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Abstract

In bottom—up self-assembly, DNA nanotechnology plays a vital role in the devel-
opment of novel materials and promises to revolutionize nanoscale manufactur-
ing technologies. DNA shapes exhibit many versatile characteristics, such as their
addressability and programmability, which can be used for determining the organi-
zation of nanoparticles. Furthermore, the precise design of DNA tiles and origami
provides a promising technique to synthesize various complex desired architectures.
These nanoparticle-based structures with targeted organizations open the possibility
to specific applications in sensing, optics, catalysis, among others. Here we review
progress in the development and design of DNA shapes for the self-assembly of
nanoparticles and discuss the broad range of applications for these architectures.

Keywords DNA shapes - DNA tiles - DNA origami - Nanoparticles - Self-
assembly - Nanomaterials

1 Introduction

In the early 1980s, Seeman first proposed the use of DNA as a molecular building
material for constructing well-defined architectures on the nanoscale [1]. Approx-
imately two decades earlier, Holliday had suggested that a branched DNA struc-
ture can naturally occur as a key intermediate of the chromosome synapses and
recombination [2]. As opposed to the traditional linear conformation of DNA,
Seeman realized an opportunity for using these branched DNA architectures, or
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Holliday junctions, as the basis for crystallizing proteins using the designed peri-
odic DNA structures [1]. These structures are formed through the assembly of
two-dimensional (2D) and three-dimensional (3D) networks of oligomeric nucleic
acids. He hypothesized that there is a significant potential for creating non-tradi-
tional nucleic acid architectures that possess a high degree of spatial orientation
and addressability. The initial vision of self-assembled DNA shapes came with
three over-arching goals: (1) development of individual DNA constructs with
designed architecture, (2) establishing methods for creating large-scale organized
assemblies from DNA, and (3) using DNA-based assembly approaches for guid-
ing the organization of nano-objects into finite and periodic structures.

As a direct result of this vision, the field of DNA nanotechnology has emerged
as an active field of research. While the challenges outlined in the original vision
are not yet fully resolved, the current state of the field and its fast progress show
the feasibility of using DNA nanotechnology methods for solving them, as well
as for addressing many other scientifically and technologically important prob-
lems across a wide range of disciplines, from material science to sensing, and
from nanomedicine to information storage. Efforts over the last few decades
have been accompanied by the development of various methods for the design
and synthesis of complex DNA shapes ranging from DNA tiles, designed using
branched junctions [3], double-crossover molecules [4], and triple crossover mol-
ecules [5], to three-dimensional DNA shapes, including cubes [6], an octahedron
[7], and many others, using a technique known as DNA origami [8]. The abil-
ity to generate complex DNA shapes has been used as the basis of various DNA
architectures and nano-structuring platforms. Concurrently, efforts were made to
integrate inorganic nanoparticles with DNA through the use of chemically modi-
fied DNA sequences that are grafted to nanoparticle (NP) surfaces, as was first
demonstrated in 1996 by Mirkin and Alivisatos [9, 10]. The ability to form DNA
shells of spherical or other morphologies through grafting to NPs directly led to
strategies for the self-assembly of NP superlattices, as was demonstrated by the
research groups of Gang and Mirkin, respectively, and coworkers in their pioneer-
ing 2008 studies [11-13] and expanded upon in later NP-based systems [14—17].
On the other hand, there has been tremendous progress on combining vari-
ous strategies for guiding DNA-functionalized NPs into one-dimensional (1D),
2D, and 3D assemblies using DNA-based objects. Recent demonstrations of the
integration of complex designed 3D DNA constructs with NPs with the aim to
produce designed 3D NP organizations [18-20] merged NPs with DNA shaped
direction and opens up enormous possibilities for creating designed 3D NP-based
materials.

In this review we begin with a detailed discussion of the design of DNA shapes,
and the origin and development of DNA tiles for guiding NP organization through
scaffolding. We then summarize the development of DNA origami and its applica-
tion for the programmable organization of NPs, followed by a detailed discussion of
3D polyhedral DNA frames for the assembly of periodic 3D NP organizations [19].
The latter strategy utilizes 3D polyhedral origami, rather than 2D DNA origami
motifs, commonly either rectangular [8] or triangular [21], and allows for the guid-
ing of NPs into 3D periodic structures. We conclude the review with a discussion
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of applications of these assemblies of NPs based on DNA shapes and the overall
impact of these shapes on structural DNA nanotechnology.

2 DNATiles
2.1 DNATiles: Fundamental Design and Development

The Holliday junction, a branched conformation of DNA, was used as the basis for
synthesizing the first generation of DNA structures, known as DNA tiles. This led
to the leveraging of more sophisticated designs of DNA tiles, with the realization of
larger and more complex DNA architectures [22-25]. Advancements in the design
of DNA tiles stemmed from the introduction of so-called “sticky ends,” which are
unbound regions of single-stranded DNA (ssDNA) used at the site of linking to
induce the binding of DNA shapes and structures, as shown in Fig. 1. Due to the
accuracy of connection and the programmability of the location of the sticky ends,
this became a crucial strategy for the construction of complex architectures from
various DNA constructs. The initial immobile junction used was a tetrameric junc-
tion formed with oligonucleotides by combining sequence symmetry constraints
with equilibrium calculations (Fig. 2a) [3], and the three-arm junction was designed
in the same manner (Fig. 2b) [26]. With the development of branched DNA junc-
tions, a set of 3D assemblies were designed, such as a cube [6] (Fig. 2e) and a trun-
cated octahedron (Fig. 2f) [7]. Building upon these design principles, junctions with
a higher degree of branching were developed [22], as shown in Fig. 2c. Researchers
noted that increasing the degree of branching would reduce the structural stability
of the structure and proposed increasing the number of nucleotide base pairings in
each arm to mitigate this resultant structural instability. Leveraging this strategy of
DNA branched junctions with a greater number of arms, it was possible to design

R | | I

Fig. 1 The core concept of DNA nanotechnology. a An immobile Holliday junction and its combina-
tion. The junction structure (left) consists of four different single-stranded DNA sequences distinguished
by the four colors, and it was designed with four sticky ends: X, Y, and their complements X' and Y'.
Through hybridization, the junction structure can be extended into a two-dimensional (2D) array. b Sche-
matic diagram of a three-dimensional (3D) DNA crystal for protein crystallization
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Fig.2 Library of branched DNA junction structures and their typical assemblies. a—d Branched junction
structures: a Four-arm branched junction, b three-arm branched junction, ¢ five- and six-arm branched
junction, d 8- and 12-arm branched junction. e, f Typical assemblies. e Molecule with the connectivity
of a cube. Reproduced with permission from Seeman et al. [134], copyright 2017, Materials Research
Society. f Molecule with the connectivity of a truncated octahedron. Reproduced with permission from
Seeman et al. [134], copyright 2017, Materials Research Society

a wide range of 3D polygons, including those from more than ten space-filling net-
works with 432 symmetries, through the selection and control of the of sticky end
design [22]. Continued efforts related to these highly branched junctions resulted
in the development of 8- and 12-arm junctions without any branch migration [27]
(Fig. 2d). However, it remained vital to stabilize the structure by tuning the number
of nucleotide pairs per arm. The 8- and 12-arm connected networks could be used
to achieve an N-connected network, which represents highly complex 3D organiza-
tions, such as a series of connected cuboctahedra [27]. The development of branched
DNA structures enriched the library of elements that could be used for the assembly
of DNA architectures and for guiding nano-objects.

Seeman later proposed the use of an alternative DNA shape or motif, named
a DNA double-crossover (DX) molecule [4], which could be used as the basis of
structural design using DNA (Fig. 3a). In order to assemble crystalline structures or
guide the organization of NPs, the fundamental units of the DNA structure require
definable intermolecular interactions and sufficient rigidity to ensure the formation
of the desired architecture. In the DX motif, two DNA strands follow an approx-
imately continuous helical trajectory, while two additional strands form a crosso-
ver to bind the two original sequences together. This strategy results in increased
mechanical stability, where the stiffness is twofold higher than that of a conven-
tional linear duplex [double-stranded DNA (dsDNA)]. The DX motif was used to
design five structurally unique arrangements, all of which were used as building
blocks to assemble 2D structures; this method was then used to produce 2D crys-
tals with specified patterning. A DNA hairpin was incorporated into the design of a
DX molecule as a topographic label (Fig. 3a), the periodic spacing of which could
be controlled and used to tether nanomaterials of interest [23]. A different motif,
a 4x4 branched tile, was later used to generate 2D crystals with a programmable
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Fig.3 Library of motifs basing on the double-crossover (DX) structure and their assemblies. a DX struc-
ture. Reproduced from Winfree at al. [23], with permission, copyright 1998, Nature Publishing Group.
b 4x4 branched tile. Reproduced from Yan et al. [28], with permission, copyright 2003, Science. ¢
Three-point-star. Reproduced from He et al. [29], with permission, copyright 2005, American Chemical
Society. d Six-point-star. Reproduced from He et al. [24], with permission, copyright 2006, American
Chemical Society. e DX triangle. Reproduced from Ding et al. [31], with permission, copyright 2004,
American Chemical Society

designation for proteins and was metallized to demonstrate the assembled structure’s
functionality as a nanowire [28]. A high-order 2D array that was assembled with
the proper designation of sticky ends is shown in Fig. 3b [28]. Additional structures
were generated on the basis of these branched units, such as the three-arm branched
junction analogue named the three-point-star [29] that can assemble 2D hexagonal
arrays (Fig. 3c). The balance of flexibility and stress in the design of DNA motifs,
particularly for the three-point-star, was investigated, and it was shown that this bal-
ance is critical to the assembly of well-ordered 2D arrays [29, 30]. Based on the
same strategy, other DNA shapes were designed for the assembly of 2D crystalline
organizations. These included a DNA six-point-star that assembled highly connec-
tive 2D arrays, as shown in Fig. 3d [24] and, as shown in Fig. 3e, a new motif that
can generate trigonal arrays using the DX triangle whose stiffness had been sig-
nificantly improved by the geometry of the design [31]. However, there was still a
need to develop a platform or design that would allow for assembly in 3D space.
It was with this in mind that Zheng et al. introduced key concepts for the synthesis
of 3D architectures using DNA shapes [25]. The three simple principles that these
researchers introduced to produce precisely designed 3D macroscopic objects were:
(1) a robust motif with 3D structure, (2) introduction of affinity interactions to the
interior of the motif, and (3) the use of predictable structures that can be assembled
based on these interactions. The proposed design was a tensegrity triangle consisting
of three helices not in the same plane with six exposed sticky ends. The interactions
of these prescribed sticky ends was the basis for the assembly of a 3D periodic lat-
tice [25]. There was an introduction of additional motifs, including the triple-cross-
over (TX) [5], the DNA parallelogram [32], and layered crossovers (LX) [33], all of
which became vital elements for self-assembly in future studies. Meanwhile, efforts

Reprinted from the journal 161 @ Springer



Topics in Current Chemistry (2020) 378:36

continued on the development of strategies to access additional architectures. One
of these efforts consisted of the assembly of DNA nanotubes with half-tube compo-
nents. Two half-tube species were designed using two different bent TX (BTX) mol-
ecules and a single arched four-helix [4-helix bundle (4HB)] component to assemble
a 6HB nanotube and an 8HB nanotube array, respectively. This work included an
investigation of the influence of the external environment on the self-assembly of
these objects into 1D arrays and reported the assemblies of DNA nanotubes with
lengths of up to 500 nm [34].

The two important concepts in structural DNA nanotechnology, namely, branched
DNA structures and the DNA crossover design, were then combined to self-assem-
ble a 1.7-kb nucleotide sequence into a 3D octahedron, as shown in Fig. 4a. In the
presence of five 40-mer synthetic oligodeoxynucleotides, the long ssDNA mole-
cule can be folded into the octahedron structure using a denaturation—renaturation
procedure. The programmability of this 3D object, which is related to the design
of the oligodeoxynucleotides, can also be utilized to position the NPs with preci-
sion [35]. It was later proposed that the assembly of many distinct DNA strands
could become quite difficult to achieve due to the increased number of DNA strands
needed for the assembly of large, complex structures. It can also become quite dif-
ficult to design large numbers of unique DNA sequences, which is done in an effort
to minimize any parasitic crosstalk and unintentional interactions between the DNA
sequences used in a particular design. These difficulties result in a reduction in the
overall addressability of the design and can affect the assembly and fidelity of the
structure. To simplify the overall design, He et al. used symmetric three-point-star
motif as the building block [29]. In subsequent studies, researchers investigated sev-
eral factors to promote polyhedron formation, and through adjusting the length of

Tetrahedron
Loop: 5 bases
DNA: 75 nM

Loop: 3 bases

/ Dodecahedron
DNA: 50 nM
[
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Fig.4 a An octahedron structure folded by a 1669-nucleotide single-stranded DNA and its cryo-elec-
tron micrograph. Reproduced from Shih et al. [35], with permission, copyright 2004, Nature Publishing
Group. b Diagram showing the formation of the symmetric three-point-star motif (left) and the DNA
polyhedron (right). Top to bottom: tetrahedron, dodecahedron, and buckyball, respectively. Reproduced
from He et al. [36], with permission, copyright 2008, Nature Publishing Group
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loops and DNA concentration they were able to synthesize three distinct polyhedral
objects (Fig. 4b), a tetrahedron, a dodecahedron, and a buckyball [36]. It was then
shown that a modification of this star motif in which there is an increase in the num-
ber of points can serve as a building block to assemble an icosahedra [37]. Subse-
quent comprehensive exploration has resulted in the construction of a wide variety
of architectures through the assembly of branched DNA building units becoming a
robust strategy for the formation of complex structures. In 2012, Ke et al. proposed a
different method to construct 3D architectures. These researchers designed and fab-
ricated a series of short synthetic DNA strands, which were termed “DNA bricks.”
In a procedure that is analogous to building a structure out of Lego bricks, they
fabricated diverse discretionary architectures by using DNA bricks as the building
block. With precise design of the functional DNA sticky ends, Ke et al. realized the
guidance of NP assembly, which further expanded on structural fabrication and the
guiding of nano-objects [38—40].

2.2 Organization of NPs with DNA Tiles

Since the emergence of the research field referred to as DNA nanotechnology, the
development of DNA-based approaches for creating ordered materials has been very
rapid. These complex structures, composed entirely of DNA, can be leveraged for
the organization of nanomaterials into either clusters or crystalline architectures. By
appling the methodology proposed for the hierarchical self-assembly of polyhedra
from the three-point-star DNA tile motif [36], it was therefore possible to success-
fully synthesize a wide-range of DNA polyhedrons and utilize these as nanoscale
cages for the programmable encapsulation of NPs. The inherit addressability of the
design allowed for controlled variation in the number of DNA-functionalized gold
NPs (AuNPs) and encapsulation of these AuNPs into correlated DNA cages via
hybridization, as shown in Fig. 5a. The reversibility of this system was also demon-
strated, whereby the AuNPs could be released from the DNA cages [41]. In another
study, DNA polyhedrons were utilized to interrupt the symmetry of spherical NPs
and coordinate these with defined valences [42]. The resultant valency of the object
would dictate directional bonds for further architectural assembly. These program-
mable clusters of AuNPs were viewed as atomic and molecular analogs, with a
defined valence and bonding direction. Researchers were able to demonstrate vari-
ous geometries using distinct DNA cages, including a tetrahedron, an octahedron,
a trigonal prism, and a D; symmetry structure. In the case of the tetrahedral cage,
a NP was encapsulated and fixed at the center of the cage and it could only inter-
act with complementary NPs, based on the complementarity of the DNA shells that
were grafted onto the surfaces of the respective particles through the faces of the
polyhedral cage. These interparticle interactions would organize the NPs into their
desired positions. Thus, the five-NP structure can be seen as a molecular analog
of methane (CH,). Additional work with this strategy showed the viability of this
structure to generate a sulfur hexafluoride (SFy)-like structure, hexamethyltungsten
[W(CHj;)]g-like structure, and even ethane (C,Hg)-like structures with two cores
(Fig. 5b) [42].
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Fig.5 a Schematic diagram of gold nanoparticle-DNA conjugate (AuNP@DNA) cage structures fab-
ricated through DNA polyhedrons used to encapsulate AuNPs. Three different DNA polyhedrons are
shown: a tetrahedron (TET) (top), an octahedron (OCT) (middle), and an icosahedron (ICO) (bottom).
The size of the icosahedron is sufficiently large for encapsulating three AuNPs (bottom), while the other
two can only accommodate one AuNP (top and middle). Reproduced from Zhang et al. [41], with per-
mission, copyright 2014, American Chemical Society. b Diagram showing the self-assembly of mole-
cule-like NPs directed by DNA polyhedron nanocages. With different polyhedrons, a set of molecule-like
nanoparticles are assembled, including methane (CH,)-like (i), sulfur hexafluoride (SFy)-like (ii), hexam-
ethyltungsten [W(CHj;)4]-like (iii), and ethane (C,Hg)-like (iv) structures. Reproduced from Li et al. [42],
with permission, copyright 2015, American Chemical Society

The successful fabrication of DNA tiles and subsequent assembly into periodic
structures opened up the possibility to organize NPs beyond finite size structures
and clusters and enable the organization of low-dimensional arrays. For example,
the TX structure was used as a template for guiding NPs into linear arrays, whereby
the tiles were modified with two DNA stem loops located at the upper and lower
sections of the helices, respectively. The modification of one or both of the two stem
loops for the association of the streptavidin molecule resulted in linear arrays of
streptavidin, including single- and double-layer designs, as shown in Fig. 6a [43].
Additional efforts made to guide the organization of other nanomaterials via DNA
tile assemblies. A 2D array was assembled using the DX molecule design and was
used to align AuNPs. Four different DX molecules were integrated and investigated
as the scaffold for the 2D crystal. Small AuNPs (diameter 1.4 nm) were arranged
into 2D arrays through covalent attachment with controllable interparticle spacings
of 4 and 64 nm (Fig. 6b) [44]. As an extension of this work, AuNPs were organ-
ized onto arrays of DNA tiles via hybridization rather than covalent bonding. Using
DNA hybridization as the method of attachment to the 2D array, the crystal growth
conditions and the component synthesis could be independently optimized. Efforts
were also made to guide more than one kind of nanomaterial onto a single surface
and then to subsequently assemble that unit into periodic 2D arrays. By designing
distinct binding sequences, the research group of Kiehl and coworkers success-
fully guided the positioning of two sizes of AuNPs (diameters 5 and 10 nm) onto a
2D multi-nanocomponent array (Fig. 6¢) [45, 46]. In another study, the previously
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Fig.6 One-dimensional (1D) and 2D NP arrays assembled by DNA structures. a Streptavidin linear
arrays fabricated with TX DNA template. i—iii Structure diagram of the TX molecule (i), design and
formation of the linear array (ii), and atomic force microscopy (AFM) images of the single-layer and
double-layer arrays (iii). Reproduced from Li et al. [43], with permission, copyright 2004, American
Chemical Society. b Schematic diagram and transmission electron microscopy (TEM) image of 1.4 nm-
AuNP 2D array assembled with DX DNA template. Reproduced from Xiao et al. [44], with permission,
copyright 2002, Nature Publishing Group. ¢ Process of two different size AuNPs arranging into a com-
mon 2D array, with the AFM and TEM images shown at the bottom left and bottom right, respectively.
Reproduced from Le et al. [45], with permission, copyright 2004, American Chemical Society

mentioned four-arm tiles were used to assemble 2D arrays with precise AuNP posi-
tioning whereby the distance between neighboring particles was designed to be
~38 nm [47]. The factors influencing the formation of these 2D arrays were also
being studied, including the number of sticky ends, the symmetry and size of the
DNA tile, and the programmable distances between the AuNPs relative to the size
of the DNA tiles and 2D arrays. Various tiles were mixed together to diversify the
types of 2D assemblies that could be obtained, and this mixing resulted in the gen-
eration of three different 2D arrays (Fig. 7a) [48]. At approximately the same time, a
research group also demonstrated that multiple 2D arrays of NPs could be obtained
by using more than one triangular DNA motif in the same design. In particular, the
two triangular motifs, based on stiff DX molecules, used could each capture a par-
ticle independent of the other tile and then assemble into 2D arrays of ordered NPs
(Fig. 7b) [49].

Efforts continued on constructing 3D assemblies based on methods developed
for ordering NPs via DNA tiles organized in well-ordered 2D arrays. As such,
the 2D assembly method was modified to develop a strategy for the generation
of 3D architectures. This strategy consisted of the programmable rolling of a 2D
sheet into a variety of 3D tube conformations. Four variants of DX tiles were
designed to assemble 2D arrays, including one that had a site ready to associate
AuNPs (denoted as “A”) and another that had a DNA stem loop located on the
opposite side (denoted as “B”). When the arrays were assembled, 5-nm AuNPs
were aligned in parallel lines. However, the chosen tiles were packed side by side
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Fig.7 Schematic representations of 2D AuNP arrays assembled with 4 X4 tiles and tensegrity triangles.
a Diagram showing three different assembly of periodical AuNP nanoarrays. The different forms of the
three lattices depends on the design of the tile structure, including size and sticky ends. Reproduced from
Sharma et al. [48], with permission, copyright 2006, Wiley-VCH Verlag GmbH and Co. KGaA. b Dia-
gram showing the schematic and TEM images of three different AuNP arrays with varying number and
size of AuNPs. Reproduced from Zheng et al. [49], with permission, copyright 2006, American Chemi-
cal Society. ¢ Diagram of 3D DNA nanostructures fabricated with DX tiles showing the design of the DX
tiles for AuNPs arranging (top left), two of which are specifically designed, including one that carries
a 5-nm AuNP pointing upwards (shown in blue) and one that carries a DNA stem loop pointing down-
wards (shown in green). Four different 3D tubular structures were assembled through adjustment of the
interval of the corresponding edge tiles that associate (top right). The bottom image is the TEM image

of the tubular nanoscale architectures. Reproduced from Sharma et al. [50], with permission, copyright
2009, Science

at distances of < 5 nm and, consequently, the 2D arrays began to curl due to the
strong electrostatic and steric repulsions between the neighboring AuNPs. This
design was deemed useful for tuning the 2D NP organization with either neigh-
boring or alternating NP positions. It was noted that when the 2D sheet is rolled
into a tube, a variety of 3D NPs can be designed, including stacked rings, single
spirals, double spirals, and nested spiral tubes, as shown in Fig. 7c. A follow-up
study revealed that the ultimate dominant tube conformation is related to the size
of the AuNPs and the design of the DX tiles. In that study, three different sizes of
AuNPs were used, and it was discovered that with increasing AuNP size, from 5
to 15 nm, the stacked-ring conformation dominated. For example, in the system
with 10-nm AuNPs, 92% of the formed tubes were stacked rings [50]. Significant
efforts have since have been made to use DNA tiles for the organization of NPs
into complex 2D architectures. However, reliable methods to assemble 3D assem-
blies of NPs using DNA tiles remain very limited.
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3 Shaping DNA strands with NPs

DNA can be shaped not only through the formation of constructs as discussed
above, but also by organizing DNA strands on NP surfaces, a construct referred to as
a DNA shell. Concurrent with the efforts expended to design DNA tiles, significant
work was directed towards diversifying the assemblies of NPs through the tailoring
of DNA shells grafted onto a NP’s surface. After the first reports of successfully
grafting synthetic DNA to a AuNP [9, 10], it took over a decade to discover the
design principles needed to dictate the crystallization of DNA-functionalized NPs
[11-13]. It has been shown that NPs whose respective surfaces are functionalized
with DNA can assemble into NP lattices when the designs of the DNA shells are
favorable for an interaction potential that can stabilize a 3D ordered phase. Moreo-
ver, a specific pathway to crystallization is required for proper hybridization of the
grafted DNA and for particles repositioning into ordered phases. Two common strat-
egies for directing these interparticle interactions have been direct hybridization
[11] and linker-mediated hybridization [12, 14]. Many parameters associated with
the DNA shell and its morphology, including composition of the shell [51-53] and
length [17] and design of the DNA motifs, with sequence design referring to both a
Watson—Crick interacting portion or an entropic spacer [11], optimize interactions
favorable for the formation of ordered phases [54, 55]. It is also possible to diver-
sify the structure of the assembled phase of isotropic NPs by varying the number of
hybridizing DNA sequences and the hydrodynamic radius [56, 57]. The tuning of
two key parameters, namely, DNA linker length and the number of linkers per parti-
cle, can dictate the transformations between different ordered and disordered phases
[14], as shown in Fig. 8a, b.

The conformation of the DNA shell can also be tuned by grafting DNA to ani-
sotropic NPs. It has been shown computationally that solid polyhedral objects can
assemble into a variety of structures [58]. Researchers have demonstrated the 3D
assembly of anisotropic NPs grafted with DNA [16] typically favor phases that
maximize interparticle hybridizations. However, a range of interesting and unex-
pected effects can occur in the multi-strand shell. For example, the spontaneous
breaking of DNA shell symmetry was observed for nanorods due to the collective
hybridization and flexibility of the DNA chains [15], which results in the forma-
tion of a ladder-like linear organization rather than smectic or nematic types of
organization. These DNA shells have complex morphologies, and Lu et al. dis-
covered for nanocubes that the polymeric effects of DNAs on shaped NPs can
result in the anisotropic distribution of sequences on particle surfaces and effec-
tive complex shapes [59]. This phenomenon can drastically affect the resultant
assembly. These researchers noticed that for a specific range of linker lengths,
DNA functionalized nanocubes packed in a peculiar zigzag arrangement [59],
which is a breakdown of the orientational symmetry of the underlying nanoscale
object (Fig. 8c, d). The shape of DNA shells of anisotropic particles plays a key
role in the self-assembly process, particularly for interactions between dissimi-
larly shaped particles. In one case, functionalized anisotropic particles were used
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Fig. 8 Design and assembly of spherical and cubic NPs with DNA shells. a, b Schematic representation
of DNA-grafted particles connected by r DNA linkers with length L, (a) and experimental phase diagram
showing the transition from the ordered to disordered state as a function of the nominal linker/NP ratio
and NP volume fraction (b). Dashed line in b represents the boundary between dis-ordered and ordered
phases. a, b Reproduced from Xiong et al. [14], with permission, copyright 2009, American Physical
Society. ¢ Scanning electronic microscopy (SEM) images of nanocube lattices with varying distributions
of DNA grafted to the particle surface, and phase diagram of assemblies through variations in grafting
density and DNA sequence length. d Simulations of DNA corona morphologies as a function of grafting
chain length. A combined computational and experimental phase diagram reveals simple cubic, body-
centred cubic (BCC) or body-centred tetragonal (BCT) phases and a novel, so-called ZZ packing arrange-
ment. ¢, d Reproduced from Lu et al. [59], with permission, copyright 2019, American Association for
the Advancement of Science

to coordinate isotropic particles. The inherit symmetry of the anisotropic parti-
cles and its respective shell will dictate the organization of the spherical nanopar-
ticles [60]. In this study, Lu et al. showed that cubic NPs can coordinate spherical
particles through local arrangements in the designed DNA shell that cannot be
realized for spheres, giving rise to the formation of the unique 3D lattice of alter-
nating cubes and spheres. The particle shape complementarity can be also used
to promote a formation of 3D lattices [61]. In this respect, the nature of the DNA
shell can be seen as a tunable DNA shape that can leverage a large diversity of
existing NP shapes for the prescribed organization of functional nanomaterials.
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At the same time, there is a plethora of new nanoscale effects in this regime that
remain to be discovered and well understood.

4 DNA Origami
4.1 DNA Origami: Folding by Design

The DNA tile has been demonstrated to be a highly programmable scaffold for guid-
ing NPs into complex architectures. However, The DNA tile has a certain lack of
design flexibility that limits the number and complexity of possible NP architec-
tures. In 2006, Rothemund proposed a new method to build DNA structures, which
is known as “DNA origami” [8]. Similar to traditional paper origami, DNA origami
involves the folding of a long ssDNA sequence, known as the scaffold sequence,
through prescribed hybridizations with many shorter sequences, known as sta-
ple sequences. The DNA origami technique uses a scaffold sequence, M13mp18,
derived from the M13 bacteriophage. The specific interactions between the sta-
ple sequences and the scaffold result in the self-assembly of the designed shape,
as shown in Fig. 9a. As a direct result of this development, many researchers in
various fields were able to utilize this technique for the development of a number of
symmetric shapes, such as a square, rectangle, smile face, star, or triangle (Fig. 9b),
and even highly asymmetric shapes, such as a dolphin [62] or a Chinese map [63].
Douglas et al. demonstrated the use of DNA origami for the design of a 6HB [64,
65] that was developed to facilitate nuclear magnetic resonance studies of membrane
proteins in solution, and this strategy was later extended to realize a 24-helix bun-
dle (24HB) for guiding NPs [66]. This type of tubular structure was also utilized to
assemble NPs in a 3D chiral architecture [67].

The cornerstone of DNA nanotechnology is the ability to reliably design and
generate target 2D and 3D structures with the prescribed nanoscale features. The

AV-AV
b A

Fig. 9 a Schematic representation of the design of DNA origami, b 2D patterns designed by the DNA
origami technique. a, b Reproduced from Rothemund [8], with permission, copyright 2006, Nature Pub-
lishing Group
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introduction of the DNA origami technique enabled research related to a variety of
fields and applications as it was a simpler platform to utilize. One example is the
work carried out to design a 2D DNA origami sheet subsequently folded into a DNA
tetrahedron that could be used as a molecular container [68]. A similar strategy was
reported with the development of a nanoscale DNA box with a programmable lid
that can open based on a specific DNA input signal [69]. The research group of
Shih and coworkers conducted comprehensive studies on the formation of 3D DNA
origami that resulted in the successful design and assembly of complex shapes
using a honeycomb lattice as the basis of the designs [70-72], as shown in Fig. 10a.
These origami shapes included the monolith, square nut, railed bridge, genie bottle,
stacked cross, and slotted cross, with precisely controlled dimensions ranging from
10 to 100 nm. To make the design of DNA origami more accessible, a software
package, named caDNAno, was developed to aid with scaffold sequence routing
and staple sequence design [71, 72]. Ke et al. subsequently reported assembled 3D
objects whereby the origami design consisted of double helices with the four nearest
neighbors separated by 8 bp and the staple strand positioned to cross over one of its
four neighbors, as shown in Fig. 10b. Using this design, the helices were arranged
as a square lattice, forming overall a cuboid structure from the successful stack-
ing of two to eight repeating layers [73]. Efforts were also made to design origami
and multilayered structures based on hexagonal and hybrid arrangements of heli-
ces (Fig. 10c), resulting in four different origami structures. This strategy took full
advantage of the three different arrangements of DNA helices within the designed
objects, including the honeycomb, square, and the hexagonal lattice of helices, to
build a hybrid-lattice origami [74].

The development of additional design strategies and thorough investigation of
the origami technique contributed to the increasing number of possible DNA struc-
tures, such as a nanotube, a helix bundle, and even more complex 3D structures,
each of which could serve as the basis of guiding complex organizations of NPs. An

b.%ﬁ
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Fig. 10 Three different designs of 3D helices in lattice arrangements within DNA origami and the typi-
cal products. a Honeycomb lattice. Reproduced from Douglas et al. [72], under the terms of the Crea-
tive Commons Attribution Non-Commercial License, copyright 2009, the Authors, published by Nucleic
Acids Research. b Square lattice. Reproduced from Ke et al. [73], with permission, copyright 2009,
American Chemical Society. ¢ Hexagonal lattice. Reproduced from Ke et al. [74], with permission, copy-
right 2012, American Chemical Society
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example of such a complex DNA origami design is the DNA-origami ball, reported
by Han et al. [75], which can be used as a vessel for drug delivery. Building upon
this work, the same research group went on to design square, triangle, and 24HB
structures of larger sizes but only after incorporating more than one scaffold into
the design [76]. Additional efforts have been made to improve the folding efficiency
or experimental yield of DNA origami, as this is necessary for DNA origami to
become a viable platform for application purposes or use in large-scale manufactur-
ing. Recent studies have shown that DNA can be efficiently folded at constant tem-
perature, which is preferable to the long and complex annealing protocols tradition-
ally performed to achieve DNA origami folding [77, 78].

Using the caDNAno software, Tian et al. successfully synthesized an octahedron
frame [79] (Fig. 11a), similar to the nanoscale octahedron assembled from the 1.7-
kb scaffold [35], except that each strut of the octahedron of this design was a 6HB.
Compared to the previous strategy used to form an octahedron, the DNA origami
technique enabled a much more straightforward design of a nanoscale octahedron
with high yield. This octahedron frame comprised twelve 6HBs and was assem-
bled from a single scaffold sequence and 144 staple sequences. The overall design
is highly programmable, whereby sticky ends can be positioned virtually anywhere
along the struts of the octahedron. In this case, researchers constructed the octahe-
dron with sticky ends at the vertices of the frame, as well as sticky ends that could
be placed facing towards the interior of the frame for the programmable capture of a
nanomaterial. This modification in the design of the origami facilitated the assembly
of this object and AuNPs into a 3D superlattice. Meanwhile, several other kinds of
3D frames were designed with different symmetries, as shown in Fig. 11b, includ-
ing a cube, a prism, a triangular bipyramid, and an extended octahedron [19]. The
programmability of the DNA origami technique allowed these frames to be incorpo-
rated into a library of building blocks for crystal assembly and NP guiding, which

Fig. 11 DNA origami frame structures. a Diagram of the octahedron frame (left top) and a detailed view
of the design of the vertexes (left bottom). To the right are cryo-electron microscopy images and the
reconstructed structures. Reproduced from Tian et al. [79], with permission, copyright 2015, Nature
Publishing Group. Additional designs of DNA frames, including the cube, elongated square bipyramid
(ESB), prism, and triangular bipyramid (TBP). Reproduced from Tian et al. [19], with permission, copy-
right 2016, Nature Publishing Group
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was a significant development in the field of structural DNA nanotechnology [19,
79]. The research groups of Bathe and coworkers and Yan and coworkers together
developed sophisticated software packages for the design of complex DNA struc-
tures [80]. The accuracy of this method will enable the expansion of the overall
library of DNA shapes and make many desired shapes easily accessible. Simultane-
ously, there has been rapid progress in mineralizing DNA structures [81, 82] and
expanding the structure size [38, 76], which will enable DNA-based material to be
transferred into a broad range of environments and applications.

4.2 Organization of NPs with DNA Origami

As a straightforward strategy for the fabrication of complex architectures, the
DNA origami technique has been used to develop a variety of building blocks for
assemblies, templating, and bio-applications. Researchers worked on combining
two maturing subsets of DNA nanotechnology, namely, the tailoring of the DNA
shell grafted to NPs and the use of DNA origami to assemble structures in one,
two, and three dimensions to achieve well-ordered NP architectures. The high
degree of programmability and addressability of DNA origami allowed access to
many desired structures. One example of a programmable DNA origami motif
was the “nanoflower” [83], a DNA origami that could host a NP at its center and
had tunable interactions at its exterior surface to direct the assembly of either 1D
or 2D structures depending on the angles of the prescribed sites of the inter-frame
interactions or sticky ends (Fig. 13b). It is also possible to achieve the same com-
plex structures assembled with DNA tiles using DNA origami. The DNA origami

Fig. 12 a Design of the DNA nanocage for interrupting the symmetry of AuNPs, and schematic diagram
of the site-specific AuNP attachment. TEM images of the DNA nanocages are shown at bottom. Repro-
duced from Zhao et al. [84], with permission, copyright 2011, Wiley-VCH Verlag GmbH and Co. KGaA.
b Diagram showing the function of a gold nanorod (AuNR) and the arrangement of AuNPs. TEM images
at bottom show the actual state of the nanocage and the functioned AuNR. Reproduced from Shen et al.
[85], with permission, copyright 2016, American Chemical Society
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Fig. 13 One-dimensional (1D) and 2D NP arrays fabricated with DNA origami. a Schematic diagram
and TEM image of linear array of AuNPs arranged with a 380-nm six-helix bundle (6HB). Reproduced
from Stearns et al. [86], with permission, copyright 2009, Wiley-VCH Verlag GmbH and Co. KGaA. b
Diagram showing the design of the “nanoflower” origami motif. With different ssDNA exposed, vari-
ous AuNP arrays could be fabricated. Reproduced from Schreiber et al. [83], with permission, copy-
right 2016, American Chemical Society. ¢ Fabrication of the DNA-framed NPs and corresponding AFM
images. A nanoscale analog of Leonardo da Vinci’s Vitruvian Man was assembled with various types of
DNA-framed NPs. Reproduced from Liu et al. [92], with permission, copyright 2016, Nature Publishing
Group. d 2D AuNP arrays fabricated with octahedron frames. Reproduced from Tian et al. [79], with
permission, copyright 2015, Nature Publishing Group

technique can be used to design structures for the purpose of breaking the symme-
try of spherical NPs and to guide the arrangement of NPs with defined orientation
and interparticle distances, one of which was a hollow rectangular prism based
on the honeycomb lattice [84], as shown in Fig. 12a. The targeted attachment of
distinct particles showed the ability to position particles both inside and outside
of the origami cage with designed symmetry. Similar work was done utilizing a
hollow, rod-like DNA origami (Fig. 12b) [85]. The realization of DNA nanotubes
and N-helix bundles served as additional templates for the high-ordered organiza-
tion of NPs. Before the introduction of DNA origami in 2006, DNA AuNPs were
extensively organized into complex structures with DNA tiles. DNA origami was
used by Stearns et al. [86] to direct the in situ nucleation and growth of AuNPs.
These researchers designed and synthesized a 380-nm 6HB and chose an A3 pep-
tide as the means to guide the positioning of the generated NPs; following the
addition of soluble gold ions, the AuNPs grew 5-10 nm at the designated growth
sites (Fig. 13a) [86]. In an effort to expand the number of available materials that
can be organized via DNA origami, semiconductor nanocrystals or quantum dots
(QDs) were organized into 1D arrays utilizing DNA origami [87]. More complex
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assemblies were achieved, as evidenced by the helical assembly of AuNPs onto a
DNA origami template [66]. Similarly, helical assemblies of AuNPs were made
by first organizing 15-nm AuNPs onto the surface of a rectangular sheet and then
rolling the sheet, which resulted in a helical assembly of particles [67].

Based on nanoarrays assembled using DNA tiles, which were used as a means
to organize 2D arrays of proteins, a rectangular-shaped DNA origami was shown to
exhibit a high degree of flexibility and programmability. This design was no longer
bound by the conventional sticky end designation specific to DNA tiles, and the ori-
gami could be modified to designate the location of an aptamer at any location on
the origami surface. The programmable nature of the origami was used to position
proteins in an “S” shape, and these protein arrays could be assembled with high
efficiency. Aptamers were used to retain their specific functionality, even after the
assembly of complex structures [88]. Supplementary to these efforts, work was done
to investigate alternative methods to bind AuNPs to these assembled structures. The
use of AuNPs monofunctionalized with lipoic acid-modified DNA sequences was
shown to increase functionality and binding efficiency, which rose from 45 to 91%
with reduced errors in NP positioning [89]. Work continued on the organization of
nanomaterials other than gold. A triangular DNA origami motif was designed to
organize silver nanoparticles (AgNPs) at specified positions. Three variations of
dimeric AgNP structures were designed, each with specified interparticle spacings,
as well as an asymmetric trimetric AgNP structure and a heterodimer of a AuNP and
AgNP [21]. Complex clusters from metallic NPs were assembled using rigid lin-
ear DNA origami linkers that were used to define large interparticle distances [90].
Recently, Lin et al. demonstrated the use of a site-specific covalent binding, instead
of base-pairing, enables the fabrication of supra-architectures from shaped origami
and NPs [91].

The research group of Gang and coworkers explored the possibility of using
different types of building blocks that could be co-assembled into a complex yet
designed cluster and with periodic planar architectures. These researchers realized
this aim by using the so-called polychromatic 2D origami frames [92], which pos-
sess multiple types of distinguishable bonds arranged in defined anisotropic con-
figuration, resulting in “colored” valence of these building blocks. Different types
of these polychromatic frames exhibit differently colored valence, which allows for
the building of complex architectures through the selection of a specific set of the
polychromatic building blocks. These researchers developed a planar DNA origami
structure that had a fourfold valency with respect to its programmable binding inter-
actions, and an empty square window in the interior of the origami was used to hold
a DNA-functionalized AuNP, as shown in Fig. 13c [92]. Each of the four exterior
faces were decorated with distinct binding interactions, labeled with different colors,
resulting in the various species of polychromatic 2D frames. Through the selection
of polychromatic building blocks and their valence, it was possible to achieve pro-
grammable connectivity of the blocks. By controlling the types of different blocks
and their ratio in the multi-component assembly, different periodic and non-periodic
structures can be rationally formed, including clusters of different shapes, 1D linear
structures, the zig-zag chain, and 2D arrays. This strategy was used to assemble a
nanoscale analogue of Leonardo da Vinci’s Vitruvian Man [92].
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In an effort to achieve designed 3D NP clusters with controlled placement of par-
ticles, Tian et al. used polyhedral DNA origami, as discussed in detail in an earlier
publication [79]. In this design, the six distinct vertices of the octahedron were used
to encode the binding locations for particles of varying size. Using this method,
these researchers assembled an octahedral cluster, a square-shape cluster, and non-
chiral and chiral hetero-clusters, all based on three types of NPs. Furthermore, 1D
and 2D arrays of AuNPs (Fig. 13d) were assembled with the octahedral frames and
NPs serving as connectors between the frames [79].

In order to gain further control over NP organization in three dimensions, the
research group of Gang and coworkers proposed a strategy in which designed
DNA constructs of different shapes could serve as programable topological linkers
between NPs [18, 19, 93, 94]. The overall strategy is powerful since it permits the
building of different lattice types for the same type of particles; thus, it addresses
a major problem in nanotechnology—that of creating different materials from the
same type of functional nanoblocks. For example, the octahedron frame was used
to assemble 3D superlattices of AuNPs, and this technique was expanded to include
a variety of lattice symmetries using multiple polyhedral frames [19], inspiring
the development of a set of 3D nanoscale molecular frames and their use in this
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Fig. 14 Schematic diagram of four different DNA origami frames guiding NPs into the ordered 3D lat-
tice. Models of DNA origami shape are shown. al-d1 Octahedron (al), elongated square bipyramid
(b1), cube (cl), and prism (d1). a2-d2 Reconstruction of DNA origami frames from cyro-electron
microscopy. a3-d3 X-ray scattering (SAXS) results of different architectures. ad—d4 Models of ordered
3D lattices. Reproduced from Tian et al. [19] with permission, copyright 2016, Nature Publishing Group

Reprinted from the journal 175 @ Springer



Topics in Current Chemistry (2020) 378:36

self-assembly approach. The structure of these assemblies was investigated using
small angle X-ray scattering (SAXS) and shown to have a long-range order with
structural characteristics matching their respective designs, as shown in Fig. 14 [19].
This strategy was combined with encapsulation of the NP inside frames to assemble
a series of NP superlattices from the cubic diamond family [18], which had up to that
point been a considerable challenge in the field of colloidal self-assembly. In this
case, tetrahedral DNA origami frames were used to coordinate DNA-functionalized
AuNPs (Fig. 15a). Moreover, several design requirements with respect to the par-
ticles and origami frames were revealed [95]. The resultant structure could also be
tuned by adjusting the size of the NPs, resulting in a zinc blende structure or a “wan-
dering” zinc blende structure [18]. In addition to 3D nanoscale frames, there are a
few other viable strategies for the assembly of complex 3D structures. For crystal-
line assemblies and NP organization, the prerequisites of high rigidity and sufficient
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Fig. 15 Three-dimensional (3D) AuNP lattice assembled with 3D DNA origami frames. a Schematic
diagram of FCC lattice and diamond lattice of AuNP fabricated with tetrahedron DNA origami. Repro-
duced from Liu et al. [18], with permission, copyright 2016, American Association for the Advance-
ment of Science. b Rhombohedral lattices fabricated with the DNA origami tensegrity triangle structure.
Reproduced from Zhang et al. [20], with permission, copyright 2018 Wiley-VCH Verlag GmbH and Co.
KGaA. ¢ Schematic of the broadly applicable platform for 3D lattice assembly from material voxels,
showing 3D origami frames of different shapes (tetrahedron, octahedron, cube) that can be integrated
with NPs and proteins as desired. Reproduced from Tian et al. [94], with permission, copyright 2020,
Nature Publishing Group
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open guest space are essential for the design of the building blocks. However, with
increasing size, DNA structures become more flexible and lose their ability to pre-
cisely control distances at the nanoscale. Recently, a DNA—origami-based tenseg-
rity with a triangle structure was synthesized by the research group of Liedl and
coworkers for the purpose of assembling a 3D architecture entirely from DNA [20].
This design yielded a rhombohedral lattice that was constructed using this tensegrity
triangle motif that had both sufficient rigidity and available space (Fig. 15b). In this
work, these researchers show that this motif can host NPs with a diameter of 20 nm,
thereby greatly expanding the application of DNA nanotechnology.

A broadly applicable platform for the assembly of 3D nanomaterials from so-
called material voxels, which are 3D origami frames of different shapes that can be
integrated with NPs, proteins and enzymes, was recently demonstrated by Tian et al.
[94]. This strategy decouples the assembly process, governed by DNA programma-
ble bonds between origami, from nano-object details, as shown in Fig. 15c. This
decoupling allows for the assembly of 3D designed, functional arrays from NPs,
proteins and enzymes using the same assembly approach. Novel optical and chemi-
cal properties were shown in this study for QDs and enzymatic arrays, respectively.

5 Applications of DNA Architectures for Nanomaterials

Despite the field of DNA nanotechnology emerging from the concept of specifically
crystallizing proteins into ordered 3D structures, there have been tremendous efforts
to utilize numerous functional nanomaterials in a variety of real-life applications. A
significant portion of this review has been dedicated to the organization of metal-
lic NPs through the use of DNA tiles and origami, and these studies are of par-
ticular interest because the optical properties of plasmonic NPs can be controlled
based on their structure. Researchers used dsDNA to fabricate chiral nanostructures
in which the DNA was folded into a pyramid so that the vertices of the pyramid
designated a particle binding site [96]. Additional study was directed towards inves-
tigating this design while incorporating various materials into the structure [97].
This strategy proved to be highly effective for the generation of single- or multi-
component chiral isomers with strong R/S optical activity. The incorporation of gold
nanorods (AuNRs) with DNA origami assembly strategies has also been a popu-
lar strategy in the research field of plasmonic properties. Pal et al. used a triangu-
lar DNA origami motif to immobilize anisotropic AuNRs onto the origami surface
and demonstrate the control of NR orientation in dimer structures (Fig. 16a) and in
AuNP-AuNR heterodimers [98]. A 2D DNA origami can have two programmable
surfaces, and both can be utilized to immobilize AuNRs to fabricate chiral structures
(Fig. 16b) [99, 100]. This dual-faced functionalization of the 2D origami was also
used to assemble the AuNR helix structure shown in Fig. 16¢ [101]. The strategy
of using planar origami plates tor assemble complex supra-NP linear architectures
from AuNPs and QDs was recently demonstrated by Tian et al. [102]. This approach
allowed these researchers to investigate plasmonic effects in linear meso-structures
[102]. Recently, the research group of Gang and coworkers demonstrated single
QD polarized emitters that were assembled by 3D origami from plasmonic and
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Fig. 16 Plasmonic structures assembled with 2D DNA origami. a AuNR dimer structures with different
angles (180° and 60°) between AuNPs based on a triangular origami. Reproduced from Pal et al. [98],
with permission, copyright 2011, American Chemical Society. b AuNR dimer structures with various
relative positions were fabricated with a bifacial DNA origami. Reproduced from Lan et al. [99], with
permission, copyright 2013, American Chemical Society. ¢ The AuNR helix was assembled with bifacial
DNA origami as template. Reproduced from Lan et al. [101], with permission, copyright 2015, Ameri-
can Chemical Society. d Light-emitting (PL photoluminescence) clusters with polarized emission were
assembled from 3D octahedral origami, AuNPs and quantum dots (QDs). Reproduced from Zhang et al.
[103], with permission, copyright 2019, American Chemical Society

light-emitting NPs (Fig. 16d) [103]. This integration permitted the control of active
optical elements at the nanoscale, thereby providing opportunities for the manipula-
tion of emitted light.

Assemblies of AuNRs organized by DNA origami motifs have been developed
to have dynamic properties. Based on the same AuNR-DNA origami design, one
of the AuNRs was stationary (‘“‘stator’”’) while the AuNR bound to the opposite side
of the DNA origami could move across the origami in one direction in programma-
ble intervals (“walker”’) based on DNA strand displacement reactions. This type of
AuNR walking was also achieved using a DNA origami design with a more complex
topology (Fig. 17a) [104]. This research was built upon to include multiple walk-
ers relative to a single stator, where the walkers could walk either independently or
together (Fig. 17b) [105]. The orientations of the AuNRs could also be programmed
through the use of a pair of 14HB origami. The relative angle of the rods was con-
trolled by two DNA locks, and these locks could be reconfigured to tune this angle
based on strand displacement reactions (Fig. 17c) [106]. This lock design was modi-
fied to be tuned by UV-light when azobenzene-modified DNA oligonucleotides
[107] were used or by changes in pH based on Hoogsteen interactions whereby a
duplex and ssDNA could hybridize into triplets [108]. This design has recently been
utilized as a platform to detect viral RNA at picomolar concentrations [109].

DNA origami has also been leveraged in multiple ways for the chiral assem-
bly of spherical gold NPs (Fig. 18). To achieve this goal, various DNA origami
templates have been used, such as 14HB [66], DNA origami sheet subsequently
rolled up into a tube [67], tubular DNA origami for prescribed AuNR and AuNP
helixes [110], a DNA origami toroid [111], or a bifacial DNA origami [112].
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Fig. 17 Dynamic chiral plasmonic devices assembled by DNA origami. a A plasmonic AuNR can walk
on a triangular prism origami using DNA strand displacement reactions. The TEM images and the cir-
cular dichroism (CD) spectra show the movement of the AuNR (Movement of AuNRs shown from I-VI
positions). Reproduced from Zhou et al. [104] under a Creative Commons Attribution 4.0 International
License, copyright 2015, Nature Publishing Group. b Diagram showing that two AuNRs could walk
stepwise on DNA origami separately or together. Movements are shown by the CD spectra. Reproduced
from Urban et al. [105], with permission, copyright 2015, American Chemical Society. ¢ 3D plasmonic
metamolecule could tune the angle of two bundles and switch between the left-handed and right-handed
states through the strand displacement reaction. The change in angle is shownby CD spectra. Reproduced
from Kuzyk et al. [106], with permission, copyright 2014, Nature Publishing Group

Subsequent work with the 14HB template design resulted in a dynamic two-
state plasmonic material in which the optical response of the system is switch-
able [113]. DNA origami was also used to construct plasmonic nano-antennas to
enhance the fluorescence intensity in a plasmonic hotspot [114]. Similar efforts
were made to probe surface-enhanced Raman spectroscopy and future sensing
applications [115-117]. The nanometer precision of DNA origami was utilized
to prescribe the relative positions of QDs and AuNPs in various geometries to
control the average photon count rate and lifetime of the QD [118]. A triangular
DNA origami was used to study long-range quenching of QDs based on its dis-
tance to a AuNP [119].

The stability and rigidity of DNA origami allowed these structures to be used
as molds with desired cavity morphologies. A branched DNA origami structure
was metallized in a two-step process that was a significant development towards
DNA-templated nanocircuits [120]. Origami templates were also used to synthe-
size gold structures with arbitrary shapes, including rings, pairs of parallel bars,
H shapes, gold nanocuboids and nanodonuts (Fig. 19a) [121, 122]. The same
strategy was employed to adjust the size of AuNPs for further application, such
as optoelectronics [66, 90]. A new concept was introduced to seed AuNPs inside
of 3D DNA origami nanostructures to nucleate the growth of gold structures into
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Fig. 18 Anisotropic chiral plasmonic structures assembled by DNA origami. a Diagram showing a chiral
AuNP helix assembled with a 24HB. In designing different sites, right-handed and left-handed struc-
tures are obtained. Various sizes of AuNPs are assembled, and a peak shift is captured by CD spectra
(i-iv). Reproduced from Kuzyk et al. [66], with permission, copyright 2012, Nature Publishing Group.
b An AuNP helix structure assembled through rolling up a rectangular origami. Reproduced from Shen
et al. [67], with permission, copyright 2012, American Chemical Society. ¢ Schematic diagram of the
AuNP@AuNR structure and its CD spectra (RH right-handed, LH left-handed). Reproduced from Shen
et al. [110], with permission, copyright 2017, Wiley-VCH Verlag GmbH and Co. KGaA. d Diagram of
toroidal super-chiral plasmonic structure assembled with DNA origami and its TEM images. Reproduced
from Urban et al. [111], with permission, copyright 2016, American Chemical Society. e Four AuNPs
arranged into RH and LH structures with bifacial DNA origami. Reproduced from Shen et al. [112], with
permission, copyright 2013, American Chemical Society

shapes whose resultant structure would be determined by the DNA origami mold
(for example, see Fig. 19b) [123]. In another study, a series of shape-controlled
inorganic nanostructures were reported, including gold and silver nanostructures,
using DNA origami structures with different cavities; examples of the shape of
these cavities are cuboid, triangle, sphere and Y-shape. Silver and QDs were also
combined to fabricate a novel structure (Fig. 19c). To meet the demand of the
casting highly stiff DNA origami molds were created [124]. Recently, there have
been reports of the mineralization of DNA origami shapes and structures through
a sol—gel chemistry that results in biomimetic silica nanostructures that are more
robust. Compared to their precursor DNA nanostructure, these DNA—silica hybrid
materials possess greater stability against a variety of factors, including tempera-
ture, pressure, salt concentration, and other buffer conditions [81, 82].

DNA shapes have also shown potential for utilization in biomedical applica-
tions as chemical nanoreactors and for drug delivery. One study reported a hexag-
onal barrel made using DNA origami capable of carrying nanoscale cargo, with
a lock and key mechanism whereby the lock consisted of a DNA aptamer and
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Fig. 19 Shaped-controlled growth of inorganic nanostructures. a Schematic diagram of a AuNP cluster
assembled by DNA origami and growth of NPs. The TEM images (bottom) show the structures in differ-
ent states. Reproduced from Schreiber et al. [121], with permission, copyright 2011, Wiley-VCH Verlag
GmbH and Co. KGaA. b Cuboid gold nanostructure is synthesized using DNA origami with a rectangu-
lar cavity. The diagram shows the process and the TEM images of each step (bottom). Reproduced from
Helmi et al. [123], with permission, copyright 2014, American Chemical Society. ¢ Schematic diagram
showing the design of the DNA origami and various shape-controlled growth of inorganic nanostruc-
tures. Reproduced from Sun et al. [124], with permission, copyright 2014, American Association for the
Advancement of Science

complementary strand and the key was the corresponding antigen [125]. DNA
tiles were used to design a tweezer-like structure that is used to actuate the activ-
ity of an enzyme—cofactor pair [126]. 3D DNA origami structures were developed
as nanoscale reactor vessels; in one case a hexagonal cylinder origami was used
as a nanoreactor to confine a cascading enzymatic reaction between glucose oxi-
dase and horseradish peroxidase [127]. DNA origami was also used in efforts to
compartmentalize enzyme to enhance their catalytic activity and stability [128]
and was also studied as a molecular delivery system for targeted therapeutics
[129].

DNA nanotechnology is considered to be a powerful method for the develop-
ment nanoelectronics. However, during the past decade, the guiding and fabricat-
ing reactions of NPs have always occurred in the liquid phase, and the organiza-
tion or aggregation is formless and difficult to predict. Kershner et al. proposed a
strategy to construct controllable and predictable DNA architectures [130]. These
researchers designed a template involving the self-assembly of DNA origami and
a top—down microfabrication technique known as lithography to pattern a sub-
strate. After the triangular origami was arranged on the templated-substrate, the
desired architecture was obtained, as shown in Fig. 20. The final positions of the
AuNPs could be determined and were found to be quite accurate according to the
design. This methodology can be applied to a wide range of application in the
fabrication of functional devices [131].
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Fig. 20 a Diagram shows that results from combining the lithography technique and DNA origami with
NPs attached could be predictable arranged. Reproduced from Hung et al. [131], with permission, copy-
right 2010, Nature Publishing Group. b Method for creating silica nanostructures from DNA templates
by a sol-gel chemistry shown for triangular origami with height mapping and corresponding energy-
dispersive X-ray spectroscopy (EDS) spectra [81]. Reproduced with permission. Copyright 2018, Nature
Publishing Group

6 Summary and Outlook

DNA nanotechnology was originally proposed to address a problem in protein crys-
tallography, but in only a few decades it has become a powerful methodology for
building at nanoscale. DNA nanotechnology has become a rapidly maturing field
that extends to many new conventional and nonconventional applications in mate-
rial science, chemistry, biotechnology, and nanomedicine. The development of DNA
tiles [4, 6, 32, 65] and DNA origami [33, 62, 71-73, 130] enabled the realization
of complex architectures, from low-dimension arrays [18, 46, 48, 79, 98] to com-
plex structures [18-20, 50, 92, 132, 133], and from static structures [98—101] to
dynamic architectures [104—108]. The programmability of DNA shapes provided a
new nanotechnology toolbox for establishing platform approaches for the designed
NP organizations [18, 19, 134, 135], particularly in three dimensions, where conven-
tional nanofabrication methods are limited. These advances in DNA nanotechnology
have been applied to the development of materials with specific function. Even with
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complex programmable characteristics, DNA structures might retain their stability
in the bio-environment, which is an attractive feature for emerging biomedical appli-
cations [125-128].

The discovery and design of functional nanomaterials for a diverse application
require the design and synthesis of specifically designed DNA structures, the ability
to integrate them with nanoscale building blocks, and the ability to assemble them
into the desired structures.
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