environ-
ment for the enzyme'*2, Zhao et al. assembled the Gox-
HRP enzyme pair in a DNA origami nanocage to study
the impact of both encapsulation and proximal poly-
anionic surfaces. They found that the distal polyanionic
surfaces of the nanocage enhance the stability of active
enzyme conformations through a strongly bound hydra-
tion Iayerug. In 2019, Klein et al. evaluated the kinetics of
seven different three-enzyme configurations and sug-
gested that the reason for activity enhancement is the
increased enzyme stability on the DNA origami scaffold
and a localized DNA surface affinity or hydration layer
effect instead of the enzyme-to-enzyme channeling
mechanism!?%, Recently, Kahn et al. used an open, 3D
DNA wireframe octahedron to create a library of spatial
organizations of glucose oxidase and horseradish perox-
idase for systematic exploration of the contribution of
enzyme distribution to cascade activity’”. They demon-
strated that the colocalization of cascaded enzymes to the
DNA origami structure dominated the increase in cascade
activity compared to other spatial parameters, and the
DNA origami scaffold could serve as a bridge connecting
the enzyme environments at larger length scales. The
debate on the reasons for the enhanced catalytic activity
of the enzymes in the DNA origami-enzyme complexes is
clearly far from over, and more work, both experimental
and theoretical, is needed to explore these systems. This
point also suggests that when we use DNA origami scaf-
folds to regulate protein functions, in addition to the
influence of the spatial arrangement of proteins, the
influence of the DNA origami structure itself should not
be ignored.

Apart from enzyme cascades, DNA origami scaffolds
have also been used to study the oligomerization process
of proteins. Rosier et al. used a DNA origami plate to
assemble caspase-9 monomers (both wild-type and inac-
tive protein) into different multiprotein complexes. They
demonstrated that enzymatic activity is induced by
proximity-driven dimerization with half-of-site reactivity
and revealed a multivalent activity enhancement in oli-
gomers of three and four enzymes'?”. Kurokawa and
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coworkers designed a perforated DNA origami platform
to reconstruct Kir3 K™ channels in vitro'?®. Local changes
in protein structure can also be amplified by DNA origami
structures. In an interesting example, Kosuri et al.
designed a DNA-enzyme complex to track the DNA
rotations that result from unwinding by the helicase and
transcription by RNA polymerase'®”. The DNA origami
blades were attached to the enzyme via a double-stranded
DNA segment, which also serves as the substrate of the
enzymes, and the blades not only amplified the motion of
the DNA but also minimized the obscuring effect of
Brownian fluctuations. They characterized a series of
events during the unwinding of DNA and revealed some
mechanisms of helicase and RNA polymerase.

In addition, DNA origami rings that mimic the con-
formation of natural nuclear pores were used to organize
intrinsically disordered nucleoporins into artificial nuclear
pore complexes, which acted as model systems to study
the function of intrinsically disordered proteins and thus
reveal the gatekeeper mechanism of the nuclear pore
complex. Fisher et al. constructed a biomimetic DNA
origami nanopore with different FG-Nups (nucleoporins
rich in Phe-Gly amino acid residues) anchored at the
inner wall. They demonstrated that the overall morphol-
ogy of the assemblies was determined by the type and
density of FG repeats'*®. Using a similar DNA origami
ring, Ketter and colleagues compared the assembly
behaviors of two different NSP1 Nups (NSP1, a model
yeast FG-Nup, and NSP1-S, a hydrophilic mutant) and
demonstrated that NSP1 formed a denser pore than
NSP1-5'?°. Derived from the DNA nanoring, a DNA
origami nanotrap was constructed to study the selective
filtering capability of the nuclear pore complex. Molecular
bites were preanchored at the bottom of the trap, and FG-
Nups formed a selective barrier above them. By detecting
the molecules bound to the bites, they demonstrated the
critical parameters of an effective diffusion barrier and
how the nuclear transport receptor Ntf2 can selectively
transport model cargo through nanotraps (Fig. 3e)'*°.

Regulating lipid membranes

Lipid membranes are essential elements for all life that
serve as a boundary structure to isolate the cytoplasm
from the outer environment and maintain the stability of
cells. Many biological processes are related to it. It par-
ticipates in budding, tubulation, fission and fusion, char-
acteristics essential for cell division, biological
reproduction, and intracellular membrane trafﬁcking131.
Manipulating the shape of lipid membranes in an artificial
system to mimic the changes they undergo under phy-
siological conditions can help us understand these bio-
logical processes. However, it takes work to achieve this.
With the development of chemical conjugation methods,
it is easy to conjugate oligonucleotide tags to lipid
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molecules or hydrophobic moieties. As a result, these
molecules can be anchored onto DNA origami structures
at designed positions via hybridization to act as handles,
enabling the DNA origami objects to interact with lipid
membranes and shape them.

In 2014, inspired by the “cytoskeleton-membrane
protein—lipid bilayer” principle of the cell membrane, an
exciting strategy termed “frame-guided assembly (FGA)”
was proposed by the Liu group to direct the assembly of
amphiphiles®®. In their strategy, leading hydrophobic
groups (LHGs) were first anchored at defined positions of
the frame, where they functioned as nucleation seeds to
guide the amphiphiles to grow and form customized 2D
or 3D membrane structures. The group first demon-
strated this method on AuNPs'®? Poly (aryl ether) den-
dron was chosen as a model LHG and conjugated to a
DNA strand and an oligo (ethylene glycol) (OEG) on two
ends to form the DDOEG. Then, DDOEGs were anchored
onto the surface of AuNPs, and subsequently, the LHGs
could guide amphiphilic molecules to assemble into het-
erovesicles. By choosing different frames and small
amphiphilic molecules, they were able to prepare mono-
disperse vesicles of various shapes and sizes'*’. Wang
et al. used a transmembrane peptide as the LHG to guide
the assembly of lipid molecules on the AuNP frame'**,
Using pH-sensitive peptides as LHGs, the assembly pro-
cess of liposomes could be controlled by changing the pH
of the solution'®*. Compared with inorganic nano-
particles, DNA origami structures have richer structural
diversity. Moreover, due to the addressability of the DNA
origami structure, LHGs can be placed at defined posi-
tions on the frame, achieving more precise control over
the assembled structure. Zhou et al. applied the FGA
strategy to the 2D assembly of amphiphilic molecules
based on 2D DNA origami frames. They demonstrated
that the shapes of the assemblies were precisely controlled
by the LHGs preanchored on the template (Fig. 4a)'*.
Dong and coworkers further applied this strategy to 3D
DNA origami frames'®’. Subsequently, Yang and cow-
orkers constructed four different circular DNA origami
rings as outer frames to synthesize size-tunable lipo-
somes'®, DNA strands modified with the hydrophobic
group DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethano-
lamine N-[4-(p-maleimidophenyl) butyramide]) were
hybridized to the inner handles and pointed toward the
center of the ring. These hydrophobic groups acted as
nucleation seeds to recruit free lipids for the formation of
liposomes (Fig. 4b). Compared to the extrusion method
and ultrasound method, the liposomes synthesized in this
approach were more uniform due to the limitation of
DNA origami frames.

Hierarchical assembly of DNA origami building blocks
could form large templates that can manipulate the lipid
membrane at a larger scale. Based on their previous work,



Zhou et al. NPG Asia Materials (2023) 15:25

Page 14 of 24

C

iaami # Origami P — — — — — — — — - —— - —— - — — 4
DNA origami / Origami-based Frames DNA origami | Binding & cp | Polymenzatlon |
ZRETEN — wv templates with | € i A2 i
o ‘ ‘ neceston seecs : @" = r() I
| |

e
I AN, «Zj 3 Ry l
| |
Supply lipid | > X
. 4

Liposomes formed
in DNA origami
templates

l Remove template

O oo

Size controlled
liposomes

e 40 kDa Dexran-FITC

4\

s
%
[ ]
FITC  SRBand Cy5

500 kDa Dextran-FITC

)
=

40 kDa Dextran-FITC + 20 kDa plug

"

FITC  SRBand Cy5

" { ]

FITC  SRBand Cy5

A

Loose Tethering
N — \
Docking /

Fusion

Fig. 4 Regulating lipid membranes with DNA origami structures. a Frame-guided assembly of amphiphilic molecules on DNA origami

nanosheets. (Reproduced with permission'*®, Copyright 2016, Wiley-VCH). b Synthesis of size-controlled liposomes with DNA origami templates.
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Zhang and colleagues utilized modular DNA origami
frames to remodel liposomes with designer geometries:
tubular liposomes, toroidal liposomes, helical liposomes
and lipid tubule arrays'®’. They also demonstrated the
dynamic control of liposome shape by DNA template
reconfiguration. In natural biological processes, the
remodeling of the cell membrane is constructed by spe-
cific proteins. Thus, many works were inspired by natural
membrane-sculpting proteins. Czogalla et al. designed an
amphipathic DNA origami structure as a membrane-
scaffolding tool to mimic the biological activity of coat-
forming proteins such as the I-/E-BAR family'*’. The
DNA origami scaffold has a flat membrane-binding
interface and can form a 2D array via overhangs at the
side facets to induce the deformation of giant vesicles. To
further elucidate whether the “banana-like” shape of the
BAR protein can be uncoupled from other functional

features, Franquelim et al. constructed a variety of BAR
protein-mimicking DNA origami structures and char-
acterized their ability to participate in membrane binding
and transformation'*', They demonstrated that the BAR
protein-mimicked DNA origami scaffold could induce
membrane deformation dependent on curvature, mem-
brane affinity and surface density and reproduce the
activity of membrane-sculpting proteins. In addition, a
clathrin-inspired three-armed DNA origami nanos-
tructure was designed by Journot et al. to induce sub-
micrometer deformation of a lipid monolayer'**. In
addition to the deformation of vesicles mentioned above,
the tubular shape is another important membrane struc-
ture in cellular processes. Inspired by the ESCRT
machine, Grome and colleagues created DNA origami
curls to draw tubules from vesicles. After adding linker
strands, DNA origami curls preabsorbed to the vesicles
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would polymerize into “nanosprings” and transform the
spherical vesicles into membrane protrusions and tubule
vesicles with the help of amphipathic peptides (Fig. 4c)'**.
Furthermore, the same group designed various DNA
origami curls with stiffness and amphipathic peptide
density to analyze the effect of structural stiffness and
affinity on the remodeling of lipid membranes'**. These
studies not only reconstructed the lipid membrane shape
with a higher-order DNA origami structure but also
provided important insights into how the lipid membrane
is regulated by natural proteins to regulate cellular
behavior.

Membrane channels are essential for allowing cells to
exchange materials with the outer environment, through
which cells can concentrate valuable chemicals and out-
put metabolic waste, maintaining the internal environ-
ment. The construction of artificial membrane channels
that mimic natural ones could provide a powerful plat-
form to probe these processes. DNA origami structures
show great potential in this field due to their controlled
pore size. In 2012, Langecker et al. designed the first DNA
origami transmembrane channel'*>, The DNA origami
object consisted of a stem that penetrated and spanned a
lipid membrane and a barrel-shaped cap that adhered to
the membrane via cholesterol moieties (Fig. 4d). Similar
to natural ion channels, this artificial channel also dis-
played current gating behavior, which was considered to
be caused by thermal fluctuations. Langecker et al. also
used this artificial channel to study DNA hairpin unzip-
ping and guanine quadruplex unfolding and thus dis-
criminate analyte molecules that pass through'*.
Subsequently, Krishnan and colleagues synthesized a
DNA membrane channel, termed the “T pore”, with a
larger central pore (~4 nm)'*, After being attached to the
membrane, this channel allowed the translocation of
single-stranded and double-stranded DNA analytes.
Thereafter, DNA origami channels with larger pores were
constructed to allow larger molecular cargos to pass
through'*’~'*°, However, as the size of the pore increases,
both small and large molecules can pass, resulting in a
decrease in the selectivity of the channel. To solve this
problem, Thomsen and coworkers designed a 9 nm wide
DNA nanopore equipped with a size-selective gating
system'*°. In particular, they used a PEG plug to narrow
the nanopore. Thus, only small molecules can pass
through. After the removal of the plug, larger molecules
can pour out from the vesicles (Fig. 4e). Although size-
selective gating could be achieved by the controlled
unplugging system, the order is limited from small to
large substances, and a concentration gradient of the
substances is essential. Recently, Dey and colleagues
designed a reversibly gated DNA origami channel, the lid
of which could be closed and reopened via a lock-and-key
mechanism, allowing the controlled transport of
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functional proteins through membranes'®'. It is of great
value to design artificial channels that have the ability to
transport with specific selectivity or against concentration
gradients such as natural channels. In addition, DNA
origami objects can assemble into higher-order structures
with larger pores or form multiple parallel channels for a
closer look at the transport process of substances.

In addition to artificial membrane channels, higher-
order DNA origami structures are used to explore other
material exchange processes between lipid membranes.
Bian and colleagues created a tunable DNA origami
platform to study lipid transfer by the synaptotagmin-like
mitochondrial lipid-binding protein (SMP) domain of
extended synaptotagmin 1'°% In this model, the SMP
domain was anchored to donor liposomes, and the dis-
tances between the donor and acceptor liposomes were
controlled via the DNA pillars. They analyzed the lipid
transfer via a FRET-based assay and demonstrated that
the SMP domain could transfer lipids at a distance that
exceeds the length of an SMP dimer'*?. Membrane fusion
is another critical process that drives inter- and intracel-
lular trafficking and communication. Studies have
revealed that soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) complexes are the
engines for membrane fusion, while how SNAREs coop-
erate remains unclear. Xu et al. designed a DNA origami
ring and placed different numbers of SNAREs on the ring.
Liposomes were formed in the DNA origami ring, and the
DNA-protein-liposome complexes were anchored to the
target membrane via DNA handle hybridization, which
enabled bypass of the docking step and allowed direct
observation of individual membrane-fusion events. By
monitoring the membrane fusion process, they demon-
strated that one to two pairs of SNAREs were sufficient to

drive fast lipid mixing at a short distance (Fig. 4f)*>>.

Directing cell behaviors

At a larger scale, where cells become participants in the
life process, higher-order functional DNA origami struc-
tures could display their power as well. The behavior of
the cell is regulated by a set of nanoscale molecular
events, e.g., the interaction of ligands and receptors. The
binding of ligands to corresponding receptors activates
downstream signaling pathways and then directs the
behavior of the cell. In the immune system, the continued
binding of antigens to B-cell receptors can cause receptors
to form clusters and activate B cells'®*. However, the
exact antigen-receptor binding mode, especially the effect
of the spatial distribution of antigen on B-cell activation,
remains poorly understood. DNA origami nanostructures
can form defined higher-order structures with antigens
and control the spatial distribution of antigens with
nanoscale precision. Previous studies have shown that
DNA origami can be used to explore the relationship
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between the binding affinity of antigen-antibody and the
distance between antigens”. Therefore, it is practical to
construct “synthetic cells” with DNA origami scaffolds, on
which the type, number, and spacing of antigens could be
tailored, for studying the process of immune cell activa-
tion. Veneziano and coworkers displayed the clinical
vaccine immunogen eOD-GTS8 on different DNA origami
scaffolds (icosahedral and rod-shaped) to systematically
investigate the impact of the spatial distribution of eOD-
GT8 antigen on B-cell activation in vitro'®”. By mon-
itoring the activation of B cells with different synthetic
antigen-DNA origami particles, they demonstrated that a
valency of five or more antigens and nearest-neighbor
spacings of approximately 25-30 nm would maximally
activate B cells (Fig. 5a). This study also provided a

potential platform to investigate the spatial relationships
with immunogens of other viral pathogens. DNA origami
scaffolds were also used to explore the T-cell activation
process. Whether preclustered pMHC contributes to the
formation of TCR clusters and activates T cells has long
been doubted. Hellmeier et al. designed a robust 2D DNA
origami plate and placed antigens at defined positions'*°.
The DNA plate was anchored to fluid-phase planar sup-
ported lipid bilayers to allow lateral movement, which
enabled nanoscale control over ligand distances without
interfering with the dynamics of receptor clustering. They
demonstrated that, unlike the high-affinity ligands that
activate T-cells only when they are in close proximity,
monomeric agonist pMHCs stimulate T-cells via serial,
rapid, and short-lived engagement (Fig. 5b)'®. Recently,
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Wang et al. used a DNA origami plate to pattern anti-
CD3 into different spacing and geometric arrangements
to evaluate the spatial effect of TCR on T-cell signaling’.
They suggested that early activation of T cells favored
high-density ligand geometric arrangement, while the
signal of late T-cell activation was linearly correlated with
anti-CD3 valence. Dong et al. designed a DNA origami
pegboard functionalized with an engineered receptor
system to investigate the influence of the spatial config-
uration of clusters on the MAPK signaling response in
T cells, including the threshold and duration of the
MAPK signal'®®. In addition, a similar DNA origami plate
was used to study the phagocytosis process of macro-
phages driven by Fcy receptors'®®. Kern and coworkers
constructed an artificial DNA-CARYy system and used the
DNA origami plate to control the size and spatial
arrangement of ligand clusters while maintaining the total
number of ligands on the surface of beads. They found
that reducing ligand spacing could potently enhance
engulfment, and increasing the number of single ligand-
receptor complexes was insufficient to recapitulate this
effect, which suggested the key role of the receptor cluster
in phagocytosis. Recently, Zhang and colleagues designed
a DNA nanoball ~74 nm in diameter to display SARS-
CoV-2 RBDs, forming a virus-like particle (VLP) to
enhance the immune response'®. They found that,
compared to evenly distributed RBDs, a concentrated
RBD distribution promoted faster and stronger interac-
tion with the host cell. However, VLPs with even RBD
distributions showed much better immune activation
effects. DNA origami-based VLPs provide a feasible tool
to study viral infection and could facilitate the develop-
ment of antiviral vaccines. In another interesting case,
Angelin et al. combined the bottom-up self-assembly of
protein-DNA structures with the top-down micro-
patterning of solid surfaces to construct multiscale ori-
gami structures as an interface for cells (MOSAIC)**!, In
the MOSAIC system, the number, stoichiometry, and
precise nanoscale orientation could be controlled, thus
providing a potential tool to address questions in cell
signaling.

In addition to being regulated by ligand binding, cells
can communicate with each other by directly connecting
to neighboring cells. Cell-cell communication is a critical
process for maintaining biological functions, and con-
structing artificial cell-cluster models can help us better
understand the principles governing multicellular self-
organization and communications. Compared to other
methods being used to construct artificial cell clus-
ters'®>71%*, DNA origami objects provide a convenient
approach to organizing cell assemblies with tunable spa-
tial orientation and precisely controlling the cell types. Ge
and coworkers designed a DNA origami platform to
organize homotypic and heterotypic cells in 3D space'®”.
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Multiple DNA origami building blocks were oligomerized
to match the size of the cell, and specific ligands were
placed at designed sites on the DNA origami platform to
bind corresponding cells in the controlled orientation.
They investigated different types of cell-cell commu-
nications, including gap junctions, tunneling nanotubes,
and immune/tumor cell interactions with this platform
(Fig. 5¢). Using a similar DNA object, Liu et al. further
reconstructed a soma-soma synapse-like junction
between cells'®. Although the use of DNA origami to
direct cell behavior is still in the proof-of-concept stage,
features such as the ease of functional modification,
nanoscale precision, and hierarchical assembly make
DNA origami a promising platform to direct cell behavior.
The construction of larger DNA origami platforms with
sizes close to those of cells can help us further investigate
these processes.

DNA origami-based smart drug delivery systems

An important goal of our exploration of life processes is
to understand the causes of disease and develop effective
therapies. In past decades, with the development of
nanotechnology, various nanocarriers have come into the
spotlight and attracted tremendous attention because they
can improve the effectiveness and minimize the adverse
effects of conventional drugs'®”'®®, The unique features
of DNA structures, such as tailored geometries, pro-
grammable interactions, and outstanding biocompat-
ibility, make them advantageous nanocarriers for drug
delivery. Many well-conducted studies have been per-
formed in this area, especially framework nucleic acid
nanostructures. Readers are referred to the following
excellent reviews for systematic information'®*~'"". In this
section, we focus on the recent developments in the
design strategies for constructing DNA origami-based
smart drug delivery systems.

Targeting and controlled release are two key features for
the design of smart drug delivery nanocarriers. The phy-
sicochemical properties of nanocarriers have significant
effects on their biodistribution and clearance in vivo,
including size, hydrophobicity, and charge. A living
organism is a highly heterogeneous system, different parts
of which have different physical and chemical properties,
resulting in different biodistributions of different nano-
carriers. For example, compared to small nanocarriers
(10-20 nm), which are widespread in various organs,
some larger nanocarriers (typical 20 nm < d <1 pum) tend
to be retained in tumor tissues since the pores in tumor
vessels are much larger (100 nm to 1 um) than the tight
endothelial junctions of normal vessels (5 to 10nm
size)'**172, In addition, some lipid-soluble drugs require a
nanocarrier that provides a hydrophobic environment,
while some protein drugs, such as antibodies, require a
hydrophilic environment. Therefore, we often customize
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nanocarriers according to different therapies. Customi-
zation is an important feature of DNA origami objects.
The typical size of a single DNA origami object is tens to
hundreds of nanometers, while we are able to construct
tiny ones with shortened scaffolds or larger ones with
elongated scaffolds'”'®'”?, In addition, higher-order DNA
origami structures at the micrometer scale could be fab-
ricated, as mentioned above. In 2018, Bastings et al. sys-
tematically investigated the uptake of 11 DNA
nanostructures of different conformations and sizes in
three cell lines'”*. They found that larger particles with
greater compactness were preferentially internalized
compared with elongated, high-aspect-ratio particles. In
addition, the kinetics of the cellular uptake of nano-
particles is closely related to cell type, and the shape of
DNA nanostructures has little effect on it. To further
explore the uptake and distribution of DNA origami
nanostructures in vivo, Jiang et al. radiolabeled a series of
DNA origami nanostructures of different sizes and shapes
with Cu-64 for positron emission tomography imaging'”®.
All of them tended to accumulate in the kidneys of
healthy mice and mice with acute kidney injury (AKI),
while the free M13 scaffold and partially folded DNA
objects showed increased liver sequestration. Interest-
ingly, even without drug loading, the rectangular DNA
origami object exhibited a therapeutic effect on mice with
AKI. In addition, the surface chemistry of nanocarriers
may affect their biodistribution. The feasible surface
modification of the DNA origami structure allows us to
conjugate other materials to change the properties of
nanocarriers to meet the requirements of drug delivery.
Typically, the electrostatic repulsion between the nega-
tively charged sugar-phosphate backbone and cell mem-
branes prevents the internalization of DNA origami
objects. However, after surface modification with cowpea
chlorotic mottle virus capsid proteins, the 2D DNA ori-
gami plate showed a 13-fold delivery efficiency compared
to bare plates'’®. Ponnuswamy et al. demonstrated that
oligolysin-coated DNA origami barrels showed significant
resistance to low salt and DNase I and exhibited efficient
uptake by endosomal compartments and an increase in
pharmacokinetic bioavailability'’”. In addition, as men-
tioned above in Section “Regulating lipid membranes”,
lipid membranes can be coated onto DNA origami objects
as well®®. The lipid membrane could improve the inter-
nalization of DNA origami nanocarriers and may function
as a hydrophobic matrix to load hydrophobic drug
molecules. In the future, more studies on these coated
DNA origami objects are needed to explore their dis-
tribution in organisms and uptake by cells.

Active targeting is another way to construct smart DNA
origami drug nanocarriers by adding targeting molecules
to the surface. Aptamers are the most commonly used
active targeting molecules due to their simple
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hybridization process, and multiple kinds of aptamers
have been used to target DNA origami nanocarriers to
tumor cells. Zhao et al. attached MUC1 aptamers to the
edges of a 2D DNA nanosheet to selectively deliver
cytotoxic protein ribonuclease to execute their cell-killing
function'”®. Similarly, doxorubicin was loaded onto
aptamer-modified DNA origami plates for cancer che-
motherapy179’180. In addition to tumor-targeted aptamers,
other aptamers can be used to achieve drug delivery to
different targets. Mela and colleagues designed a perfo-
rated DNA origami plate functionalized with aptamers
designed to target E. coli and B. subtilis bacterial strains as
the vehicle to deliver lysozyme to gram-positive and
gram-negative bacteria (Fig. 6a)'®’. In addition, some
small-molecule ligands are also utilized for targeted
delivery, such as DUPA (2-[3-(1,3-dicarboxy propyl)-
ureido] pentanedioic acid) and folate'®*'%3,

Controlled drug release is another way for DNA origami
nanocarriers to improve therapeutic effects and reduce
toxic side effects. With the development of DNA origami
technology, an increasing number of dynamic structures
that can transform in response to external signals have
been designed, laying the foundation for DNA nano-
carriers to achieve controlled release. A typical example is
the DNA origami box with a controllable lid constructed
by Anderson et al. in 2009'%, They constructed the box
by folding up six linked DNA origami sheets and func-
tionalized it with a dual lock—key system that could be
opened by toehold-mediated strand displacement. Similar
designs have been used to control the on/off switching of
other DNA containers, such as the DNA nanovault and
the DNA nanosphere’'”'®*, Other signals can also be
used to control the transformation of DNA origami
objects'®. Recently, the dual lock-key system of the DNA
box was replaced by a protein recognition aptamer for
protein sensingl%. Using a pH-sensitive DNA triplex
structure, Ijds et al. constructed a pH-responsive nano-
vault that could be reversibly opened and closed by
changing the pH of the surrounding solution (Fig. 6b)''".
Light irradiation is another convenient trigger to regulate
the conformation of DNA origami carriers, and it can also
be used to directly cleave the anchor of the drug molecule
to release it from the nanocarrier'®”'%%,

Based on the design strategies above, smart therapeutic
DNA origami nanorobots were constructed that can
transport molecular payloads to target locations, respond
to external simulations, and release the payload in a
controlled manner. In 2012, Douglas and colleagues
described a logic-gated DNA robot capable of opening
and exposing its payloads in response to cell-signaling
stimulation'®’, The large inner chamber of the DNA
robot could be used to load various payloads, and the
“dual lock-key system” was designed to consist of different
logical AND gates that can respond to a wide array of cues
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Fig. 6 DNA origami-based smart drug delivery systems. a The E. coli and B. subtilis bacterial strain-targeted aptamer-functionalized DNA origami
nanocarriers for antimicrobial delivery. (Reproduced with permission'®’, Copyright 2020, Wiley-VCH). b A reconfigurable DNA origami nanocapsule
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bonds are used to seal the nanotube and release the siRNA cargos upon interacting with glutathione in the cytoplasm. (Reproduced with

(Fig. 6¢C). Recently, a cleverly designed DNA nanorobot
was constructed by Li et al. for cancer therapy in vivo'®’.
They loaded thrombin onto one side of a single-layer
DNA origami sheet and rolled it up with nucleolin-
binding aptamers. Thus, the thrombin molecules were
protected from circulating platelets and plasma fibrino-
gen. After being intravenously injected into mice with
breast tumors, the DNA nanorobots recognized nucleolin
on tumor-associated endothelial cells and exposed
thrombin to induce intravascular thrombosis, resulting in
tumor necrosis and inhibition of tumor growth. In these
designs, the aptamer system functioned both as the

targeting molecule and as a switch for controlled release.
Subsequently, DNA origami carriers were constructed to
combine gene therapy and chemotherapy'*"'*>. Wang
et al. designed a tubular DNA nanodevice loaded with
Dox and small interfering RNAs on its inner wall'®?,
Transactivators of transcription peptides were added to
the edge of the DNA nanocarrier to improve cellular
uptake and tumor retention. Since the linkers contained
disulfide bonds, the nanocarrier would open and release
Dox and siRNA in response to glutathione in the tumor
(Fig. 6d). Despite showing great potential, there are still
many problems plaguing the development of DNA
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origami-based smart drug delivery systems. For example,
the stability of DNA nanostructures in the cellular
environment has long been questioned due to native
DNase. Recent studies demonstrated that the degradation
of DNA origami nanostructures was significantly slower
than that of bare double-stranded DNA when exposed to
nucleases'”* or cell lysate’®® and even when injected into
mice'””, In addition, many groups have developed coating
strategies to improve the structural stability of DNA ori-
gami'?®™'*?, Much work is still needed to enhance the
physiological stability of DNA origami structures, as well
as to investigate the metabolic and kinetic processes of
DNA origami nanocarriers in vivo.

Summary and prospects

Forty years ago, Professor Seeman proposed the concept
of immobile DNA junctions, laying the foundation of
DNA nanotechnology. Today, not only can we use the
technique of DNA origami to construct various fascinat-
ing structures, but we can also use DNA origami objects
to fabricate a series of functional nanodevices to under-
take complex tasks. In recent years, given their pro-
grammability and addressability, many higher-order
functional DNA origami structures have demonstrated
great promise to manipulate various objects with nanos-
cale precision and thus reveal the corresponding biolo-
gical processes at multiple scales. Particular attention is
given to utilizing DNA origami scaffolds to study multiple
aspects of proteins, including structure, interaction, and
function. At larger scales, lipid membranes and cells can
also be regulated by higher-order DNA origami struc-
tures, providing a powerful platform for probing their
biological functions. Despite these success stories, many
challenges and opportunities remain. First, it remains
challenging to construct micrometer-sized DNA origami
structures while retaining full addressability. Such higher-
order structures could provide a larger platform to
manipulate objects such as organelles and cells while
retaining nanoscale precision. Special strategies have been
tried to achieve this goal. Tikhomirov et al. employed a
fractal assembly strategy to produce a 2D DNA origami
array that could be used to render extremely complex
images such as the Mona Lisa'®. Zhou et al. designed
orthogonal and directional bonding to assemble 3D hex-
agonal prisms into finite-sized hierarchical structures,
which maintained the structural integrity and addressa-
bility®>. However, in these strategies, the multistep
assembly process often results in a low final yield and
hinders application. Optimized assembly strategies are in
great demand to fabricate well-defined higher-order DNA
origami structures to bridge the gap between nanoscale
and macroscale engineering. Second, recent studies have
shown that the DNA origami structure itself affects the
state and activity of biomolecules immobilized on the
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structure. For example, biomolecules display fast folding
kinetics with increased mechanical and thermodynamic
stabilities in the DNA origami structure due to the con-
fined space®”. Negatively charged DNA origami struc-
tures can cause the pH environment near their surface to
be lower than that of the bulk solution, which affects the
state and activity of the protein attached to them'**, In
addition, some molecules can nonspecifically adhere to
the surface of DNA origami structures and alter their
surface chemistry. For example, a protein corona was
observed to form on DNA nanostructures®’. The bio-
molecules to be studied can be sensitive to these factors;
therefore, it is necessary to take these factors into account
when applying DNA origami structures to manipulate
functional biomolecules. Chemical modification strategies
could be helpful to alter the properties of DNA origami
structures to enhance their stability and minimize unin-
tended effects, which are of great importance to applica-
tions in vivo, although it would be difficult to fully retain
the addressability of the surface. Finally, it is important to
construct DNA origami nanodevices that can consume
certain types of chemical energy (similar to motor pro-
teins using ATP) to do work. Such devices can act like
automated nanorobots to perform various tasks in living
organisms, extending the application of DNA structures
to a previously unimaginable level. Recently, Pumm and
colleagues constructed the first nanomotor that can
actually perform measurable mechanical work®*®. The
DNA nanomotor can keep rotating in the same direction
under an alternating electric field through a mechanism
known as a flashing Brownian ratchet and thus store
energy by winding up a DNA “spring”. This work is
exciting and can shed light on the design of DNA origami-
based nanomotors. It is foreseeable that sustained efforts
will be dedicated to fabricating DNA origami-based
nanodevices to implement sophisticated tasks both
in vitro and in vivo and open avenues to explore the
fascinating biological world.
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